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What is Ôtt̅+XÕ?

¥ For the purposes of this talk, tt̅ produced in association with 
visible (or visibly-decaying) particles

¥ DonÕt have time to talk about the many tt̅+pT miss (invisible) searches

¥ Includes Standard Model production: tt̅+W/Z/!, as well as tt̅+tt̅

¥ tt̅+H also very important, but covered in two separate talks  [1,2]

¥ Measure SM top quark couplings, probe effective couplings

¥ Events with many objects (leptons, jets, pT miss), challenging analyses

¥ In beyond-SM production, top+X pairs typically produced 
from decays of heavier new physics particles

¥ Very high energy / mass scales, boosted tops and bosons
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[1] Roberto Di Nardo, ATLAS : https://indico.cern.ch/event/677667/contributions/3011173/  
[2] Daniel Salerno, CMS : https://indico.cern.ch/event/677667/contributions/2996225/
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)-1 8.8 fb!Tevatron combined 1.96 TeV (L 
)-1CMS dilepton,l+jets 5.02 TeV (L = 27.4 pb

)-1 7 TeV (L = 4.6 fbµATLAS e
)-1 7 TeV (L = 5 fbµCMS e

)-1 8 TeV (L = 20.2 fbµATLAS e
)-1 8 TeV (L = 19.7 fbµCMS e

)-1 8 TeV (L = 5.3-20.3 fbµLHC combined e
)-1 13 TeV (L = 3.2 fbµATLAS e

)-1 13 TeV (L = 2.2 fbµCMS e
)-1* 13 TeV (L = 85 pbµµATLAS ee/

)-1ATLAS l+jets* 13 TeV (L = 85 pb
)-1CMS l+jets 13 TeV (L = 2.2 fb
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¥ ATLAS and CMS made 
precise measurements 
of the inclusive tt̅ cross 
sections at 13 TeV in 
2015 data (2.2 - 3.2 fb-1)

¥ Statistical uncertainties 
negligible, no need to 
add 2016 dataset, which 
contained 10 - 15 times 
more data (36 fb-1)

¥ General agreement with 
theoretical predictions, 
and between channels

tt̅ cross sections at 13 TeV
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ATLAS eμ: 1606.02699 
CMS eμ: 1611.04040

CMS ℓν+jj: 1701.06228

σ(tt!) at 13 TeV, mt = 172.5 GeV 
NNLL pred 832 +20-29 (scale) ± 35 (PDF + αs) pb

ATLAS eμ 818 ± 9 (stat) ± 27 (syst) ± 19 (lumi) ± 12 (beam) 
pbCMS eμ 815 ± 9 (stat) ± 38 (syst) ± 19 (lumi) pb

CMS ℓν+jj 888 ± 2 (stat) ± 27 (syst) ± 20 (lumi) pb

https://arxiv.org/abs/1606.02699
https://arxiv.org/abs/1611.04040
http://arxiv.org/abs/1701.06228
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¥ Differential cross-section measurements 
are interesting and challenging - and 
can always beneÞt from more stats

¥ Probe hidden new physics scenarios 
(e.g. very high mass scale) using very 
precise measurements of tt̅ system 
kinematics and correlations

¥ Also validate and tune / correct MC 
simulation - important!

¥ Use tools which are fundamental to 
other tt̅+X searches and measurements, 
e.g. kinematic reconstruction of tt̅ 
system from its decay products
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Figure 5: Migration matrices for pT and |y| of the leading top-quark jet in the particle-level fiducial phase space in
(a) and (b) and parton-level phase space in (c) and (d). Each row is normalized to 100. The Powheg+Pythia8 event
generator is used as the nominal prediction.
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Differential tt̅ cross sections
ATLAS eμ: 1612.05220 

ATLAS ℓν+jj: 1708.00727
CMS ℓν+jj: 1803.03991 

https://arxiv.org/abs/1612.05220
http://arxiv.org/abs/1708.00727
http://arxiv.org/abs/1803.03991
http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=TOP-17-014
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Figure 6: The differential t øt production cross sections at parton level in full phase space as a
function of pøt

T are compared to theoretical predictions with beyond NLO precision. The left
and right plots correspond to absolute and normalised measurements, respectively. The lower
panel in each plot shows the ratio of the theoretical prediction to the data.

