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1 Introduction

The discovery of a Higgs boson [1–3] with a mass of 125 GeV [4] by the ATLAS and

CMS experiments confirmed the success of the standard model (SM) in predicting a wide

range of high-energy phenomena. However, several questions related to the nature of

electroweak symmetry breaking remain unanswered and, to address them, several new

theoretical models have been proposed such as little Higgs [5], large extra dimensions [6, 7],

and composite Higgs models [8]. Many of these models predict the existence of heavy

resonances with masses of the order of 1 TeV, called vector-like quarks (VLQs) [9–13]. These

are hypothetical new spin-1/2 particles with the property that left- and right-handed (LH

and RH) chiralities transform in the same way under the SM symmetry group SU(2)L ×
U(1)Y × SU(3)C . As a consequence, they do not receive mass through a Yukawa coupling

term, as do the chiral fermions of the SM, but through a direct mass term of the form

mψψ. A fourth generation of chiral quarks is strongly disfavoured by the precision SM

measurements [14], because of the modifications that the Yukawa term would bring to the

Higgs production cross section and branching fractions (Bs). The VLQs are not similarly

constrained. Previous searches for VLQs have been performed by both ATLAS [15–20] and

CMS [21–24], using data samples collected at
√
s = 7, 8, and 13 TeV. This paper presents

the first search at 13 TeV for single production of VLQs in final states with boosted jets

and a leptonically decaying Z boson.

In a model-independent approach [9], VLQs can be grouped in multiplets (singlet,

doublet, triplet, etc.) that couple to the SM particles. Singlets include the T and B quarks
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Figure 1. Leading order Feynman diagrams for the production of a single T (B) vector-like quark

and its decay to a Z boson and a t (b) quark on the left (center) and production of a Z′ boson

decaying to Tt on the right.

with charges of +2/3 and −1/3, respectively. Multiplets include the T and B quarks

and exotically charged VLQs labelled X and Y, which have charges of +5/3 and −4/3,

respectively. In this analysis, we present a search for a singlet or a doublet T quark that

decays to a Z boson and a t quark, with subsequent decays Z → `+`−, where ` can be

a muon or an electron, and t → bW → bqq′. We also present the search for a singlet B

quark, decaying to a b quark and a Z boson that decays to `+`−. Examples of Feynman

diagrams for the single production of T and B VLQs are shown in figure 1.

A singlet T quark has three different decay channels into SM particles: bW, tZ, and

tH [9–13]. Using the equivalence theorem [25] the branching fractions for these three decay

modes are 0.5, 0.25, and 0.25, respectively. The T doublet can decay to tZ or tH, each

with a branching fraction of 0.5. In this case the doublet structure of the fermion multiplet

produces a tree level coupling of the T to the neutral bosons, but not to the W. As we are

neglecting possible mass mixings between the T and the t quarks, the branching fraction of

the doublet T to the tW final state is taken to be zero. Similarly, the decay modes for a B

singlet are tW (branching fraction of 0.5), bZ (0.25), and bH (0.25). The couplings of the

new particles to SM particles can be described with the following coefficients: C(bW) (for

the pp → Tb process), C(tW) (for the B(t) final state), C(tZ) (for T(t)), and C(bZ) (for

B(b)). For singlet VLQs, the RH chiralities are suppressed compared to the LH ones by a

factor proportional to the standard quark mass over the VLQ mass, while for doublets it

is the LH chirality that is suppressed [26].

An additional production mode is also investigated for the T quark, i.e. the production

of a neutral spin-1 heavy Z′ boson [27–29] that decays to a Tt final state, as shown by the

Feynman diagram in figure 1.

The mass range for the T and B quarks studied in this analysis is 0.7–1.7 TeV, while

the Z′ boson is searched for in the 1.5–2.5 TeV range. Lower masses of VLQs are not

investigated because pair production searches of VLQs have excluded masses below 0.7–

0.9 TeV [15–17, 19, 21, 22]. Furthermore, at high masses single production modes are

favoured over the pair production modes. In the mass ranges considered in the analysis,

the t quark from the T quark decay can be produced with high transverse momentum
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(pT), resulting in a final state where the decay products of the t quark are emitted close

to each other in a topology with overlapping and merged jets. For this reason, final states

with t quark jets (t jets) and W boson jets (W jets) are investigated, i.e. in events with

large-cone jets that are identified using jet grooming techniques [30, 31] as coming from

the hadronic decay of a t quark or a W boson. Jet grooming techniques are used to reduce

the impact of the underlying event and the presence of additional primary vertices in the

events (pileup), and of low pT gluon radiation, i.e. particles that are not related to the hard

process. Evidence for the production of new particles is searched for in the reconstructed

candidate heavy quark mass spectrum.

2 The CMS detector, data sample and simulation

The general-purpose CMS detector operates at one of the four interaction points of the

LHC. Its central feature is a 3.8 T superconducting solenoid magnet with an internal diam-

eter of 6 m. The following subdetectors are found within the magnet volume: the silicon

tracker, the crystal electromagnetic calorimeter (ECAL), and the brass and scintillator

hadron calorimeter (HCAL). Muons are measured in gas-ionization detectors embedded in

the steel flux-return yoke outside the solenoid. In addition, the CMS detector has exten-

sive forward calorimetry: two steel and quartz-fiber hadron forward calorimeters, which

extend the coverage to regions close to the beam pipe. A more detailed description of the

CMS detector, together with a definition of the coordinate system used and the relevant

kinematic variables, can be found in ref. [32].

