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vector-like quarks
(VLQ)• quarks!  colored, charged, spin 1/2

• vector-like:  same coupling to lh and rh currents 
  => mass terms without gauge inv. violation

• not constrained through Higgs discovery 
  (unlike chiral 4th-gen quarks)

• simplest colored extra-fermions allowed by data

• common in SM-extensions:
• e.g. little Higgs, composite Higgs,  

warped/extra dimensions

• solve the Hierarchy problem

• stabilize the Higgs mass
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[JHEP 08 (2015) 105]

vector-like quarks
(VLQ)• quarks!  colored, charged, spin 1/2

• vector-like:  same coupling to lh and rh currents 
  => mass terms without gauge inv. violation

• not constrained through Higgs discovery 
  (unlike chiral 4th-gen quarks)

• simplest colored extra-fermions allowed by data

• common in SM-extensions:
• e.g. little Higgs, composite Higgs,  

warped/extra dimensions

• solve the Hierarchy problem

• stabilize the Higgs mass

neutral currents only
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•heavy vector like quarks (> 700 GeV)
• => heavily boosted decay products

•jet tagging
• V (W, Z, H) tags:

• CA8 or AK8 jets, pT > 200 GeV

• e.g.  50 < groomed mass < 150 GeV

• H tag:  use b tags on soft drop subjets

• N subjettiness:  τ2 / τ1

• t tags:

• CA15 or AK8 jets, pT > 200 GeV

• e.g.  110 < groomed mass < 210 GeV

• one soft drop subjets b tagged

• N subjettiness:  τ3 / τ2

•lepton isolation
• pT dependent lepton isolation 

(scales iso cone with pt)
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which consists in reconstructing and identifying each single particle with an optimized combi-
nation of all subdetector information. The details of the object selection are provided below.

Candidate events are required to have at least one good, reconstructed vertex. For the dilepton
analysis, at least two leptons are required to be within the detector acceptance (|h| < 2.4) and to
have fired triggers based on double electrons, double muons or electron-muon combinations.
For the case that there are multiple good, reconstructed vertices, the one with the associated
tracks having the greatest sum of transverse momenta squared is chosen. The semi-leptonic
analysis requires events to have fired a single electron or a single muon trigger.

Electron candidates are reconstructed from a collection of electromagnetic clusters and matched
to tracks with pixel information. They are then required to satisfy certain isolation and identifi-
cation criteria. The isolation variable (Imini) is defined as the sum of energy around the electron
in a varying cone size divided by the transverse momentum (pT) of the electron. The radius
used for the isolation cone (R) is defined as:

R =
10

min(max(pT, 50), 200)

We define a “tight” electron to have Imini < 0.1 while a “loose” electron has Imini < 0.4. Addi-
tional requirements make use of shower-shape variables, track quality requirements and vari-
ables measuring compatibility between the track and matched super cluster to select good
electron candidates. Requirements are also imposed to reject electrons produced in photon
conversions in the detector material.

For the same-sign dilepton analysis, charge mis-identification is significantly reduced by re-
quiring that different charge measurements for an electron agree. Two of the measurements
are based on two different tracking algorithms: the standard CMS track reconstruction algo-
rithm [20] and the Gaussian Sum Filter algorithm [21], optimized to take into account the possi-
ble emission of Bremsstrahlung photons in the silicon tracker. The third measurement is based
on the relative position of the calorimeter cluster and the projected track from the pixel seed.
We find good agreement between the three measurements for electrons with pT < 100 GeV.
However, for higher momentum electrons we find a 5-10% loss in signal efficiency related
to the third measurement relying on the calorimeter cluster and pixel seed information. We,
therefore, define a ‘relaxed’ charge consistency requirement where for electrons with pT below
100 GeV we require all three charge measurements to agree, while above 100 GeV we do not
impose a requirement on the third charge measurement.

Muons are reconstructed using a global track fit of hits in the muon chambers and hits in the sil-
icon tracker. The track associated with a muon candidate is required to have at least six hits in
the silicon tracker, at least one pixel hit and a good quality global fit (c2/ndof < 10) including
at least one hit in the muon detector. Isolation is calculated from the other PF based candi-
dates within a cone of DR =

p
(Df)2 + (Dh)2 < 0.4 around the axis of the muon, where f is

the azimuthal angle. The isolation variable is defined as Irel = (Icharged + Iphoton + Ineutral)/pT,
where Icharged and Iphoton are the transverse energies deposited by charged hadrons and pho-
tons, respectively and Ineutral is the transverse energy deposited by neutral particles other than
photons. We define a category of “tight” muons that satisfy Irel < 0.2. A second category
of “loose” muons requires Irel < 0.4 and has some of its identification requirements relaxed.
Additional requirements are imposed on the longitudinal distance of the tracker track with re-
spect to the primary vertex (dz < 5 mm) and the minimum radial distance from the track to the
primary vertex (dxy < 2 mm).

An event-by-event correction is applied to the computation of the electron/muon isolation in
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overview of CMS analyses

•pair production
• searches for B1/3, X5/3, T2/3

• 8 TeV and 13 TeV

•single production
• new at 13 TeV

• preferred in little/composite Higgs

• searches for T2/3 to tH

W/Z

T

q

g

q

H

t

b/t



•pair production
• searches for B1/3, X5/3, T2/3

• 8 TeV and 13 TeV

•single production
• new at 13 TeV

• preferred in little/composite Higgs

• searches for T2/3 to tH

6

overview of CMS analyses

[CMS-PAS-B2G-15-008]

[CMS-PAS-B2G-16-005]

[Phys. Rev. D 93 (2016) 112009]  (8 TeV)

[Phys. Rev. D 93 (2016) 012003]  (8 TeV)

[CMS-PAS-B2G-16-002]  (13 TeV)

[Phys. Rev. Lett. 112 (2014) 171801]  (8 TeV)

[CMS-PAS-B2G-15-006]  (13 TeV)
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•B pair production (8 TeV)
• combination of 8 TeV results

• B decay modes:  tW, bZ, bH

• final states with >2, 2, 1 lepton; all-had;

•tagging
• lepton+jets:

• V tag (W, Z, H)

• ST: scalar sum of pt of all jets  
and the main lepton  

• all-hadronic:

• focus on B => bH decay

• tighter H tag incl. τ2 / τ1 < 0.5

• HT: scalar sum of pt of all jets

[Phys. Rev. D 93 (2016) 112009]  BB production (8 TeV)

and background processes. Section IV describes the
reconstruction of physics objects and the event selections
specific to each individual channel considered in this
analysis. Section V describes background estimation tech-
niques for each of the channels, as well as the specific
methods used to discriminate the B quark signal from the
background, while Sec. VI describes the systematic uncer-
tainties evaluated for each channel and their treatment in
combination. Finally, Sec. VII provides further details on
the combination of analysis channels, and Sec. VIII
presents the results obtained from this analysis. A summary
is presented in Sec. IX.

II. CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter, each composed of a barrel
and two end cap sections. Muons are measured in gas-
ionization detectors embedded in the steel flux-return yoke
outside the solenoid. Extensive forward calorimetry com-
plements the coverage provided by the barrel and end cap
detectors. The first level of the CMS trigger system,
composed of custom hardware processors, uses informa-
tion from the calorimeters and muon detectors to select
the most interesting events in a fixed time interval of less
than 4 μs. The high-level trigger processor farm further
decreases the event rate from around 100 kHz (the
maximum allowed output from the first level) to around
400 Hz, before data storage. A more detailed description of

the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic varia-
bles, can be found in Ref. [23].