¥ Primarily use b"# + bjj and b !"  + b"# decay modes at 13 TeV

¥ Probe many observables (pT, y, etc.) of top and its decay products

¥ Also use boosted bjj + bjj measurement to reach higher in pT

¥ Both CMS and ATLAS see softer pT (top) than pred. by MC / theory
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Figure 5: The measured normalised Þducial di! erential cross-sections compared to predictions from Powheg-Box
(top ratio panel), MG5_aMC@NLO, and Sherpa(bottom ratio panel) interfaced to various parton shower programs.
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Figure 7:Normalized particle-level Þducial phase-space di! erential cross-sections as a function of(a) transverse
momentum of the leading top-quark jet,(b) transverse momentum of the second-leading top-quark jet,(c) absolute
value of the rapidity of the leading top-quark jet and(d) absolute value of the rapidity of the second-leading top-
quark jet. The gray bands indicate the total uncertainty in the data in each bin. The vertical bars indicate the
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Differential tt̅ cross sections
ATLAS boosted: 1612.05220 

CMS eμ: TOP-17-014
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Figure 4: The differential t øt production cross sections at parton level in full phase space as a
function of pt

T are compared to theoretical predictions with beyond NLO precision. The left
and right plots correspond to absolute and normalised measurements, respectively. The lower
panel in each plot shows the ratio of the theoretical prediction to the data.

https://arxiv.org/abs/1612.05220
https://cds.cern.ch/record/2621975
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tt̅+X analyses
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¥ Most Þnal states covered by both ATLAS and CMS with full 2016 dataset

* Submitted for publication

Final 
state

ATLAS CMS
Dataset ID Link Dataset ID Link

tt!+γ 20 fb-1, 8 TeV JHEP 11 1706.03046 20 fb-1, 8 TeV JHEP 10 1706.08128 

tt!+W
3.2 fb-1, 13 TeV EPJC 77 1609.01599 36 fb-1, 13 TeV TOP-17-005* 1711.02547

tt!+Z

tt!H (bb) 36 fb-1, 13 TeV PRD 97 1712.08895
5+20+36 fb-1, 
7+8+13 TeV

HIG-17-035* 1804.02610 tt!H (W/Z/τ) 36 fb-1, 13 TeV PRD 97 1712.08891

tt!H (γγ) 36 fb-1, 13 TeV HIGG-16-21* 1802.04146

tt!+tt!
36 fb-1, 13 TeV EXOT-16-13* 1803.09678

36 fb-1, 13 TeV EPJC 78 1710.10614 

tt!+HH/ZZ 36 fb-1, 13 TeV B2G-17-011* 1805.04758 

tt!+ττ - - - - - - - - - - - - - - - 36 fb-1, 13 TeV B2G-16-028* 1803.02864 

tt!+gg - - - - - - - - - - - - - - - 36 fb-1, 13 TeV PLB 778 1711.10949 

http://arxiv.org/abs/1706.03046
http://arxiv.org/abs/1706.08128
https://arxiv.org/abs/1609.01599
http://arxiv.org/abs/1711.02547
http://arxiv.org/abs/1712.08895
http://arxiv.org/abs/1804.02610
http://arxiv.org/abs/1712.08891
http://arxiv.org/abs/1802.04146
http://arxiv.org/abs/1803.09678
http://arxiv.org/abs/1710.10614
http://arxiv.org/abs/1805.04758
http://arxiv.org/abs/1803.02864
http://arxiv.org/abs/1711.10949
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tt̅+W and tt̅+Z
¥ CMS and ATLAS measure tt̅W and tt̅Z at 13 TeV in three 

channels : same-sign 2", 3", and 4" (" = e or $)

¥ tt̅Z probes top-Z coupling, both sensitive to new physics

¥ CMS uses BDT in SS 2" to distinguish tt̅W from tt̅ with 
non-prompt lepton and from other t( t̅)+X

¥ Other channels in CMS and ATLAS categorize on number 
of leptons, jets, b-tagged jets, and Z-mass "+" -

!7

6 4 Event selection
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Figure 3: Distribution of the boosted decision tree classiÞer D for background and signal pro-
cesses in the SS dilepton analysis. The expected contribution from the different background
processes, and the signal as well as the observed data are shown. The shaded band represents
the total uncertainty in the prediction of the background and the signal processes. See Section 5
for the deÞnition of each background category.