The analysis is based on the data sample collected by the CMS experiment in proton-

proton collisions at a center-of-mass energy of 13 TeV in 2015, corresponding to an inte-

grated luminosity of 2.3 fb−1. Events with a Z boson decaying to muons are preselected

by a single-muon trigger, requiring the presence of an isolated muon with pT > 20 GeV.

Events with the Z boson decaying to electrons are preselected with a single-electron trigger

that requires the presence of an electron with pT > 105 GeV. This high pT threshold does

not degrade the signal efficiency, since the electrons of interest would come from the decay

chain of a high mass resonance.

Background samples are generated using MadGraph 5.2 [33] for Z/γ*+jets, tt +V,

and tZq processes and powheg box v2 [34–37] for tt and single t quark production,

interfaced to pythia 8.212 [38], which uses tune CUETP8M1 [39] for the description of

hadronisation and fragmentation. The standalone pythia generator is used to simulate

SM diboson production.

Signal samples are generated using MadGraph 5.2 interfaced with pythia, for T

and B quark masses between 0.7 and 1.7 TeV in steps of 0.1 TeV, and for three Z′ mass

hypotheses: 1.5, 2.0, and 2.5 TeV. Singlet and doublet T quarks and singlet B quarks, with

both LH and RH couplings to the SM particles, are simulated. Theoretical cross sections

used in the analysis are reported in table 1 as calculated in ref. [12], where a simplified ap-

proach is used to allow model-independent interpretation of the experimental results. The

theoretical width of the VLQs is negligible compared to the experimental mass resolution,

for values of the couplings C(bW), C(tW), C(tZ), and C(bZ), equal to or below 0.5.
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Mass [TeV] σ(pp→ Tb) [pb] σ(pp→ Bt) [pb] σ(pp→ Bb) [pb] σ(pp→ Tt) [pb]

0.7 1.455 0.186 1.085 0.125

0.8 0.965 0.133 0.754 0.091

0.9 0.680 0.097 0.555 0.068

1.0 0.488 0.071 0.413 0.051

1.1 0.338 0.053 0.298 0.038

1.2 0.246 0.040 0.224 0.029

1.3 0.179 0.030 0.170 0.022

1.4 0.135 0.023 0.132 0.017

1.5 0.102 0.018 0.104 0.014

1.6 0.076 0.014 0.080 0.011

1.7 0.058 0.011 0.062 0.008

Table 1. Theoretical cross sections for T(b), B(t), B(b), and T(t) processes for the different

benchmark mass points considered in the analysis, with the couplings set to 0.5 as calculated at

NLO in ref. [12]. Cross sections do not depend on the chirality of the new particle (T or B).

The generated events are passed through a simulation of the CMS detector using

Geant4 [40, 41]. The pileup distribution in simulation is matched to the observed dis-

tribution of additional interactions in data. Samples are generated with NNPDF 3.0 [42]

parton distribution function sets.

3 Physics object reconstruction

Primary vertices are reconstructed using a deterministic annealing filter algorithm [43].

The interaction vertex corresponding to the hard scattering is chosen as the one that

maximizes the squared pT sum of the clustered physics objects associated with it. Selected

events are required to have a primary vertex within 24 cm of the mean interaction point

in the z-direction and within 2 cm in the x-y plane.

A particle-flow (PF) algorithm [44, 45] is used to identify and to reconstruct charged

and neutral hadrons, photons, muons, and electrons, through an optimal combination of

the information from the entire detector. Muon candidates are reconstructed by combining

the information from the silicon tracker and the muon system in a global track fit [46].

Muons are then required to be isolated, to satisfy pT > 20 GeV and |η| < 2.4, and to pass

additional identification criteria based on the track impact parameter, the quality of the

track reconstruction, and the number of hits recorded in the tracker and the muon systems.

The leading muon is required to have pT > 22 GeV, which ensures that selected muons are

in a region of high trigger efficiency.

Electron candidates are reconstructed by combining the information from the ECAL

and from the silicon tracker [47]. Electrons are then selected if they are isolated and if they

have pT > 20 GeV and |η| < 2.5. Additional requirements are applied on the ECAL shower
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shape, on the variables related to the track-cluster matching, on the impact parameter, and

on the ratio of energies measured in HCAL and ECAL in the region around the electron

candidate. The leading electron is required to have pT > 115 GeV, i.e. to be in the region

of high trigger efficiency.

For both muons and electrons, a lepton isolation variable is used to reduce background

coming from events where one hadronic jet is misidentified as a lepton. This variable is

defined as the sum of the pT of the charged hadrons, neutral hadrons, and photons found

in a cone, defined as ∆R =
√

(∆η)2 + (∆φ)2 (where φ is azimuthal angle), around the

original lepton track, corrected for the effects of pileup [46, 47], and divided by the lepton

pT. The cone size used is 0.4 for muons and 0.3 for electrons.