III. SIGNAL AND BACKGROUND SIMULATION

The following section details the simulation methods
used to generate events for modeling the signal and
background processes. One of the main backgrounds in
many of the channels is SM tt̄ production. This process is
simulated with the MADGRAPHv5.1.1event generator [24],
using the CTEQ6L1 parton distribution function (PDF)
[25]. Events are interfaced with PYTHIAv6 [26] for shower
modeling and hadronization. These simulation methods are
used for the W þ jets and Z þ jets samples, in addition to
SM tt̄ production. For W þ jets and Z þ jets events, up to
four additional partons are allowed at the matrix element
level during generation.
Diboson processes WW, WZ, and ZZ are generated with

PYTHIA 6.424, and single top quark processes (tW, s-channel,
and t-channel) are generated using POWHEG 1.0 [27–30] and
interfaced with PYTHIA for shower modeling and hadroniza-
tion. Both the diboson and single top processes are generated
with the CTEQ6MPDF set. The rare processes tt̄W, tt̄Z, and
tb̄Z are simulated withMADGRAPHv5.
Normalizations for the background processes are ini-

tially set according to theoretical predictions and are
allowed to vary within the corresponding uncertainties
during cross section limit extraction. For W þ jets and
Z þ jets processes, we use the calculations found in
Refs. [31–33]. For tt̄ and single top samples, we normalize
using cross sections calculated in Refs. [34] and [35],
respectively. Finally, for diboson and rare processes, we use
cross sections computed in Refs. [36] and [37,38],
respectively.
To model the kinematic properties of the pp → BB̄

signal process, we use samples of simulated events pro-
duced with the MADGRAPHv5 generator and CTEQ6L1 PDF
set, allowing for up to two additional partons in the final
state of the hard scatter matrix element. The generated
events are then interfaced with PYTHIAv6 for parton shower
modeling and hadronization.
Samples are generated for B quark masses between 500

and 1000 GeV, in steps of 50 GeV, for each of the six
distinct combinations of decay products: tWtW, tWbZ,
tWbH, bZbZ, bHbZ, and bHbH. The standard model
final states identical to those listed here are not considered,
as the rates are negligible relative to the other background
processes. By reweighting events from these different
samples, an arbitrary combination of branching fractions
to tW, bZ, and bH can be probed. To normalize the
simulated samples to expected event yields, we use cross
sections computed to next-to-next-to-leading order
(NNLO) using both HATHOR [39] and TOP++2.0[40]. The
numerical values used for the B quark pair-production cross

FIG. 1. Feynman diagrams for the dominant B quark pair-
production process (top) and for the B quark decay modes
(bottom).

V. KHACHATRYAN et al. PHYSICAL REVIEW D 93, 112009 (2016)

112009-2
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bayesian 95% CL limits

still most stringent
results to date

  BB production (8 TeV)
[Phys. Rev. D 93 (2016) 112009]
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[CMS-PAS-B2G-15-006]  pair production (13 TeV)

same-sign
di-leptons
possible

•X5/3 pair production
• two channels

• same sign di-leptons

• lepton + jets

• first vector-like quark result at 13 TeV

•techniques / event selection
• pT dependent lepton isolation

• Z-boson veto

• scalar sum of pt of jets and  
leptons (HTlep) > 900 GeV

5.3 Results 7

Table 3: Systematic uncertainties associated with the background processes which we take from
simulation. “JES” refers to the uncertainty from the jet energy scale while “Theory” refers to
uncertainties from the cross section normalization and choice of PDF.

Background Process JES Theory
ttW 4% 20%
ttZ 3% 12%
ttH 8% 14%
WZ 5% 12%
ZZ 4% 12%

W+W+ 4% 50%
WWZ 4% 50%
WZZ 6% 50%
ZZZ 6% 50%
tttt 6% 50%

background.

5.3 Results

Figure 2 shows the Hlep
T distributions after applying the quarkonia veto, associated Z-boson

veto, primary Z-boson veto, and a requirement of at least two AK4 jets in the event. These
distributions are for illustrative purposes only: the full selection is not applied to them due to
limited statistics. Both statistical and systematic uncertainties are included.

The total number of expected background events are reported in Table 4, together with the
numbers of observed and expected events for a right handed X5/3 of mass 800 GeV. We find
no significant excess in the data over the background prediction. We proceed to set limits and
calculate both expected and observed limits using the theta [27] package and Bayesian statistics
using a flat prior on the signal. Using the full set of analysis selection criteria and an integrated
luminosity of 2.2 fb�1, we obtain expected/observed limits of 860/950 (820/910) GeV for a
right (left) handed X5/3 at 95% confidence level (CL). Both the expected and the observed
limits for all three channels combined are shown in Fig 3.

Table 4: Summary of background yields from rare standard model Monte Carlo (PSS MC),
non-prompt, and charge misidentification backgrounds as well as observed data events after
the full analysis selection. Also shown are the number of expected events for a right handed
800 GeV X5/3 . The errors include both statistical and systematic uncertainties.

Channel PSS MC NonPrompt ChargeMisID Total Background 800 GeV X5/3 Observed
Di-electron 2.41 ± 0.29 2.16 ± 1.91 1.90 ± 0.60 6.47 ± 2.02 4.38 7

Electron-Muon 2.98 ± 0.36 5.20 ± 3.21 0.54 ± 0.18 8.72 ± 3.24 9.14 3
Di-muon 0.70 ± 0.12 2.09 ± 1.69 0.00 ± 0.00 2.80 ± 1.70 3.55 1

All 6.09 ± 0.67 9.45 ± 5.49 2.44 ± 0.76 17.98 ± 5.58 17.06 11

6 The lepton+jets signature
For the search for X5/3 in the semileptonic final state, we require one of the W bosons to decay
leptonically into a lepton (electron or muon) and a neutrino, while the other three W bosons
decay hadronically. The SM background processes which lead to similar final state signatures
can be grouped into three categories: top quark, electroweak and QCD multijet backgrounds.
The “top quark background” group labeled “Top” is dominated by tt pair production and also
contains single top quark production process and the rare SM processes ttW and ttZ. The

prompt same sign 
leptons (from MC)

electron charge mis-ID 
(#opp. sign * fake-rate)

hadrons, conversions, etc.
(using tight-loose ratios)

backgrounds:  
(ss di-lep)
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[CMS-PAS-B2G-15-006]  pair production (13 TeV)•X5/3 pair production
• two channels

• same sign di-leptons

• lepton + jets

• first vector-like quark result at 13 TeV

•techniques / event selection
• pT dependent lepton isolation

• Z-boson veto

• scalar sum of pt of jets and  
leptons (HTlep) > 900 GeV

one final-
state lepton

combined from same sign 
di-leptons and lepton+jets

X5/3 X5/3
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lower limit on the T quark mass is 743 GeV and the observed limit is 750 GeV. Table 5 lists
lower limits on the T quark mass for a variety of branching ratios. For a T quark decaying
exclusively to bW, we exclude masses less than 876 GeV.