4.2 Three-lepton analysis

The production rate of t tZ events is measured in the Þnal state with three leptons.

We select events that contain exactly three leptons (µµµ, µµe,µee, or eee), requiring the leading,
subleading, and trailing lepton pT to be above 40, 20, and 10 GeV, respectively. To reduce
backgrounds from multilepton processes that do not contain a Z boson, we require at least one
OSSF lepton pair with invariant mass, M(``), consistent with the Z boson hypothesis, namely
|M(``)� M(Z)| < 10 GeV.

Signal events are expected to have at least four jets, two of which originate from b quarks.
When the events pass the jet and b jet requirements deÞned in the previous section, one obtains
a sample of events enriched in signal, with minimal background contribution. However, nearly
70% of the signal events fail the requirement of having four jets with two of them identiÞed as
b jets. We therefore make use of lower jet and b jet multiplicities to form nine exclusive event
categories to include a larger fraction of the signal events. These nine categories are formed
using events with Nj = 2, 3, and> 3, where each jet multiplicity gets further split according to
the b jet multiplicity, Nb = 0, 1, and> 1.

Despite the larger background contamination, the Nj = 3 categories, especially in bins with
larger Nb, improve the signal sensitivity, as this category recovers signal efÞciency for the jets
that fall outside the acceptance. The Nj = 2 category provides a background-dominated region
that helps to constrain the background uncertainties. We use all nine signal regions to extract
the signal signiÞcance and the cross section.

4.3 Four-lepton analysis

In addition to the three-lepton Þnal state, events with four leptons are exclusively analyzed for
the measurement of the ttZ production rate.

The ttZ events in this channel are characterized by the presence of two b jets, p
miss
T , and four

leptons, two of which form an OSSF pair consistent with the Z boson mass. The event selection
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Figure 11: The distributions of the observed and predicted signal and background yields in the
three-lepton channel for events containing at least one b jet and three jets. From left to right: the
lepton flavor and jet multiplicity (upper), pT of the leading jet and the lepton not used to form
Z (central), and invariant mass of the OSSF lepton pair and pT of the reconstructed Z boson
(lower). The last bin in each distribution includes the overflow events, and the hatched area
represents the combined statistical and systematic uncertainties in the prediction.

The measurement of the individual cross sections for ttW and ttZ is performed using the events
in the SS dilepton, and the three- and four-lepton categories, respectively, while the ttW+(ttW�)
signal extraction is performed using the SS dilepton category with `+`+(`�`�). The summary
of the expected and observed signal significances for each of these processes is given in Table 6.
We find an expected (observed) signal significance of 4.5 (5.3) standard deviations in the SS
dilepton channel, and 4.7 (4.5) standard deviations in the four-lepton channel, while in three-
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before the Þt. The background denoted ÔOtherÕ contains other SM processes producing four prompt leptons. The
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Table 4: Expected event yields for signal and backgrounds, and the observed data in all control and signal regions
used in the Þt to extract thetøtZ and tøtW cross sections. The quoted uncertainties in the expected event yields
represent systematic uncertainties including MC statistical uncertainties. ThetZ, tWZ, tøtH, three- and four-top-
quark processes are denotedt + X. TheWZ, ZZ, H ! ZZ (ggF and VBF),HW andHZ and VBS processes are
denoted ÔBosonsÕ.