Jet candidates are clustered starting from the PF candidates using the anti-kT clus-

tering algorithm [48] with distance parameters of 0.4 (“AK4 jets”) and 0.8 (“AK8 jets”).

The jet energy scale (JES) is calibrated through correction factors dependent on the pT
and η of the jet. The jet energy resolution (JER) for the simulated jets is smeared in order

to reproduce the actual detector resolution observed in data. Jet candidates are required

to have angular separation ∆R > 0.4 (0.8) from identified leptons for AK4 (AK8) jets, and

are selected with pT > 25 (180) GeV and with |η| < 2.4. A pruning algorithm [49] is applied

to AK8 jets to tag those that originate from the hadronic decay of a W boson. The mass

of the jet, after the pruning is performed, is used as a discriminant to select W bosons and

reject quark and gluon jets.

The other variable used to discriminate the W jet from quark and gluon jets is the

N -subjettiness [50]. This is a measure of how consistent a jet is with having N or fewer

subjets. This variable is defined as:

τN =
1

d0

∑
k

[pTk min(∆R1,k,∆R2,k, . . .∆RN,k)], (3.1)

where k is the index ranging over the PF particles that form the jet, pTk is the transverse

momentum of the kth constituent, ∆Rn,k is the distance between the kth constituent and

the nth subjet axis, d0 =
∑

k pTkR0 is a normalization factor, with R0 equal to the original

jet distance parameter, and N is the number of subjets under consideration. The final

variable used to discriminate W jets, which are expected to have two subjets, from quark

and gluon jets, which are expected to have no subjets, is τ21 = τ2/τ1. An AK8 jet is

W-tagged if the mass range of the pruned jet is within 65–105 GeV and if τ21 is lower

than 0.6. The efficiency of the W-tagging procedure is corrected for discrepancies between

data and simulation [30, 51, 52]. In a similar way, AK8 jets can be identified as coming

from the hadronic decay of a t quark. These t quark jets are required to pass the following

selections: pT > 400 GeV, mass of the jet reconstructed with the modified mass drop tagger

algorithm [53, 54] between 110 and 210 GeV, and τ32 = τ3/τ2, defined using eq. (3.1), lower

than 0.69. Also in this case, scale factors are applied to correct for disagreement between

data and simulation. Finally, AK4 jets can be tagged as coming from a b quark using the

combined secondary vertex algorithm [55]. A “medium” working point with efficiency of

70% on real b jets and rejection of 99% of light-flavor jets is used together with a “loose”

working point, which has 85% of efficiency and 90% of rejection.
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2` + 1t jet 2` + 1W jet + 1b jet 2µ + 1b jet + 2 jets 2e + 1b jet + 2 jets

Leptons 2µ/2e 2µ/2e 2µ 2e

Lead lep pT >115 GeV >115 GeV >115 GeV >115 GeV

Jet one t jet
one W jet three AK4 jets

one b jet (one b-tagged)

t pT >400 GeV >150 GeV >150 GeV >150 GeV

∆R(`, `) <1.1 <1.0 <0.9 <0.9

N(b jet) ≥1 ≥1 ≥1 ≥1

Table 2. Summary of the final event selection for the four categories of the T search. In each

category exactly two oppositely charged leptons are required.

2µ + 1b jet 2e + 1b jet

Leptons 2µ 2e

Lead lep pT > 115 GeV

Jet one b jet with pT > 150 GeV

∆R(`, `) <0.7

N(b jet) ≥2

Table 3. Summary of the final event selection for the two categories of the B search. In each

category exactly two oppositely charged leptons are required.

4 Event selection

In this analysis, we search for a Z boson decaying to leptons, and a t or b quark arising

from the decay of a T or B quark, respectively. Events are required to have two muons or

electrons forming a Z boson candidate with an invariant mass between 70 and 110 GeV, and

are sorted into six categories: four for the T search, and two for the B search. A t quark

from a T quark decay can be identified in three different scenarios: fully merged (a t quark

jet is identified), partially merged (a W jet and a b jet are identified), or resolved (three

AK4 jets are reconstructed). Thus we define four categories of events for the T search:

• category 0: T→ 2`+ 1t jet;

• category 1: T→ 2`+ 1 W jet + 1 b jet;

• category 2: T→ 2µ+ 1 b jet + 2 jets;

• category 3: T→ 2e + 1 b jet + 2 jets

where the b jet is tagged with the “medium” working point.