T mass [GeV]
700 800 900 1000 1100 1200 1300

)[p
b]

T
 (T

σ

-210

-110

1

10
 (13 TeV)-1CMS Preliminary, 2.3 fb

95% CL observed  expectedσ 1±

95% CL expected  expectedσ 2±

Signal Cross Section

Figure 8: 95% CL expected and observed upper limits (Bayesian) on the cross section of TT̄
production after combining electron/muon, 0/� 1 W tagged jets, and 0/1/2/� 3 b tagged jets
channels at an integrated luminosity of 2.3 fb�1.

Table 5: 95% CL expected and observed lower limits on the T quark mass over a range of
branching ratios, constrained to B(T ! bW) + B(T ! tH) + B(T ! tZ) = 1.

B(T ! bW) B(T ! tH) B(T ! tZ) Expected [GeV] Observed [GeV]
0.50 0.25 0.25 743 750
1.00 0.00 0.00 853 876
0.80 0.20 0.00 812 824
0.80 0.00 0.20 808 828
0.60 0.40 0.00 778 780
0.60 0.20 0.20 772 778
0.60 0.00 0.40 768 774
0.40 0.60 0.00 727 731
0.40 0.40 0.20 707 714
0.40 0.20 0.40 < 700 < 700
0.40 0.00 0.60 < 700 < 700
0.20 any any < 700 < 700
0.00 any any < 700 < 700

9 Conclusion
We have analyzed 2015 data to search for evidence of TT̄ production in events with one lepton
and several jets. In Run 1 (19.5 fb�1 at

p
s = 8 TeV) heavy T quarks with mass less than 696 GeV

were excluded for the nominal branching ratios. Now, with 2.3 fb�1 of integrated luminosity
at

p
s = 13 TeV, we observe increased sensitivity in the single lepton channel alone, excluding

T quarks with mass less than 750 GeV.
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[CMS-PAS-B2G-16-002]  pair production (13 TeV)•T2/3 pair production
• lepton + jets

• b tag categories:  0, 1, 2, ≥3

• W tag categories:  0, ≥1

•techniques / event selection
• pT dependent lepton isolation

• W tag (incl. τ2 / τ1 < 0.6)

T2/3T2/3

9

min[M(l,jets)] (GeV)

Ev
en

ts
 / 

bi
n

-210

-110

1

10

210

310

410 +jets, 0 W, 0 bµe/ TT (0.8 TeV) QCD
TT (1.1 TeV) EWK
DATA TOP

Bkg uncert.

 (13 TeV)-12.3 fbCMS Preliminary

min[M(l,jets)] (GeV)
0 200 400 600 800

Pu
ll

-2

0

2 min[M(l,jets)] (GeV)

Ev
en

ts
 / 

bi
n

-210

-110

1

10

210

310

410 1 W, 0 b≥+jets, µe/ TT (0.8 TeV) QCD
TT (1.1 TeV) EWK
DATA TOP

Bkg uncert.

 (13 TeV)-12.3 fbCMS Preliminary

min[M(l,jets)] (GeV)
0 200 400 600 800

Pu
ll

-2

0

2

min[M(l,b)] (GeV)

Ev
en

ts
 / 

bi
n

-210

-110

1

10

210

310
+jets, 0 W, 1 bµe/ TT (0.8 TeV) QCD

TT (1.1 TeV) EWK
DATA TOP

Bkg uncert.

 (13 TeV)-12.3 fbCMS Preliminary

min[M(l,b)] (GeV)
0 200 400 600 800

Pu
ll

-2

0

2 min[M(l,b)] (GeV)

Ev
en

ts
 / 

bi
n

-210

-110

1

10

210

310 1 W, 1 b≥+jets, µe/ TT (0.8 TeV) QCD
TT (1.1 TeV) EWK
DATA TOP

Bkg uncert.

 (13 TeV)-12.3 fbCMS Preliminary

min[M(l,b)] (GeV)
0 200 400 600 800

Pu
ll

-2

0

2

min[M(l,b)] (GeV)

Ev
en

ts
 / 

bi
n

-210

-110

1

10

210

310
+jets, 0 W, 2 bµe/ TT (0.8 TeV) EWK

TT (1.1 TeV) TOP
DATA Bkg uncert.

 (13 TeV)-12.3 fbCMS Preliminary

min[M(l,b)] (GeV)
0 200 400 600 800

Pu
ll

-2

0

2 min[M(l,b)] (GeV)

Ev
en

ts
 / 

bi
n

-210

-110

1

10

210

310 1 W, 2 b≥+jets, µe/ TT (0.8 TeV) EWK
TT (1.1 TeV) TOP
DATA Bkg uncert.

 (13 TeV)-12.3 fbCMS Preliminary

min[M(l,b)] (GeV)
0 200 400 600 800

Pu
ll

-2

0

2

min[M(l,b)] (GeV)

Ev
en

ts
 / 

bi
n

-210

-110

1

10

210

310 3 b≥+jets, 0 W, µe/ TT (0.8 TeV) EWK
TT (1.1 TeV) TOP
DATA Bkg uncert.

 (13 TeV)-12.3 fbCMS Preliminary

min[M(l,b)] (GeV)
0 200 400 600 800

Pu
ll

-2

0

2 min[M(l,b)] (GeV)

Ev
en

ts
 / 

bi
n

-210

-110

1

10

210
3 b≥1 W, ≥+jets, µe/ TT (0.8 TeV) EWK

TT (1.1 TeV) TOP
DATA Bkg uncert.

 (13 TeV)-12.3 fbCMS Preliminary

min[M(l,b)] (GeV)
0 200 400 600 800

Pu
ll

-2

0

2

Figure 6: Distributions of min[M(`, j)] or min[M(`, b)] in combined lepton channels in categories
with (left) 0 or (right) � 1 boosted W tagged jets and (from top to bottom) 0, 1, 2, or � 3 b tagged
jets. Uncertainties are as in Table 4.

  =>  excluding T2/3 up to 750 GeV  (Run I: up to 690 GeV)
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vector-like quarks: single production

T

H jet 
b

b
H

b

W μ
ν

leptonic top
[CMS-PAS-B2G-15-008]

search for single T2/3→tH:
• first single VLQ result from CMS  

(and first at 13 TeV)
• forward jet tag
• boosted Higgs tag:

• softdrop mass 90< m < 160 GeV
• subjet b-tags
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• exclusive decay to tH

• bW / tZ coupling is needed in 
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• jet grooming with soft drop / pruning
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Figure 4: Maximum single heavy quark production cross sections at the LHC with 8 TeV

(left) and 13 TeV (right), for selected quark multiplets. The dotted part of the lines

indicate the range of masses already excluded by direct searches. In the left plot, the

shaded area corresponds to cross sections below 1 fb, uninteresting for the luminosity

L ≃ 20 fb−1 collected.

The Y quark decays into W−b with 100% branching ratio, so the signal resulting from

its single production is Y b̄j → W−bb̄j, which may be distinguished from the production

of W + jets by the large Wb invariant mass and the presence of a forward jet. For T b̄j,

the T singlet decays into W+b, Zt and Ht with branching ratios around 0.5 : 0.25 : 0.25.

The resulting signal W+bb̄j should be visible over the W+ jets background; in the Zt

decay channel the leptonic Z mode gives a clean signal but with a small branching ratio

and the signal in the Higgs channel might be identified by requiring several b tags and a

forward jet. The same can be said about Bb̄j with B → Hb, Zb, which have branching

ratios around 0.5 : 0.5 for the (B Y ) doublet. More detailed studies of the LHC sensitivity

to single T production have been given in [73–75].