Region t + X Bosons Fake leptons Total bkg. tøtW tøtZ Data

3`-WZ-CR 0.52±0.13 26.9±2.2 2.2±1.8 29.5±2.8 0.015±0.004 0.80±0.13 33

4`-ZZ-CR < 0.001 39.5±2.6 1.8±0.6 41.2±2.7 < 0.001 0.026±0.007 39

2µ-SS 0.94±0.08 0.12±0.05 1.5±1.3 2.5±1.3 2.32±0.33 0.70±0.10 9

3`-Z-2b4j 1.08±0.25 0.5±0.4 < 0.001 1.6±0.5 0.065±0.013 5.5±0.7 8

3`-Z-1b4j 1.14±0.24 3.3±2.2 2.2±1.7 6.7±2.8 0.036±0.011 4.3±0.6 7

3`-Z-2b3j 0.58±0.19 0.22±0.18 < 0.001 0.80±0.26 0.083±0.014 1.93±0.28 4

3`-noZ-2b 0.95±0.11 0.14±0.12 3.6±2.2 4.7±2.2 1.59±0.28 1.45±0.20 10

4`-SF-1b 0.212±0.032 0.09±0.07 0.113±0.022 0.42±0.08 < 0.001 0.66±0.09 1

4`-SF-2b 0.121±0.021 0.07±0.06 0.062±0.012 0.25±0.07 < 0.001 0.63±0.09 1

4`-DF-1b 0.25±0.04 0.0131±0.0032 0.114±0.019 0.37±0.04 < 0.001 0.75±0.10 2

4`-DF-2b 0.16±0.05 < 0.001 0.063±0.013 0.23±0.05 < 0.001 0.64±0.09 1
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SS ℓ±νℓ±ν Z !  ℓ+ℓ- + ℓ±ν
Z !  ℓ+ℓ- 
+ ℓ+νℓ-ν

tt! decay modes

0 ℓν + 4 j + 2 b 55.6%

1 ℓν + 2 j + 2 b 37.9%

2 ℓν + 0 j + 2 b 6.5%

W !  ℓ±ν 25.4%

Z !  ℓ+ℓ- 6.8%

ATLAS: 1609.01599 
CMS: 1711.02547

https://arxiv.org/abs/1609.01599
http://arxiv.org/abs/1711.02547
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Figure 14: Left: signal strength as a function of selected Wilson coefficients for ttW (crosses),
ttZ (pluses), and ttH (circles). Center: the 1D test statistic q(ci) scan as a function of ci, profiling
all other nuisance parameters. The global best fit value is indicated by a dotted line. Dashed
and dash-dotted lines indicate 68% and 95% CL intervals, respectively. Right: The ttZ and ttW
cross section corresponding to the global best fit ci value is shown as a cross, along with the
corresponding 68% (dashed) and 95% (dash-dotted) contours. The two-dimensional best fit to
the ttW and ttZ cross sections is given by the star. The theory predictions [1] for ttW and ttZ
are shown as a dot with bars representing their respective uncertainties.
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Figure 8: The result of the simultaneous Þt to thetøtZ and tøtW cross sections along with the 68% and 95% con-
Þdence level (CL) contours. The shaded areas correspond to the theoretical uncertainties in the Standard Model
predictions, and include renormalisation and factorisation scale uncertainties as well as PDF uncertainties including
! S variations.

8 Conclusion

Measurements of the production cross sections of a top-quark pair in association with aZ or W boson
using 3.2 fb�1 of data collected by the ATLAS detector in

p
s = 13 TeV pp collisions at the LHC are

presented. Final states with either two same-charge muons, or three or four leptons are analysed. From a
simultaneous Þt to nine signal regions and two control regions, thetøtZ andtøtW production cross sections
are determined to be" tøtZ = 0.9 ± 0.3 pb and" tøtW = 1.5 ± 0.8 pb. Both measurements are consistent with
the NLO QCD theoretical calculations," tøtZ = 0.84± 0.09 pb and" tøtW = 0.60± 0.08 pb.
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8 Effective Þeld theory interpretation

Within the framework of effective Þeld theory, cross section measurements can be used to
search for NP in a model-independent way at energy scales that are not yet experimentally
accessible. Using this approach, the SM Lagrangian is extended with higher-order operators
that correspond to combinations of SM Þelds. The extended Lagrangian is a series expansion
in the inverse of the energy scale of the NP, 1/ ! [50], hence operators are suppressed as long
as ! is large compared with the experimentally-accessible energy.

The effective Lagrangian is (ignoring the single dimension-Þve operator, which violates lepton
number conservation [50])

L eff = L SM +
1

! 2 "
i

ciOi + á á á, (1)

where L SM is the dimension-four SM Lagrangian, Oi are dimension-six operators, and the el-
lipsis symbol represents higher-dimension operators. The dimensionless Wilson coefÞcients ci
parameterize the strength of the NP interaction.

Assuming baryon and lepton number conservation, there are Þfty-nine independent dimension-
six operators [51]. Thirty-nine of these operators were chosen for study in Ref. [52] because they
include at least one Higgs Þeld; the four-fermion operators were omitted. Constraints on the
Wilson coefÞcients of some dimension-six operators have been reported in Refs. [2, 6, 53Ð59].