The electron and muon identification efficiencies are different, therefore resolved events

with two muons and resolved events with two electrons are considered separately. The fully

merged and partially merged topology events, where the Z decays to muons or to electrons,
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Channel 2` + 1t jet 2`+ 1W jet + 1b jet 2µ+ 1b jet + 2 jets 2e + 1b jet + 2 jets

Estimated background 1.4 ± 0.8 8.6 ± 1.7 126.5 ± 14.0 75.1 ± 8.1

Observation 0 7 109 91

T(b) LH, M=0.7 TeV 0.07 (0.1%) 1.6 (3%) 6.3 (11%) 4.3 (8%)

T(b) LH, M=1.2 TeV 0.6 (6%) 0.3 (3%) 1.3 (13%) 0.9 (9%)

T(b) LH, M=1.7 TeV 0.2 (9%) 0.05 (2%) 0.2 (11%) 0.2 (8%)

Table 4. The numbers of estimated background events compared to the measured numbers of events

for the four categories of the T search. The quoted uncertainties in the background estimates include

both statistical and systematic components, as described in section 6. Expected signal yields and

signal efficiencies (in parentheses) are also shown for three benchmark mass points.

are considered together to increase the numbers of events in the control samples. If one

event falls in two or more categories, the first one of these categories is considered. For

example if one event falls in both categories 0 and 3, it will be considered only in category

0. In category 0, the t jet with the highest pT (and pT > 400 GeV) is retained as the t

quark candidate. For category 1, the t quark candidate is reconstructed by summing the

Lorentz vectors of the W jet and the b jet, while for categories 2 and 3 the sum is made for

the three jets. In these last three categories a minimum pT of 150 GeV is required for the

t quark candidate, and if more than one t candidate is found, the one with the invariant

mass closest to the t quark mass is selected.

In addition to requiring a Z boson and a t quark in the event, for each category at

least one b jet has to be present, the two leptons from the Z boson decay have to be close

to each other (∆R < 0.9–1.1, depending on the category), and the leading lepton (muon

or electron) must have pT > 115 GeV.

The B quark candidate is reconstructed by combining together the Z boson and the

b jet (tagged with the “medium” working point) with the highest pT in the event. Two

categories are defined, depending on whether the Z boson decays to muons or electrons.

Further requirements applied to reduce the background are: the b jet pT > 150 GeV, at

least 2 b jets are present in the event, ∆R between the two leptons is lower than 0.7, and

the leading lepton (muon or electron) pT > 115 GeV.

After the full event selection, which is summarized respectively for the T and the B

searches in tables 2 and 3, the masses of the T and B quark candidate are reconstructed and

required to be above 500 GeV. The following experimental mass resolutions are evaluated

from simulation, for four different signal hypotheses: 16% for T(b), 24% for T(t), 14%

for B(t), and 12% B(b). The number of expected signal events and signal efficiencies are

shown in tables 4 and 5 for the T and the B search respectively.

The background is largely dominated by Z+jets events (between 80% and 92%, de-

pending on the category), with smaller contributions from other backgrounds (tt̄+V, tZq,

tt, single t quark, and SM diboson production).
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Figure 2. Comparison between the background estimate and data for the T categories: fully

merged region (upper-left), partially merged region (upper right), and resolved region (lower) for

events with the Z boson decaying into muons (left) and electrons (right). For the fully and partially

merged topologies, the sets of events with the Z boson decaying to muons and electrons are com-

bined. For the fully merged region a shape analysis is not performed because of the small number

of events, and a single bin is shown. The uncertainties in the background estimate method include

both statistical and systematic components, as described in section 6. The lower panel in each plot

shows the ratio of the data and the background estimation, with the shaded band representing the

uncertainties in the background estimate.
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Channel 2µ + 1b jet 2e + 1b jet

Estimated background 7.0 ± 0.8 4.1 ± 0.5

Observation 8 3

B(t) LH, M = 0.7 TeV 0.4 (5%) 0.2 (4%)

B(t) LH, M = 1.2 TeV 0.1 (7%) 0.09 (6%)

B(t) LH, M = 1.7 TeV 0.02 (6%) 0.02 (5%)

Table 5. The numbers of estimated background events compared to the measured numbers of

events for the two categories of the B search. The quoted uncertainties in the background estimates

include both statistical and systematic components, as described in section 6. Expected signal

yields and signal efficiencies (in parentheses) are also shown for three benchmark mass points.
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Figure 3. Comparison between the background estimate and data for the B search categories:

events with the Z boson decaying to muons (left) and to electrons (right). The uncertainties in the

background estimate include both statistical and systematic components, as described in section 6.

The lower panel in each plot shows the ratio of the data and the background estimation, with the

shaded band representing the uncertainties in the background estimate.

5 Background estimate

To reduce the dependence on the simulation, a background estimate primarily based on

control samples in data is used. This method consists of the definition of a background-

enriched control region, from which the number of events is extrapolated into the signal

region. This control region is defined by the event selection described in section 4, but

applying a b-tagged jet veto (“loose” working point). The small signal contamination in

this region has been shown not to have a significant effect on the background prediction.

The background yield in the signal region is evaluated through the following formula:

Nbkg(Mq,Z) = Ncr(Mq,Z)α(Mq,Z), (5.1)
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where Ncr(Mq,Z) is the number of events found in the data sample in the control region as

a function of Mq,Z, α(Mq,Z) is the ratio for each bin in Mq,Z of the number of events in

the signal region to the number of events in the control region, taken from simulation, and

q is the t (b) jet used to reconstruct the T (B) mass. A closure test has been performed

to validate the method in a region orthogonal with respect to the signal selection. This

region has been selected by requiring exactly two leptons with the same identification, pT,

and ∆R requirements as those defined for the signal region, for one or two jets and zero W

and t jets. A good agreement is found between the predicted background and the observed

data, supporting the validity of the method.