7 Effects in top couplings

Using the explicit expressions for the Lagrangians collected in Appendix A, the limits on

mixing angles presented in the previous section can be directly translated into constraints

contributions of different vector-like multiplets (and/or other types of new physics), as we have discussed

above. Whether the large mixings necessary to make these processes phenomenologically relevant are

compatible with precision electroweak data needs to be checked for each model of this kind.
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vector-like quarks: single production [CMS-PAS-B2G-16-005]
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•tagging
• large multijet background 

   => tight tagger working points

• H tag (incl. τ2 / τ1 < 0.6)

• t tag (incl. τ3 / τ2 < 0.54)

•coupling exclusion
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vector-like quarks: single production
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[CMS-PAS-B2G-15-008]

search for single T2/3→tH:
• first single VLQ result from CMS  

(and first at 13 TeV)
• forward jet tag
• boosted Higgs tag:

• softdrop mass 90< m < 160 GeV
• subjet b-tags
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•technique
• H tag (Ak8 jets, pT > 200 GeV): 

• 90 < soft drop mass < 160 GeV

• both soft drop subjets b tagged

• t from lepton, ETmiss, jets:

• lepton pT > 50 GeV

• lepton iso relative to closest jet

• event hypothesis:

• many (t, H) combinations possible

•  

• bkg. shape from signal depleted region

  [CMS-PAS-B2G-15-008]  leptonic top decay
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vector-like quarks: single production
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search for single T2/3→tH:
• first single VLQ result from CMS  

(and first at 13 TeV)
• forward jet tag
• boosted Higgs tag:

• softdrop mass 90< m < 160 GeV
• subjet b-tags

T quark mass (GeV)
1000 1500

|
RtZ

|c
2

4

6

Obs 95% CL 
Exp 95% CL 

 1 std. deviation ±
 2 std. deviation ±

 (13 TeV)-12.3 fb

CMS
Preliminary

Z/W

T

q

g

q

H

t

b,t

17

•technique
• H tag (Ak8 jets, pT > 200 GeV): 

• 90 < soft drop mass < 160 GeV

• both soft drop subjets b tagged

• t from lepton, ETmiss, jets:

• lepton pT > 50 GeV

• lepton iso relative to closest jet

• event hypothesis:

• many (t, H) combinations possible

•  

• bkg. shape from signal depleted region

•coupling exclusion
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Table 3: Impacts of the largest systematic uncertainties on the signal event yields. Left-handed
Tb production signal samples are shown. The uncertainties on the forward jet and lepton isola-
tion and trigger are rate uncertainties, all other uncertainties are evaluated bin-by-bin. For the
background estimate, the posterior uncertainty of the fit of a signal plus background model to
the data distribution (Sec. 8) on the event rate is 12 %. All values are reported as percentages.

electron channel muon channel
T(0700) T(1200) T(1700) T(0700) T(1200) T(1700)

forward jet 15.0 15.0 15.0 15.0 15.0 15.0
b tag heavy flav. 7.8 7.6 8.7 6.0 7.5 8.5
JES 8.9 4.9 4.9 3.0 5.7 4.6
lepton iso. and trg. 5.0 5.0 5.0 5.0 5.0 5.0
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Figure 10: Coupling parameter exclusion limits for left-handed and right-handed vector-like
T quarks on the left and right side, respectively. Electron and muon channels are combined.
Associated T production with a t (b) quark is shown in the two sub-figures at the top (bottom).
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• vector-like quarks are a useful search tool, 
comprising many BSM models

• 13 TeV begin to superseed the 8 TeV 
results already

• first single production results are public

• many results are coming in the near future 
and the full 2016 dataset will have an even 
larger discovery reach 
 => stay tuned!
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•backgrounds
• lepton+jets:

• 77% top quark pair estimated from control 
regions, e.g. inverting the lepton isolation

• other backgrounds from MC

• same sign leptons:

• as illustrated for X5/3 X5/3 analysis

• opposite sign leptons:

• Z+jets

• top quark pair / di-boson

• estimated with ABCD method

• b tag discriminator 

• Njets

• multileptons:

• Z+jets and WW+jets from control regions

• low ETmiss and low HT

• all other from simulation

• all hadronic:

• QCD multijet production from control region

• "anti-H-tagged"

• pruned mass < 80 GeV

B1/3 pair production
channels / backgroundsb-tagging efficiency of about 70%, with a mistagging rate

of about 1.5% for jets originating from light-flavor quarks
or gluons with pT in the range of 80–120 GeV. The
b-tagging efficiency is measured in data and simulation,
and corrections are applied to simulated events to account
for any differences, as a function of pT and η [51]. The
missing transverse momentum vector is defined as
the projection on the plane perpendicular to the beams
of the negative vector sum of the momenta of all recon-
structed particles in an event. Its magnitude is referred to as
ET. The quantity ST is defined as the scalar sum of the pT of
the jets, lepton pT, and ET in the event.
At very high Lorentz boost, the products of hadronically

decaying bosons may be merged into a single reconstructed
jet. In this regime, the W, Z, or Higgs bosons are identified
as jets clustered with the Cambridge-Aachen algorithm
[52,53] using a larger distance parameter of 0.8 [54]. In
this paper, they are referred to as CA8 jets. For bosons with
pT above approximately 200 GeV, decay products are
expected to be clustered into a single CA8 jet. Each CA8 jet
can be decomposed into constituent subjets using a jet
pruning algorithm [55] to resolve those decay products.
The pruning algorithm removes soft and wide-angle com-
ponents of the jet during a reclustering, and the last iteration
of the clustering process is reversed to identify two subjet
candidates within each pruned jet. Jet properties such as jet
mass, N-subjettiness [56] (used to determine the consis-
tency of a jet with N hypothesized subjets), and the mass
drop, defined as the ratio of the most massive subjet to the
mass of the pruned jet, are used to identify these bosons.
The trigger selection for each channel entering the

combination can be different, depending on the final state
of interest. For the single-lepton channel, two trigger
selections are utilized: either a single electron with
pT > 27 GeV or a single muon with pT > 40 GeV. For
both of the lepton pair channels, as well as the multilepton
channel, three trigger algorithms are used for final states
including two electrons, two muons, or one electron and
one muon. In each of these dilepton trigger algorithms,
events are selected if the highest-pT lepton has pT >
17 GeV and the second-highest pT lepton has
pT > 8 GeV. No charge requirement is applied in the
trigger selection, allowing these trigger algorithms to be
used in all three channels with two or more leptons. Finally,
the all-hadronic channel uses a trigger algorithm requiring
the total scalar pT sum of reconstructed jets (with pT >
30 GeV and jηj < 3.0) in the detector to be greater than
750 GeV. The offline requirements for each channel of the
analysis are designed to be fully efficient given these trigger
requirements. Differences in the trigger selections used
between analysis channels lead to small differences in the
total amount of integrated luminosity utilized in each
channel.
The details of the event selections for each individual

analysis channel are given in the following subsections.

Table II summarizes these channels in terms of their
defining characteristics: the number of selected leptons,
the discriminating variable used for limit setting, as well as
the decay mode of the B quark for which the channel is
most sensitive.