To investigate the effects of NP on any given process, it is necessary to calculate the expected
cross section as a function of the Wilson coefÞcients. The matrix element can be written as the
sum of SM and NP components:

M = M 0 + "
i

ciM i . (2)

In this work, we consider one operator at a time. The cross section is proportional to the square

tt̅+W and tt̅+Z
¥ With ~10x more events in 2016 than 2015, CMS can 

measure tt̅W cross-section within 22%, tt̅Z within 14%

¥ ATLAS uncertainties mostly statistical, expect update soon

¥ CMS many small uncertainties, statistical % systematic 

¥ CMS uses 2D tt̅Z vs. tt̅W to set limits on 6-dimension EFT 
operators, constrain new physics (stay tuned! [1])

¥ Next : differential tt̅Z?  CV vs. CA from lepton angles? [2]

!8

SM σ(tt!W) 628 ± 82 fb

ATLAS 1500 ± 790 fb

CMS 770 ± 170 fb

SM σ(tt!Z) 839 ± 101 fb

ATLAS 920 ± 290 fb

CMS 990 ± 140 fb

[1] See https://indico.cern.ch/event/677667/contributions/2996198/    [2] Ršntsch and Schulze : arxiv.org/abs/1501.05939

ATLAS: 1609.01599 
CMS: 1711.02547

https://indico.cern.ch/event/677667/contributions/2996198/
http://arxiv.org/abs/1501.05939
https://arxiv.org/abs/1609.01599
http://arxiv.org/abs/1711.02547
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Figure 2: Distributions in Njets (upper left), Nb (upper right), HT (lower left), and pmiss
T (lower

right) in the signal regions (SR 1Ð8), before Þtting to data, where the last bins include the over-
ßows. The hatched areas represent the total uncertainties in the SM background predictions,
while the solid lines represent the t tt t signal, scaled up by a factor of 5, assuming the SM cross
section from Ref. [17]. The upper panels show the ratios of the observed event yield to the total
background prediction. Bins without a data point have no observed events.
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Figure 2: Distributions in Njets (upper left), Nb (upper right), HT (lower left), and pmiss
T (lower

right) in the signal regions (SR 1Ð8), before Þtting to data, where the last bins include the over-
ßows. The hatched areas represent the total uncertainties in the SM background predictions,
while the solid lines represent the t tt t signal, scaled up by a factor of 5, assuming the SM cross
section from Ref. [17]. The upper panels show the ratios of the observed event yield to the total
background prediction. Bins without a data point have no observed events.

Higgs-tagged jet multiplicity
0 1 2 3 4 5

F
ra

ct
io

n 
of

 e
ve

nt
s

0

0.2

0.4

0.6

0.8

1

1.2

1.4

2b!6j, !
1-lepton
  =13 TeVs

 Simulation ATLAS

Total background
 doublet (1 TeV)TT
 singlet (1 TeV)TT
 (EFT)tttt

 
 
 
 

(a)

Top-tagged jet multiplicity
0 1 2 3 4 5

F
ra

ct
io

n 
of

 e
ve

nt
s

0

0.2

0.4

0.6

0.8

1

1.2

2b!7j, !
0-lepton
  =13 TeVs

 Simulation ATLAS

Total background
 doublet (1 TeV)TT
 singlet (1 TeV)TT

 (1 TeV)t ZtZ" TT

 
 
 
 

(b)

Figure 3: Comparison of the distribution of (a) the Higgs-tagged jet multiplicity and (b) the top-tagged jet multiplicity,
between the total background (shaded histogram) and several signal scenarios considered in this search. The selection
used in (a) corresponds to events in the 1-lepton channel satisfying the preselection requirements and! 6 jets, whereas
the selection used in (b) corresponds to events in the 0-lepton channel satisfying the preselection requirements and
! 7 jets. The signals shown correspond to:T øT production in the weak-isospin doublet and singlet scenarios, and in
theB(T " Zt) = 1 case, assumingmT = 1 TeV; andtøttøt production within an EFT model.

di! erences among various types of signals the search is sensitive to. A similar comparison for theb-tagged
jet multiplicity distribution is shown in Figure2(b) for events in the 0-lepton channel after preselection
plus the requirement of! 7 jets.