Comparisons between the background estimates and the observations in data are shown

in figures 2 and 3. For the fully merged topology one single bin is considered because of the

small number of events in this category. The numbers of predicted background events and

the number of observed events are reported in tables 4 and 5 for the T and the B search

respectively, together with the number of expected signal events for three example mass

points. The numbers of observed events are consistent with the background predictions.

6 Systematic uncertainties

Sources of systematic uncertainty in this analysis affect both the background estimate

and the signal. The effects of the systematic uncertainties on the shapes of the T and

B quark reconstructed mass distributions for both signal and background processes have

been investigated.

The uncertainty in the background estimate comes from a number of sources, the

dominant one being the statistical uncertainties (between 12% and 57%, depending on the

category) in the control region and the simulation. The following three systematic uncer-

tainties are also considered. The differences between the measurements and the prediction

for the closure test described previously are taken as systematic uncertainties (8–16%).

The uncertainty from the b tagging efficiency for the b, c, and light-flavor jets is evaluated

by varying the b tagging scale factors (used to correct for the differences between mea-

surements and simulation) by their uncertainties [55, 56], giving a systematic uncertainty

of between 4 and 10%. Finally, an uncertainty (8–20%) is included that takes into ac-

count possible mismodelling of the Z+light quark and Z+b quark fractions in simulation.

This systematic uncertainty is computed by changing the Z+b fraction by 50% [57], and

re-evaluating the background through the background estimation method.

For the signal, the main sources of systematic uncertainties come from corrections that

are applied to the simulation in order to match distributions in data. The scale factors

for lepton identification and lepton triggers are derived from dedicated analyses, using the

“tag-and-probe” method [46, 47]. The uncertainties in these factors are taken as systematic

uncertainties for this analysis and are found to be between 2.8 and 5.0% for muons, between

0.4 and 1.2% for electrons, and between 0.7 and 1.1% for the trigger. The jet four-momenta

are varied by the JES and JER uncertainties, resulting in a variation for the signal of be-

tween 0.2 and 1.9% for the JES, and 0.1 and 2.0% for the JER. For W and t jet tagging, the

same procedure of varying the scale factors results in a systematic uncertainty of 3–8 and
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Figure 4. Observed and expected 95% CL upper limit on the product of cross section and branching

fraction for the singlet LH T(b) (left) and doublet RH T(t) (right) production modes, with the T

decaying to tZ. The 68% and 95% expected bands are shown. Theoretical cross sections as calculated

at NLO in ref. [12] are shown. The branching fraction B(T→ tZ) is 0.25 (0.5) for the left (right) plot.

18%, respectively. The uncertainty in the b tagging efficiency is evaluated, as for the back-

ground, by scaling up and down the b tagging scale factors by their uncertainties [55, 56],

giving systematic uncertainties of between 6.0 and 13.4%, depending on the category and on

the signal mass hypothesis. Parton distribution function uncertainties are evaluated using

the NNPDF 3.0 PDF eigenvectors [58]. The uncertainty in the pileup simulation (0.2–2.0%)

is obtained by varying the inelastic cross section value, which controls the average pileup

multiplicity, by 5% [59]. Additional sources of systematic uncertainty are the integrated

luminosity determination (2.7%) [60] and the factorization and renormalization scales.

7 Results

No significant deviations from the expected background are observed in any of the search

channels. We proceed with setting upper limits on the product of the production cross

section and branching fraction of a T (B) quark decaying to tZ (bZ), using the predictions

from the background estimation method. The 95% confidence level (CL) exclusion limits

are derived using the asymptotic CLs criterion [61–64], with background and signal tem-

plates given by the distributions of figures 2 and 3. Systematic uncertainties are treated

as nuisance parameters.

In figure 4, the observed and expected limits from the four categories of the T quark

search are shown combined together for the singlet LH T(b) and doublet RH T(t) produc-

tion modes. Limits on the product of the cross section and branching fraction have been

set, excluding values above 0.98–0.15 pb at 95% CL, depending on the resonance mass. For

an RH T(t) signal, the range between 0.60 and 0.13 pb has been excluded.

In figure 5, the observed and expected limits for the B quark search are shown, in

cases where the B quark is produced in association with a t or a b quark for the singlet LH

scenario. In this case, products of the cross section and branching fraction between 0.68

– 11 –
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Figure 5. Observed and expected 95% CL upper limit on the product of cross section and branching

fraction for the B(t) (left) and B(b) (right) signals in the singlet LH scenario, with the B decaying

to bZ. The 68% and 95% expected bands are shown. Theoretical cross sections as calculated at

NLO in ref. [12] are shown. The branching fraction B(B→ bZ) is 0.25.

M(Z′) [TeV] M(T) [TeV] Observed Expected Expected + 1(2) s.d. Expected − 1(2) s.d.