A. Leptonþ jets channel

Charged leptons from the decays of W and Z bosons
are selected using the criteria described in Sec. IV and are
required to be isolated from jets. The lepton trajectories
are also required to have a transverse impact parameter of
less than 0.02 cm and a longitudinal impact parameter of
less than 1 cm in magnitude, relative to the primary vertex.
The final selection requires events to have exactly one
isolated lepton and at least four jets with pT > 200, 60,
40, 30 GeV, respectively, of which at least one is a bottom
jet. The minimum number of jets and the jet pT require-
ments are selected to enhance sensitivity to the BB̄ signal
with B → tW decays. To further suppress the SM back-
grounds, we use the centrality, C, defined as the scalar
sum of the pT of the jets divided by the scalar sum of the
jet energies, requiring C > 0.4. We require events to have
ET > 20 GeV. Corrections due to differing trigger, lepton,
and b jet identification efficiencies in data and simulation
are applied to simulated events.
Events are divided into categories containing 0, 1, or ≥ 2

tagged hadronically decaying W, Z, or Higgs bosons using
the CA8 jets. The identification criteria for these signatures
require the CA8 jet to have pT greater than 200 GeVand to
be matched to an AK5 jet. The AK5 jets matched to CA8
jets are then excluded from b-tagging requirements. The
two subjets identified with the pruning algorithm [55] are
required to have an invariant mass between 50 and
150 GeV, to be consistent with a W, Z, or Higgs boson.
To further reduce SM backgrounds, the mass drop is
required to be less than 0.4. The efficiency of this
heavy-boson tagging algorithm is approximately 50%
[57], and correction factors are applied to compensate
for efficiency differences between data and simulation. To

TABLE II. A summary of analysis channels entering the
combination, along with the number of selected leptons, the
variable used for signal discrimination, and the B quark decay
mode providing the best sensitivity for the channel.

Number of
leptons

Discriminating
variable

Best decay
mode

Leptonþ jets 1 ST tW
Same-sign
dilepton

2 ST tW

Opposite-sign
dilepton

2 MðllbÞ bZ

Multilepton ≥3 ST tW, bZ
All-hadronic 0 HT bH

V. KHACHATRYAN et al. PHYSICAL REVIEW D 93, 112009 (2016)

112009-4

C. Opposite-sign lepton pair channel

The main background in the opposite-sign dilepton
channel is from the inclusive Z þ jets process (93%), with
the remaining fraction due to tt̄þ jets and diboson proc-
esses. Instead of using simulated events, control samples
in data are used to predict the normalization and shape of
the MðllbÞ spectrum of the background. The background
is estimated from data using an ABCD method to predict
the bZ invariant mass distribution MðllbÞ in the signal
region, labeled B, using control regions A, C, and D. The
classification of the events into region A, B,C, orD is made
using event selection variables that are largely uncorrelated
for the background samples. The two variables chosen are
the number of jets, Njets, and the b-tagging discriminator of
the highest pT jet in the event. With an identified Z boson
decaying leptonically, there will be at least two jets
expected in signal events, providing discrimination power
against SM background processes.
The selections used are (i) either Njets ¼ 1 or Njets > 1

and (ii) events with the leading jet either passing or
failing the b-tagging discriminator threshold (>0.679).
These selections divide the Njets vs b-tagging discriminator
plane into the four regions shown in Fig. 5. The signal
contribution outside the signal region B was found to be
negligible using simulated event samples. Under the
hypothesis of complete noncorrelation between Njets and
the b-tagging discriminator, the number of background
events in the signal region would be given by
NB ¼ NA × ND=NC, where NX is the number of events
in the corresponding region. However, residual correlation
between the two variables is present and must be taken into
account in the background estimation procedure. The
correlation is measured from data using an alternative
set of control regions defined using the following criteria:
(i) Njets ¼ 1 or Njets > 1 and (ii) 0.244 < b-tagging
discriminator < 0.679 or b-tagging discriminator < 0.244
for the leading jet. This classification divides theNjets vs the
b-tagging discriminator plane into four regions, labeled I,
J, K, and L, as shown in Fig. 5. These four regions are
completely contained within the previously defined regions
A and C. The ratio C ¼ NJNK=NINL is equal to 1 if Njets

and the b-tagging discriminator variables are perfectly
uncorrelated and is used to quantify the degree of corre-
lation between the two. The number of background events,
taking into account the correlations, is given by NBC. The
values of C were measured to be 1.29% 0.08 for Z → eþe−

and 1.38% 0.07 for the Z → μþμ− channels, where the
uncertainties are statistical and related to the sample sizes in
the regions I, J, K, and L. These factors are significantly
different from unity, implying some degree of correlation
between Njets and the b-tagging discriminator. Closure tests
were performed with simulated samples, as well as with
data control samples with selections orthogonal to those for
the regions described above. The values of the correlation

factors obtained were consistent within uncertainties and
stable with respect to the variation of the b-tagging
discriminator values within %10%.
While the above procedure is used to predict the total

number of background events, the shape of the MðllbÞ
background distribution is assumed to be the same in the
signal region and the region A. This assumption is justified
by examining the MðllbÞ distributions in the signal
region and in region A, using simulated events. The shapes
obtained are consistent within the uncertainties in each. The
total event yields in data and the estimated background are
given in Table III. The uncertainty in this background
estimation is given by a combination of the statistical and
systematic sources described in Sec. VI.
The expected yields for the signal with different B quark

masses and two different values of the branching fraction,
100% and 50%, for B → bZ are given in Table IV. Since we
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FIG. 5. The event distribution in the plane of Njets vs the b-
tagging discriminator value, used to define the regions A, B, C,
and D for the opposite-sign dilepton Z → eþe− (left) and Z →
μþμ− (right) channels. The region B is the signal region, while the
others constitute the control regions. The regions I, J, K, and L
are used for estimation of systematic uncertainties. All other
selection criteria used to select the B quark candidates have been
applied. The area of each bar is proportional to the number of
events in a given bin of the distribution of Njets vs b-tagging
discriminator.
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B1/3 pair production
systematic uncertainties

by applying weighting factors to vary the elements of the
eigenvector used in the PDF simulation. The weights are
combined in quadrature to compute a total systematic
uncertainty in the shape and normalization of simulated
tt̄ and signal events due to PDF effects.
Finally, there are several uncertainties specific to indi-

vidual channels. In some cases, all relevant uncertainties
are combined into a single nuisance parameter affecting the
normalization, for example for the multilepton channels,
which include several counting experiments without shape
effects. Other uncertainties include those for background
estimates from data and are detailed in the corresponding
previous sections.
For the statistical combination, we correlate the system-

atic uncertainties that arise from the same physical effect or
phenomenon, such as the jet energy scale, luminosity
measurement, or tt̄ cross section. These correlations allow
us to better constrain the uncertainties by using indepen-
dent information from various channels. This procedure
further improves the sensitivity of the combination.