Compared to Run 1, the larger centre-of-mass energy in Run 2 provides sensitivity to higher-mass signals,
which decay into boosted heavy SM particles (particularly Higgs bosons and top quarks). These potentially
give rise to a high multiplicity of large-R jets that capture their decay products (see Section3). While
tøt+jets events in the 1-lepton and 0-lepton channels are expected to typically contain one top-tagged jet,
the signal events of interest are characterised by higher Higgs-tagged jet and top-tagged jet multiplicities,
as illustrated in Figures3(a) and3(b). The small fraction (about 5%) of background events with! 2
top-tagged jets or! 1 Higgs-tagged jets results from the misidentiÞcation of at least one large-R jet where
initial- or Þnal-state radiation was responsible for a large fraction of the constituents.

In order to optimise the sensitivity of the searches, the selected events are categorised into di! erent regions
depending on the jet multiplicity (5 and! 6 jets in the 1-lepton channel; 6 and! 7 jets in the 0-lepton
channel),b-tagged jet multiplicity (3 and! 4 in the 1-lepton channel; 2, 3 and! 4 in the 0-lepton channel)
and Higgs- and top-tagged jet multiplicity (0, 1 and! 2). In the following, channels withNt top-tagged
jets,NH Higgs-tagged jets,n jets, andm b-tagged jets are denoted by ÒNtt, NHH, nj, mbÓ. Whenever the
top/Higgs-tagging requirement is made on the sumNt + NH # NtH, the channel is denoted by ÒNtHtH, nj,
mbÓ. In addition, events in the 0-lepton channel are further categorised into two regions according to the
value ofmb

T, min, the minimum transverse mass ofEmiss
T and any of the three (or two, in events with exactly

two b-tagged jets) leadingb-tagged jets in the event:mb
T, min < 160GeV (referred to as ÒLMÓ, standing

for Òlow massÓ) andmb
T, min > 160GeV (referred to as ÒHMÓ, standing for Òhigh massÓ). This kinematic
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tt̅+tt̅ (4-top)

!9

tt!+tt! decay modes
0 ℓν + 8 j + 4 b 31.0%
1 ℓν + 6 j + 4 b 42.2%

2 OS ℓν + 4 j + 4 b 14.4%

2 SS ℓν + 4 j + 4 b 7.2%

3 ℓν + 2 j + 4 b 4.9%

4 ℓν + 0 j + 4 b 0.4%
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Figure 5: Comparison of the distribution of the e! ective mass (me! ), between the total background (shaded histogram)
and several signal scenarios considered in this search. The selection used in (a) corresponds to events in the (1t,
1H, ! 6j, ! 4b) region of the 1-lepton channel, whereas the selection used in (b) corresponds to events in the (! 2tH,
! 7j, 2b, HM) region of the 0-lepton channel. The signals shown correspond to:T øT production in the weak-isospin
doublet and singlet scenarios, and in theB(T " Zt) = 1 case, assumingmT = 1 TeV; andtøttøt production within an
EFT model. The last bin in each distribution contains the overßow.

Þnal discriminating variable in all regions considered in this search.

The regions with! 6 jets (! 7 jets) are used to perform the search in the 1-lepton (0-lepton) channel
(referred to as Òsearch regionsÓ), whereas the regions with exactly 5 jets (6 jets) are used to validate the
background modelling in di! erent regimes of event kinematics and heavy-ßavour content (referred to as
Òvalidation regionsÓ). A total of 12 search regions and 10 validation regions are considered in the 1-lepton
channel, whereas 22 search regions and 16 validation regions are considered in the 0-lepton channel,
deÞned in Tables2 and3 respectively. In each channel, there are fewer validation regions than signal
regions since some validation regions are merged to ensure a minimum of about 10 expected events.
The level of possible signal contamination in the validation regions that have high event yields, and are
therefore the regions that are most useful to validate the background prediction, depends on the signal
scenario considered but is typically well below 10% for a 1 TeVT quark.