1.5 0.7 0.31 0.47 0.71 (1.01) 0.32 (0.23)

1.5 0.9 0.25 0.40 0.60 (0.85) 0.28 (0.20)

1.5 1.2 0.15 0.26 0.41 (0.60) 0.17 (0.12)

2.0 0.9 0.15 0.27 0.42 (0.63) 0.18 (0.13)

2.0 1.2 0.13 0.24 0.37 (0.55) 0.16 (0.11)

2.0 1.5 0.13 0.24 0.38 (0.57) 0.16 (0.11)

2.5 1.2 0.14 0.24 0.39 (0.59) 0.16 (0.11)

2.5 1.5 0.13 0.22 0.34 (0.53) 0.14 (0.10)

Table 6. Observed and expected 95% CL upper limit on σB for the Z′ → Tt signal. The branching

fraction B(T→ tZ) is taken to be 100%. In order to consider different branching fractions, the limits

should be scaled by the corresponding branching fraction value. The 1 and 2 standard deviation

bands are given.

and 0.15 pb are excluded at 95% CL in the 0.7–1.7 TeV mass range for the B(t) signal and

between 1.26 and 0.28 pb in the same mass range for the B(b) signal.

Upper limits are compared with theoretical cross sections as calculated at NLO in

ref. [12]. With the present sensitivity it is not possible to exclude this particular benchmark

model.

In table 6, observed and expected limits are shown for the production of a T quark via

a decay of a Z′ boson, Z′ → Tt. The products of the cross section and branching fraction for

this process are excluded between 0.31 and 0.13 pb, depending on the Z′ mass over the range

from 1.5 to 2.5 TeV and on the T mass over the range from 0.7 to 1.5 TeV. A branching

fraction of 100% is assumed for the decay of the T quark into the tZ channel. Limits

for other branching fractions can be obtained by scaling the limit by the corresponding

branching fraction value.
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8 Summary

Results of a search for single production of a T quark with a charge of +2/3 decaying to a

Z boson and a top quark and of a search for single production of a B quark with a charge

of −1/3 decaying to a b quark and a Z boson have been presented. No deviations from

the expected standard model background are observed. Limits on the product of the cross

section and branching fraction for a left-handed T(b), with the T quark decaying to tZ,

vary between 0.98 and 0.15 pb at 95% confidence level and between 0.60 and 0.13 pb for

a right-handed T(t) signal, for the range of resonance mass considered, which is between

0.7 and 1.7 TeV. For a left-handed B quark produced in association with a top quark and

decaying to bZ, products of the cross section and branching fraction between 0.68 and

0.15 pb are excluded in the same mass range, while for a B quark produced in association

with a bottom quark, products of the cross section and branching fraction between 1.26 and

0.28 pb are excluded. Additionally, products of the cross section and branching fraction for

T quarks from the decay Z′ → Tt are excluded between 0.31 and 0.13 pb, for the range of

Z′ (T) mass considered, which is between 1.5 to 2.5 (0.7 to 1.5) TeV. This is the first search

at 13 TeV for single production of vector-like quarks in events with a Z boson decaying

leptonically accompanied by boosted jets.
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[38] T. Sjöstrand et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 (2015)

159 [arXiv:1410.3012] [INSPIRE].

[39] CMS collaboration, Event generator tunes obtained from underlying event and multiparton

scattering measurements, Eur. Phys. J. C 76 (2016) 155 [arXiv:1512.00815] [INSPIRE].

[40] GEANT4 collaboration, S. Agostinelli et al., GEANT4: a simulation toolkit, Nucl. Instrum.

Meth. A 506 (2003) 250 [INSPIRE].

[41] J. Allison et al., GEANT4 developments and applications, IEEE Trans. Nucl. Sci. 53 (2006)

270 [INSPIRE].

[42] NNPDF collaboration, R.D. Ball et al., Parton distributions for the LHC run II, JHEP 04

(2015) 040 [arXiv:1410.8849] [INSPIRE].

[43] CMS collaboration, Description and performance of track and primary-vertex reconstruction

with the CMS tracker, 2014 JINST 9 P10009 [arXiv:1405.6569] [INSPIRE].

[44] CMS collaboration, Particle-flow event reconstruction in CMS and performance for jets,

taus and MET, CMS-PAS-PFT-09-001, CERN, Geneva Switzerland, (2009).

[45] CMS collaboration, Commissioning of the particle-flow event reconstruction with the first

LHC collisions recorded in the CMS detector, CMS-PAS-PFT-10-001, CERN, Geneva

Switzerland, (2010).

[46] CMS collaboration, Performance of CMS muon reconstruction in pp collision events at√
s = 7 TeV, 2012 JINST 7 P10002 [arXiv:1206.4071] [INSPIRE].

[47] CMS collaboration, Performance of electron reconstruction and selection with the CMS

detector in proton-proton collisions at
√
s = 8 TeV, 2015 JINST 10 P06005

[arXiv:1502.02701] [INSPIRE].

[48] M. Cacciari, G.P. Salam and G. Soyez, The anti-kt jet clustering algorithm, JHEP 04 (2008)

063 [arXiv:0802.1189] [INSPIRE].

[49] S.D. Ellis, C.K. Vermilion and J.R. Walsh, Techniques for improved heavy particle searches

with jet substructure, Phys. Rev. D 80 (2009) 051501 [arXiv:0903.5081] [INSPIRE].