VII. COMBINATION STRATEGY

Each of the five channels has a distinct method to
discriminate the B quark signal from the expected back-
ground contribution. In the case of the Leptonþ jets
channel, the ST distribution is used (Fig. 3), with different
categories corresponding to unique numbers of merged

vector bosons reconstructed in the final state. For the
opposite-sign dilepton channel, the B quark candidate mass
is reconstructed, and its distribution is used to discriminate
the signal (Fig. 6). In the case of the same-sign dilepton and
multilepton channels, for each of the various event cate-
gorizations, the ST variable is used for signal discrimina-
tion, and each bin of the ST distribution (Figs. 4 and 8) is
treated as an independent counting experiment. The results
are combined to produce a cross section limit. Finally, the
all-hadronic channel uses the HT distribution separately for
single- and double-b-tagged events (Fig. 10).
We combine all signal bins of the five individual analysis

channels for the result. A joint likelihood maximization is
performed, simultaneously using the background and
signal expectations in each bin, to extract the final results
using a Bayesian approach. We scan over the entire
parameter space of the B quark branching fractions in
steps of 0.1 for each possible B quark decay mode.
Nuisance parameters are included in the joint likelihood

maximization to account for the various systematic uncer-
tainties described above. For those uncertainties that arise
from the same physical or detector effect and are shared
between individual channels, the corresponding nuisance
parameters are taken to be 100% correlated in the fitting
procedure. All nuisance parameters describing systematic
uncertainties are implemented either with Gaussian priors
(for normalization effects) or through template interpola-
tion (for shape changing effects). The parameter governing

TABLE VII. Nuisance parameters applied to the statistical combination. They are listed separately for each individual channel, and the
✓ symbol is used if they are applied to that given channel. If a nuisance parameter is taken as correlated between channels, the ✓
symbol is shown. In some cases, several systematic uncertainties are combined into a single nuisance parameter (for example, in the case
of combined lepton categories); in such instances, the • symbol is used to denote the presence of a systematic uncertainty combined with
others in a distinct nuisance parameter. The ∼ symbol has been used to denote systematic uncertainties that have negligible effects on the
analysis results. The “Combined systematic uncertainty” entry represents a contribution composed of other sources listed in the table,
applied as a single nuisance parameter during limit extraction.

Leptonþ jets OS dilepton SS dilepton Multilepton All hadronic

Jet energy scale ✓ ✓ ✓ ✓ ✓
Jet energy resolution ✓ ✓ ✓ ∼ ✓
V-tag SF ✓ ✓
tt̄ matching scale ✓ •
tt̄ renormalization/factorization scales ✓ •
b-tagging SF ✓ • ✓ •
Light-jet-tagging SF • •
Integrated luminosity ✓ ✓ ✓ ✓ ✓
Lepton reconstruction ✓ ✓ ✓ •
tt̄ cross section ✓ ✓
QCD normalization ✓
Trigger efficiency ✓ ✓ ✓ • ✓
Pileup uncertainty ∼ ✓ ✓ ∼ ✓
Background component from data ✓ ✓ •
PDF uncertainty ∼ ∼ ✓ • ✓
ET resolution ✓
Initial-state radiation ✓
Combined systematic uncertainty ✓ ✓ ✓ ✓

SEARCH FOR PAIR-PRODUCED VECTORLIKE B … PHYSICAL REVIEW D 93, 112009 (2016)
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•relaxed charge consistency
• electron charge from standard track, GSF track, track-to-

calorimeter position

• for pT>100 GeV, the third criterion is dropped in order to 
keep a high selection efficiency

•backgrounds
• NonPrompt:

• prompt rates pmu = 0.940 ± 0.001; pe = 0.873 ± 0.001 

• fake rates fmu = 0.298 ± 0.003; fe = 0.371 ± 0.002  

• more on tight-loose method:  
[10.1007 / JHEP06 (2011) 077]

• ChargeMisID:

• apply full selection, but with opposite sign leptons

• weight events by mis-id probability (as function of eta)

• binned in pT<100 GeV and pT>100 GeV

X5/3 pair production
backgrounds

5.3 Results 7

Table 3: Systematic uncertainties associated with the background processes which we take from
simulation. “JES” refers to the uncertainty from the jet energy scale while “Theory” refers to
uncertainties from the cross section normalization and choice of PDF.

Background Process JES Theory
ttW 4% 20%
ttZ 3% 12%
ttH 8% 14%
WZ 5% 12%
ZZ 4% 12%

W+W+ 4% 50%
WWZ 4% 50%
WZZ 6% 50%
ZZZ 6% 50%
tttt 6% 50%

background.

5.3 Results

Figure 2 shows the Hlep
T distributions after applying the quarkonia veto, associated Z-boson

veto, primary Z-boson veto, and a requirement of at least two AK4 jets in the event. These
distributions are for illustrative purposes only: the full selection is not applied to them due to
limited statistics. Both statistical and systematic uncertainties are included.

The total number of expected background events are reported in Table 4, together with the
numbers of observed and expected events for a right handed X5/3 of mass 800 GeV. We find
no significant excess in the data over the background prediction. We proceed to set limits and
calculate both expected and observed limits using the theta [27] package and Bayesian statistics
using a flat prior on the signal. Using the full set of analysis selection criteria and an integrated
luminosity of 2.2 fb�1, we obtain expected/observed limits of 860/950 (820/910) GeV for a
right (left) handed X5/3 at 95% confidence level (CL). Both the expected and the observed
limits for all three channels combined are shown in Fig 3.

Table 4: Summary of background yields from rare standard model Monte Carlo (PSS MC),
non-prompt, and charge misidentification backgrounds as well as observed data events after
the full analysis selection. Also shown are the number of expected events for a right handed
800 GeV X5/3 . The errors include both statistical and systematic uncertainties.

Channel PSS MC NonPrompt ChargeMisID Total Background 800 GeV X5/3 Observed
Di-electron 2.41 ± 0.29 2.16 ± 1.91 1.90 ± 0.60 6.47 ± 2.02 4.38 7

Electron-Muon 2.98 ± 0.36 5.20 ± 3.21 0.54 ± 0.18 8.72 ± 3.24 9.14 3
Di-muon 0.70 ± 0.12 2.09 ± 1.69 0.00 ± 0.00 2.80 ± 1.70 3.55 1

All 6.09 ± 0.67 9.45 ± 5.49 2.44 ± 0.76 17.98 ± 5.58 17.06 11

6 The lepton+jets signature
For the search for X5/3 in the semileptonic final state, we require one of the W bosons to decay
leptonically into a lepton (electron or muon) and a neutrino, while the other three W bosons
decay hadronically. The SM background processes which lead to similar final state signatures
can be grouped into three categories: top quark, electroweak and QCD multijet backgrounds.
The “top quark background” group labeled “Top” is dominated by tt pair production and also
contains single top quark production process and the rare SM processes ttW and ttZ. The
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Table 3: Systematic uncertainties associated with the background processes which we take from
simulation. “JES” refers to the uncertainty from the jet energy scale while “Theory” refers to
uncertainties from the cross section normalization and choice of PDF.

Background Process JES Theory
ttW 4% 20%
ttZ 3% 12%
ttH 8% 14%
WZ 5% 12%
ZZ 4% 12%

W+W+ 4% 50%
WWZ 4% 50%
WZZ 6% 50%
ZZZ 6% 50%
tttt 6% 50%

background.

5.3 Results

Figure 2 shows the Hlep
T distributions after applying the quarkonia veto, associated Z-boson

veto, primary Z-boson veto, and a requirement of at least two AK4 jets in the event. These
distributions are for illustrative purposes only: the full selection is not applied to them due to
limited statistics. Both statistical and systematic uncertainties are included.

The total number of expected background events are reported in Table 4, together with the
numbers of observed and expected events for a right handed X5/3 of mass 800 GeV. We find
no significant excess in the data over the background prediction. We proceed to set limits and
calculate both expected and observed limits using the theta [27] package and Bayesian statistics
using a flat prior on the signal. Using the full set of analysis selection criteria and an integrated
luminosity of 2.2 fb�1, we obtain expected/observed limits of 860/950 (820/910) GeV for a
right (left) handed X5/3 at 95% confidence level (CL). Both the expected and the observed
limits for all three channels combined are shown in Fig 3.