The overall rate and composition of thetøt+jets background strongly depends on the jet andb-tagged jet
multiplicities, as illustrated in Figure6. Thetøt+light-jets background is dominant in events with exactly
two b-tagged jets, which typically correspond to the twob-quarks from the top quark decays. It also
contributes signiÞcantly to events with exactly threeb-tagged jets, in which typically a charm quark from
the hadronicW boson decay is alsob-tagged. Contributions fromtøt+! 1c andtøt+! 1b become signiÞcant
as theb-tagged jet multiplicity increases, with thetøt+! 1b background being dominant for events with
! 4 b-tagged jets. The regions with di! erent top/Higgs-tagged jet multiplicities probe di! erent kinematic
regimes, both soft (e.g. low-massT quark) and hard (e.g. high-massT quark or BSMtøttøt production).
The search regions with the higher multiplicities of top-/Higgs-tagged jets andb-tagged jets in both
the 1-lepton and 0-lepton channels, as well as the HM regions in the 0-lepton channel, have the largest
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¥ 4-top production the highest-mass, highest-
multiplicity SM process probed at the LHC

¥ Very low SM cross-section (~10 fb), stats limited

¥ Different approaches from CMS and ATLAS

¥ High-purity vs. high-stats + complex kinematics

¥ CMS does SM search, ATLAS constrains EFT 4-top

ATLAS: 1803.09678 
CMS: 1710.10614
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¥ For more boosted EFT signature, ATLAS uses large, 
high-pT jets to tag Higgs !  bb and top !  bjj decays

¥ Categorize on # of jets, b-jets, H-tags, and top-tags

¥ Sensitive region : & 4 bÕs + & 6 jÕs + & 2 H+top-tags

¥ CMS categorizes on # of leptons, jets, and b-jets

¥ Sensitive regions : & 3 bÕs, SS 2" + & 5 jÕs, 3"+ & 4 jÕs
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Figure 6: Comparison between the data and the background prediction for the yields in the search regions considered
in the 1-lepton and 0-lepton channels, before the fit to data (“Pre-fit”). The small contributions from tt̄V , tt̄H,
single-top, W/Z+jets, diboson, and multijet backgrounds are combined into a single background source referred
to as “Non-tt̄ ”. The expected TT̄ signal (solid red) corresponding to mT = 1 TeV in the T doublet scenario is
also shown, added on top of the background prediction. The bottom panel displays the ratio of data to the SM
background (“Bkg”) prediction. The hashed area represents the total uncertainty of the background, excluding the
normalisation uncertainty of the tt̄+ � 1b background, which is determined via a likelihood fit to data.

signal-to-background ratio, and therefore drive the sensitivity of the search. The remaining search regions
have significantly lower signal-to-background ratios, but are useful for checking and correcting the tt̄+jets
background prediction and constraining the related systematic uncertainties (see Section 7) through a
likelihood fit to data (see Section 8). A summary of the signal-to-background ratio in the di! erent search
regions is displayed in Figure 7 for the T quark signal with various decay configurations. A similar fitting
strategy was followed in the Run-1 search in the 1-lepton channel [25].

A summary of the observed and expected yields before the fit to data in five of the most sensitive search
regions in the 1-lepton and 0-lepton channels can be found in Tables 4 and 5, respectively. The search
regions shown in Table 4 for the 1-lepton channel are a selection of some of the regions with the highest
S/
p

B ratio (where S and B are the expected signal and background yields, respectively) across several
signal benchmark scenarios considered (TT̄ in the B(T ! Ht) = 1, T doublet, and T singlet scenarios,
in all cases assuming mT = 1 TeV, and tt̄tt̄ within an EFT and the 2UED/RPP models). Similarly, the
search regions shown in Table 5 for the 0-lepton channel are a superset of the regions with the highest
S/
p

B ratio for di! erent TT̄ signal benchmark scenarios (T doublet, T singlet and B(T ! Zt) = 1, also
assuming mT = 1 TeV).
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Figure 6: Comparison between the data and the background prediction for the yields in the search regions considered
in the 1-lepton and 0-lepton channels, before the fit to data (“Pre-fit”). The small contributions from tt̄V , tt̄H,
single-top, W/Z+jets, diboson, and multijet backgrounds are combined into a single background source referred
to as “Non-tt̄ ”. The expected TT̄ signal (solid red) corresponding to mT = 1 TeV in the T doublet scenario is
also shown, added on top of the background prediction. The bottom panel displays the ratio of data to the SM
background (“Bkg”) prediction. The hashed area represents the total uncertainty of the background, excluding the
normalisation uncertainty of the tt̄+ ! 1b background, which is determined via a likelihood fit to data.

signal-to-background ratio, and therefore drive the sensitivity of the search. The remaining search regions
have significantly lower signal-to-background ratios, but are useful for checking and correcting the tt̄+jets
background prediction and constraining the related systematic uncertainties (see Section 7) through a
likelihood fit to data (see Section 8). A summary of the signal-to-background ratio in the di�erent search
regions is displayed in Figure 7 for the T quark signal with various decay configurations. A similar fitting
strategy was followed in the Run-1 search in the 1-lepton channel [25].