[50] CMS collaboration, Identification techniques for highly boosted W bosons that decay into

hadrons, JHEP 12 (2014) 017 [arXiv:1410.4227] [INSPIRE].

[51] CMS collaboration, Search for massive resonances in dijet systems containing jets tagged as

W or Z boson decays in pp collisions at
√
s = 8 TeV, JHEP 08 (2014) 173

[arXiv:1405.1994] [INSPIRE].

[52] CMS collaboration, Search for narrow resonances decaying to dijets in proton-proton

collisions at
√
s = 13 TeV, Phys. Rev. Lett. 116 (2016) 071801 [arXiv:1512.01224]

[INSPIRE].

– 16 –

http://dx.doi.org/10.1088/1126-6708/2007/11/070
https://arxiv.org/abs/0709.2092
http://inspirehep.net/search?p=find+EPRINT+arXiv:0709.2092
http://dx.doi.org/10.1007/JHEP06(2010)043
https://arxiv.org/abs/1002.2581
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.2581
http://dx.doi.org/10.1007/JHEP01(2012)137
https://arxiv.org/abs/1110.5251
http://inspirehep.net/search?p=find+EPRINT+arXiv:1110.5251
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://dx.doi.org/10.1016/j.cpc.2015.01.024
https://arxiv.org/abs/1410.3012
http://inspirehep.net/search?p=find+EPRINT+arXiv:1410.3012
http://dx.doi.org/10.1140/epjc/s10052-016-3988-x
https://arxiv.org/abs/1512.00815
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.00815
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://inspirehep.net/search?p=find+J+%22Nucl.Instrum.Meth.,A506,250%22
http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/10.1109/TNS.2006.869826
http://inspirehep.net/search?p=find+J+%22IEEETrans.Nucl.Sci.,53,270%22
http://dx.doi.org/10.1007/JHEP04(2015)040
http://dx.doi.org/10.1007/JHEP04(2015)040
https://arxiv.org/abs/1410.8849
http://inspirehep.net/search?p=find+EPRINT+arXiv:1410.8849
http://dx.doi.org/10.1088/1748-0221/9/10/P10009
https://arxiv.org/abs/1405.6569
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.6569
http://cds.cern.ch/record/1194487
http://cds.cern.ch/record/1247373
http://dx.doi.org/10.1088/1748-0221/7/10/P10002
https://arxiv.org/abs/1206.4071
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.4071
http://dx.doi.org/10.1088/1748-0221/10/06/P06005
https://arxiv.org/abs/1502.02701
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.02701
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1088/1126-6708/2008/04/063
https://arxiv.org/abs/0802.1189
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.1189
http://dx.doi.org/10.1103/PhysRevD.80.051501
https://arxiv.org/abs/0903.5081
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.5081
http://dx.doi.org/10.1007/JHEP12(2014)017
https://arxiv.org/abs/1410.4227
http://inspirehep.net/search?p=find+EPRINT+arXiv:1410.4227
http://dx.doi.org/10.1007/JHEP08(2014)173
https://arxiv.org/abs/1405.1994
http://inspirehep.net/search?p=find+EPRINT+arXiv:1405.1994
http://dx.doi.org/10.1103/PhysRevLett.116.071801
https://arxiv.org/abs/1512.01224
http://inspirehep.net/search?p=find+EPRINT+arXiv:1512.01224


J
H
E
P
0
5
(
2
0
1
7
)
0
2
9

[53] M. Dasgupta, A. Fregoso, S. Marzani and G.P. Salam, Towards an understanding of jet

substructure, JHEP 09 (2013) 029 [arXiv:1307.0007] [INSPIRE].

[54] A.J. Larkoski, S. Marzani, G. Soyez and J. Thaler, Soft drop, JHEP 05 (2014) 146

[arXiv:1402.2657] [INSPIRE].

[55] CMS collaboration, Identification of b-quark jets at the CMS experiment in the LHC run 2,

CMS-PAS-BTV-15-001, CERN, Geneva Switzerland, (2016).

[56] CMS collaboration, Identification of b-quark jets with the CMS experiment, 2013 JINST 8

P04013 [arXiv:1211.4462] [INSPIRE].

[57] CMS collaboration, Measurement of the production cross sections for a Z boson and one or

more b jets in pp collisions at
√
s = 7 TeV, JHEP 06 (2014) 120 [arXiv:1402.1521]

[INSPIRE].

[58] J. Butterworth et al., PDF4LHC recommendations for LHC run II, J. Phys. G 43 (2016)

023001 [arXiv:1510.03865] [INSPIRE].

[59] ATLAS collaboration, Measurement of the inelastic proton-proton cross section at√
s = 13 TeV with the ATLAS detector at the LHC, Phys. Rev. Lett. 117 (2016) 182002

[arXiv:1606.02625] [INSPIRE].

[60] CMS collaboration, CMS luminosity measurement for the 2015 data-taking period,

CMS-PAS-LUM-15-001, CERN, Geneva Switzerland, (2016).

[61] A.L. Read, Presentation of search results: the CLs technique, J. Phys. G 28 (2002) 2693

[INSPIRE].

[62] T. Junk, Confidence level computation for combining searches with small statistics, Nucl.