Table 4: Summary of background yields from rare standard model Monte Carlo (PSS MC),
non-prompt, and charge misidentification backgrounds as well as observed data events after
the full analysis selection. Also shown are the number of expected events for a right handed
800 GeV X5/3 . The errors include both statistical and systematic uncertainties.

Channel PSS MC NonPrompt ChargeMisID Total Background 800 GeV X5/3 Observed
Di-electron 2.41 ± 0.29 2.16 ± 1.91 1.90 ± 0.60 6.47 ± 2.02 4.38 7

Electron-Muon 2.98 ± 0.36 5.20 ± 3.21 0.54 ± 0.18 8.72 ± 3.24 9.14 3
Di-muon 0.70 ± 0.12 2.09 ± 1.69 0.00 ± 0.00 2.80 ± 1.70 3.55 1

All 6.09 ± 0.67 9.45 ± 5.49 2.44 ± 0.76 17.98 ± 5.58 17.06 11

6 The lepton+jets signature
For the search for X5/3 in the semileptonic final state, we require one of the W bosons to decay
leptonically into a lepton (electron or muon) and a neutrino, while the other three W bosons
decay hadronically. The SM background processes which lead to similar final state signatures
can be grouped into three categories: top quark, electroweak and QCD multijet backgrounds.
The “top quark background” group labeled “Top” is dominated by tt pair production and also
contains single top quark production process and the rare SM processes ttW and ttZ. The
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determined using a data sample enriched in non-prompt leptons. To reduce the contribution of
leptons from W and Z boson decays, we require exactly one loose lepton and reject events with
more than one. We also require at least one jet with pT > 30 GeV and DR > 1.0 relative to the
lepton, Emiss

T < 25 GeV, and MT < 25 GeV where MT is the transverse mass of the lepton and
Emiss

T is the missing transverse energy. We also impose a Z-boson veto and reject events if the
invariant mass of the lepton and any jet is between 81 and 101 GeV. We then obtain fake rates
of 0.298 ± 0.003 and 0.371 ± 0.002 for electrons and muons, respectively. The contribution of
the non-prompt leptons to the total background is then estimated and the results are presented
in Table 4.

We perform a number of cross-checks and closure tests for confirming the validity of this tech-
nique for our analysis. Based on these studies, we assign a 50% systematic uncertainty on
the estimation of backgrounds due to fake leptons. This uncertainty takes into account varia-
tions due to the flavor composition of the background, any potential dependence on kinematic
parameters that alter the background composition (such as Hlep

T ) as well as any potential de-
pendence of the fake rate on h or pT.

5.2 Systematic uncertainties

The main systematic uncertainties in this analysis can be divided into three categories: uncer-
tainties related to the object selection, theoretical uncertainties which affect the normalization
of simulated samples, and uncertainties in our data-driven background estimates. The un-
certainties in our object selection include uncertainties in the efficiency of the trigger, lepton
reconstruction, lepton identification and isolation. These are derived from the Tag-and-Probe
studies mentioned in Sec. 4 and are summarized in Table 2. Lepton identification and isolation
uncertainties are applied per lepton while trigger uncertainties are applied per event. We also
include a 4.6% uncertainty in the luminosity measurement.

Table 2: Details of systematic uncertainties applied for lepton triggering, reconstruction (“ID”),
and isolation (“ISO”).

Source Value Application
Electron ID 1% per electron
Electron ISO 1% per electron
Electron Trigger 3% per event
Muon ID 1% per muon
Muon ISO 1% per muon
Muon Trigger 3% per event
Electron-Muon Trigger 3% per event

The jet energy scale (JES) uncertainties for the background contributions that are obtained from
simulation are summarized in Table 3. Table 3 also includes the overall normalization uncer-
tainty for each simulated background sample. This takes into account the uncertainty in the
cross section and the uncertainty related to the PDFs used to generate the samples. For the rare
backgrounds that have not been measured (well), we assume a conservative normalization un-
certainty of 50%. We also estimate uncertainties due to jet energy resolution (JER) and pileup
by varying the respective quantities in simulation. We see variations of up to 2% for JER and
up to 6% for pileup for some of the simulated background samples. For the signal, the JES, JER
and pileup uncertainties in the acceptance correspond to 3%, 1% and 1%, respectively.

As described in Secs. 5.1.2 and 5.1.3, we also include a 30% uncertainty for the charge misiden-
tification probability and a 50% uncertainty associated with the estimation of the fake lepton
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right (left) handed X5/3 at 95% confidence level (CL). Both the expected and the observed
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Table 4: Summary of background yields from rare standard model Monte Carlo (PSS MC),
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6 The lepton+jets signature
For the search for X5/3 in the semileptonic final state, we require one of the W bosons to decay
leptonically into a lepton (electron or muon) and a neutrino, while the other three W bosons
decay hadronically. The SM background processes which lead to similar final state signatures
can be grouped into three categories: top quark, electroweak and QCD multijet backgrounds.
The “top quark background” group labeled “Top” is dominated by tt pair production and also
contains single top quark production process and the rare SM processes ttW and ttZ. The
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14 6 The lepton+jets signature

izations and shapes. Regarding the uncertainties which could potentially affect normaliza-
tions only, we consider uncertainties related to luminosity, trigger efficiency, lepton reconstruc-
tion/ID efficiency, and cross sections for SM background processes. We also assign uncertain-
ties to account for data to MC discrepancies in the control regions: 11-19% on the top back-
ground group, and 24% on the electroweak background group, based on the tagging category.

To model the uncertainties which can potentially alter shapes, we consider uncertainties related
to the jet energy scale (JEC), jet energy resolution (JER), b tagging and light quark mistagging
efficiencies, W tagging uncertainties, event pileup conditions, parton distribution functions,
parton shower energy scale, renormalization energy scale, and factorization energy scale. Top
quark pT reweighting was evaluated according to the prescription in [32], and while central
values of top quark pT are not adjusted, the difference between central and reweighted values
is added as a one-sided systematic uncertainty.

In all cases, we asses the uncertainty by varying the relevant parameters by their ±1s uncer-
tainty and repeating the analysis. The pileup, and renormalization, factorization scales do not
have clear ±1s uncertainties. Instead, we vary the minimum bias cross section used in the
pileup reweighting by ±5%. The tt and single top Q2 scale uncertainties are assessed by in-
dependently varying the scales up and down by a factor of 2. A summary of these systematic
uncertainties and how they are applied to signal and background samples can be found in
Table 6.

Table 6: Summary of all systematic uncertainties considered.

Source Uncertainty Signal Background
Normalization only
Luminosity 4.6% Yes All
Trigger Efficiency 3% Yes All
Lepton efficiencies 1% Yes All
“Top bkg”: tt, Single top, tt+W/Z cross-sections 5.5% No
“EWK bkg”: W+jets, Diboson cross sections 5% No
“Top bkg” modeling, based on the CR 11-19% No
“EWK bkg” modeling, based on the CR 24% No
QCD multijet cross-sections 50% No
Shape and Normalization
Jet Energy Scale ±s(pT , h) Yes All
Jet Energy Resolution ±s Yes All
b tagging ±s Yes All
W tagging: mass resolution ±s Yes All
W tagging: mass scale ±s Yes All
W tagging: t2/t1 ±s Yes All
Top pT D(weighted,nominal) No tt
Pileup sminbias ± 5% Yes All
Parton Shower Scale ±s No tt, single top
Shape only
PDF ±s Yes All
Renormalization Scale ±s Yes All
Factorization Scale ±s Yes All

6.3 Results

No significant excess above SM expectations is observed in the data. We therefore proceed to
set 95% confidence level (CL) upper limits on the production cross section for pp ! X5/3X̄5/3
! tW+tW�. Limits are obtained from the min[M(`, b)] distributions in all categories and are
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tion used to calculate the correction by ±5%. The top quark pT reweighting procedure in [38]
was tested, and we do not adjust the top quark pT in this analysis. The difference between
the central value and adjusted values are applied as a one-sided systematic uncertainty. The
uncertainty on the jet reweighting procedure is obtained from the error matrix of the linear
fit, as described previously. Renormalization, factorization, and parton shower energy scale
uncertainties are calculated by varying the scales up and down by a factor of two and taking
the envelope, or largest spread, of values as the uncertainty. Renormalization and factorization
scale variations are considered together, with independent and simultaneous shifts. Parton
shower energy scale variations are calculated separately. Theoretical uncertainties (PDF, renor-
malization scale, and factorization scale) are applied to signal simulation as shape uncertainties
only. A summary of these systematic uncertainties and whether they are applied to signal and
background samples can be found in Table 4.

Table 4: Summary of systematic uncertainties. Representative ranges for shape uncertainties
are taken from the TOP and EWK backgrounds and the 0.8 TeV T quark signal sample in each
analysis category.

Source Uncertainty Signal Background
Normalization only
Luminosity 2.7% Yes All
Trigger Efficiency 5% Yes All
Lepton efficiencies 1% Yes All
TOP background modeling 1-14% No TOP group
EWK background modeling 2-23% No EWK group
Shape and Normalization
Jet Energy Scale ±s(pT , h) Yes (0 – 5%) All (0 – 20%)
Jet Energy Resolution ±s Yes (0 – 3%) All (0 – 40%)
b tagging ±s Yes (0 – 20%) All (0 – 40%)
W tagging: mass resolution ±s Yes (0 – 2%) All (0 – 22%)
W tagging: mass scale ±s Yes (0 – 1%) All (0 – 3%)
W tagging: t2/t1 ±s Yes (0 – 2%) All (0 – 2%)
Pileup sminbias ± 5% Yes (0 – 3%) All (0 – 8%)
Jet reweighting ±s(pT) Yes (7 – 10%) All (0 – 18%)
Top pT D(weighted,nominal) No tt̄ (17 – 19%)
PDF ±s No All (2 – 15%)
Renorm./Fact. Energy Scale envelope(⇥2,⇥0.5) No All (17 – 43%)
Parton Shower Scale envelope(⇥2,⇥0.5) No tt̄, single top (0 – 70%)
Shape only
PDF ±s Yes None
Renorm./Fact. Energy Scale envelope(⇥2,⇥0.5) Yes None

8 Results
After the final event selection, no significant excess above the standard model expectations is
observed in data. We set 95% confidence level (CL) upper limits on the cross section of TT̄
production, with T decaying to bW, tZ, and tH through the nominal branching ratio. Limits are
set with Bayesian statistics [39] using the Theta program [40], with min[M(`, j)] or min[M(`, b)]
distributions in each analysis category. Statistical uncertainties are treated with the Barlow-
Beeston lite method [41, 42]. The signal cross section is assigned a flat prior, and the nuisance
parameters listed in Table 4 are given Gaussian priors. Figure 8 shows the expected and ob-
served limits as a function of TT̄ mass for an integrated luminosity of 2.3 fb�1. The expected
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12 8 Exclusion Limits

Table 3: Impacts of the largest systematic uncertainties on the signal event yields. Left-handed
Tb production signal samples are shown. The uncertainties on the forward jet and lepton isola-
tion and trigger are rate uncertainties, all other uncertainties are evaluated bin-by-bin. For the
background estimate, the posterior uncertainty of the fit of a signal plus background model to
the data distribution (Sec. 8) on the event rate is 12 %. All values are reported as percentages.

electron channel muon channel
T(0700) T(1200) T(1700) T(0700) T(1200) T(1700)

forward jet 15.0 15.0 15.0 15.0 15.0 15.0
b tag heavy flav. 7.8 7.6 8.7 6.0 7.5 8.5
JES 8.9 4.9 4.9 3.0 5.7 4.6
lepton iso. and trg. 5.0 5.0 5.0 5.0 5.0 5.0
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Figure 10: Coupling parameter exclusion limits for left-handed and right-handed vector-like
T quarks on the left and right side, respectively. Electron and muon channels are combined.
Associated T production with a t (b) quark is shown in the two sub-figures at the top (bottom).

variables for ABCD method:
 - 0/1 t tag
 - 0/1 anti-H tag  
   (H tag w/ 0 subjet b tags)

6 6 Systematic uncertainties

in the region B between the simulation and data are found to be consistent, and thus, a closure
using simulated samples is deemed to hold also for the data.

Since only the multijets background is estimated using the ABCD method, the simulated tt+jets,
W+jets, and tW background are subtracted from the data in each of the A, B, and C regions to
obtain only the predicted multijet background in data for that region. Then this multijet event
distribution from the B region is scaled by the ratio of the events in region C to region A to
obtain the predicted background distribution in the signal region. The number of events in the
control regions are given in Table 2. The ratio NC/NA is found to be 13.6 ± 0.2.

Table 2: Numbers of events for the control region A, B, and C in the data, and the non-multijets
background. The difference between the data and the tt+jets, W+jets, and the tW, is attributed
to the multijets background component. The errors are statistical only.

A B C
Data 94126 ± 307 207 ± 14 7251 ± 85
tt+jets 812 ± 6 53.9 ± 1.5 366 ± 4
W+jets 1258 ± 25 5.96 ± 1.76 109 ± 8
tW 27 ± 2 0.52 ± 0.20 12.7 ± 1.1

The total estimated background from all sources is given in Table 3, along with the number
of observed events in the data. Finally, the HT and M(T) distributions in the data, estimated
backgrounds, and the signal are shown in Fig. 3. The overall agreement between the observed
number of events and the predicted background is good within the estimated uncertainties
(discussed in Section 6).

Table 3: Estimated background and observed events in the signal region after all selection crite-
ria. The combined statistical and systematic uncertainty is shown. The systematic uncertainty
on the data-driven multijets background is anticorrelated with that on the MC-driven tt+jets
background. Hence the uncertainty on the total background is less than what one would ob-
tain if the uncertainties on the individual backgrounds are added in quadrature.

Process Events
Estimated multijets (using data) 10.8 ± 5.5
Estimated tt+jets (using MC) 24.3 ± 8.1
Estimated W+jets (using MC) 0.6 ± 0.6
Estimated total background 35.7 ± 5.6
Observed events 30

6 Systematic uncertainties

The systematic uncertainties can be classified into those that affect the total rate of the predicted
background and the signal events, and those that change the shape of the M(T) distributions.
Among the former are the luminosity uncertainty of 2.7% [52]; the pileup reweighting uncer-
tainty of 5% on the total inelastic proton-proton collision cross section; the cross section uncer-
tainties on the MC background predictions; and the parton distribution functions at 1 � 3%,
using the PDF4LHC recommended procedure [53]. The scale factor uncertainty due to the
N-subjettiness selection for H tagging is 12.5%.