Instrum. Meth. A 434 (1999) 435 [hep-ex/9902006] [INSPIRE].

[63] G. Cowan, K. Cranmer, E. Gross and O. Vitells, Asymptotic formulae for likelihood-based

tests of new physics, Eur. Phys. J. C 71 (2011) 1554 [Erratum ibid. C 73 (2013) 2501]

[arXiv:1007.1727] [INSPIRE].

[64] ATLAS and CMS collaborations, Procedure for the LHC Higgs boson search combination in

summer 2011, ATL-PHYS-PUB-2011-011, CERN, Geneva Switzerland, (2011)

[ATL-COM-PHYS-2011-818] [CMS-NOTE-2011-005].

– 17 –

http://dx.doi.org/10.1007/JHEP09(2013)029
https://arxiv.org/abs/1307.0007
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.0007
http://dx.doi.org/10.1007/JHEP05(2014)146
https://arxiv.org/abs/1402.2657
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.2657
http://cds.cern.ch/record/2138504
http://dx.doi.org/10.1088/1748-0221/8/04/P04013
http://dx.doi.org/10.1088/1748-0221/8/04/P04013
https://arxiv.org/abs/1211.4462
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.4462
http://dx.doi.org/10.1007/JHEP06(2014)120
https://arxiv.org/abs/1402.1521
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.1521
http://dx.doi.org/10.1088/0954-3899/43/2/023001
http://dx.doi.org/10.1088/0954-3899/43/2/023001
https://arxiv.org/abs/1510.03865
http://inspirehep.net/search?p=find+EPRINT+arXiv:1510.03865
http://dx.doi.org/10.1103/PhysRevLett.117.182002
https://arxiv.org/abs/1606.02625
http://inspirehep.net/search?p=find+EPRINT+arXiv:1606.02625
http://cds.cern.ch/record/2138682
http://dx.doi.org/10.1088/0954-3899/28/10/313
http://inspirehep.net/search?p=find+J+%22J.Phys.,G28,2693%22
http://dx.doi.org/10.1016/S0168-9002(99)00498-2
http://dx.doi.org/10.1016/S0168-9002(99)00498-2
https://arxiv.org/abs/hep-ex/9902006
http://inspirehep.net/search?p=find+EPRINT+hep-ex/9902006
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0
http://dx.doi.org/10.1140/epjc/s10052-013-2501-z
https://arxiv.org/abs/1007.1727
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.1727
http://cds.cern.ch/record/1375842


J
H
E
P
0
5
(
2
0
1
7
)
0
2
9

The CMS collaboration

Yerevan Physics Institute, Yerevan, Armenia

A.M. Sirunyan, A. Tumasyan

Institut für Hochenergiephysik, Wien, Austria

W. Adam, E. Asilar, T. Bergauer, J. Brandstetter, E. Brondolin, M. Dragicevic, J. Erö,
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J. Härkönen, T. Järvinen, V. Karimäki, R. Kinnunen, T. Lampén, K. Lassila-Perini,

S. Lehti, T. Lindén, P. Luukka, J. Tuominiemi, E. Tuovinen, L. Wendland

Lappeenranta University of Technology, Lappeenranta, Finland

J. Talvitie, T. Tuuva

IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

M. Besancon, F. Couderc, M. Dejardin, D. Denegri, B. Fabbro, J.L. Faure, C. Favaro,

F. Ferri, S. Ganjour, S. Ghosh, A. Givernaud, P. Gras, G. Hamel de Monchenault, P. Jarry,

I. Kucher, E. Locci, M. Machet, J. Malcles, J. Rander, A. Rosowsky, M. Titov

Laboratoire Leprince-Ringuet, Ecole Polytechnique, IN2P3-CNRS, Palaiseau,

France

A. Abdulsalam, I. Antropov, S. Baffioni, F. Beaudette, P. Busson, L. Cadamuro,

E. Chapon, C. Charlot, O. Davignon, R. Granier de Cassagnac, M. Jo, S. Lisniak, P. Miné,
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de Physique Nucléaire de Lyon, Villeurbanne, France

S. Beauceron, C. Bernet, G. Boudoul, C.A. Carrillo Montoya, R. Chierici, D. Contardo,

B. Courbon, P. Depasse, H. El Mamouni, J. Fay, S. Gascon, M. Gouzevitch, G. Grenier,

– 20 –



J
H
E
P
0
5
(
2
0
1
7
)
0
2
9

B. Ille, F. Lagarde, I.B. Laktineh, M. Lethuillier, L. Mirabito, A.L. Pequegnot, S. Perries,

A. Popov14, D. Sabes, V. Sordini, M. Vander Donckt, P. Verdier, S. Viret

Georgian Technical University, Tbilisi, Georgia

A. Khvedelidze8

Tbilisi State University, Tbilisi, Georgia

Z. Tsamalaidze8

RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany

C. Autermann, S. Beranek, L. Feld, M.K. Kiesel, K. Klein, M. Lipinski, M. Preuten,

C. Schomakers, J. Schulz, T. Verlage

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany

A. Albert, M. Brodski, E. Dietz-Laursonn, D. Duchardt, M. Endres, M. Erdmann, S. Erd-
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