A summary of the observed and expected yields before the fit to data in five of the most sensitive search
regions in the 1-lepton and 0-lepton channels can be found in Tables 4 and 5, respectively. The search
regions shown in Table 4 for the 1-lepton channel are a selection of some of the regions with the highest
S/

"
B ratio (where S and B are the expected signal and background yields, respectively) across several

signal benchmark scenarios considered (TT̄ in the B(T # Ht) = 1, T doublet, and T singlet scenarios,
in all cases assuming mT = 1 TeV, and tt̄tt̄ within an EFT and the 2UED/RPP models). Similarly, the
search regions shown in Table 5 for the 0-lepton channel are a superset of the regions with the highest
S/

"
B ratio for di�erent TT̄ signal benchmark scenarios (T doublet, T singlet and B(T # Zt) = 1, also

assuming mT = 1 TeV).
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Figure 6: Comparison between the data and the background prediction for the yields in the search regions considered
in the 1-lepton and 0-lepton channels, before the fit to data (“Pre-fit”). The small contributions from tt̄V , tt̄H,
single-top, W/Z+jets, diboson, and multijet backgrounds are combined into a single background source referred
to as “Non-tt̄ ”. The expected TT̄ signal (solid red) corresponding to mT = 1 TeV in the T doublet scenario is
also shown, added on top of the background prediction. The bottom panel displays the ratio of data to the SM
background (“Bkg”) prediction. The hashed area represents the total uncertainty of the background, excluding the
normalisation uncertainty of the tt̄+ ! 1b background, which is determined via a likelihood fit to data.

signal-to-background ratio, and therefore drive the sensitivity of the search. The remaining search regions
have significantly lower signal-to-background ratios, but are useful for checking and correcting the tt̄+jets
background prediction and constraining the related systematic uncertainties (see Section 7) through a
likelihood fit to data (see Section 8). A summary of the signal-to-background ratio in the di�erent search
regions is displayed in Figure 7 for the T quark signal with various decay configurations. A similar fitting
strategy was followed in the Run-1 search in the 1-lepton channel [25].

A summary of the observed and expected yields before the fit to data in five of the most sensitive search
regions in the 1-lepton and 0-lepton channels can be found in Tables 4 and 5, respectively. The search
regions shown in Table 4 for the 1-lepton channel are a selection of some of the regions with the highest
S/

"
B ratio (where S and B are the expected signal and background yields, respectively) across several

signal benchmark scenarios considered (TT̄ in the B(T # Ht) = 1, T doublet, and T singlet scenarios,
in all cases assuming mT = 1 TeV, and tt̄tt̄ within an EFT and the 2UED/RPP models). Similarly, the
search regions shown in Table 5 for the 0-lepton channel are a superset of the regions with the highest
S/

"
B ratio for di�erent TT̄ signal benchmark scenarios (T doublet, T singlet and B(T # Zt) = 1, also

assuming mT = 1 TeV).
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Figure 4: Observed yields in the control and signal regions (left, in log scale), and signal regions
only (right, in linear scale), compared to the post-Þt predictions for signal and background pro-
cesses. The hatched areas represent the total uncertainties in the signal and background pre-
dictions. The upper panels show the ratios of the observed event yield and the total prediction
of signal and background. Bins without a data point have no observed events.
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Andrew Brinkerhoff

Vector quarks : tt̅ + multi-Z/H
¥ BSM up-type vector quarks ÒTÓ could decay 

to a SM top + Z, top + H, or bottom + W

¥ Signature overlaps SM ttW/Z/H, but with 
even higher multiplicity and higher boost

¥ ATLAS uses 0" and 1" events with top- and 
H-tagged jets (combined with 4-top analysis)
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Figure 1: Representative leading-order Feynman diagrams for the signals probed by this search: (a) T øT production,
and (b) four-top-quark production via an e! ective four-top-quark interaction in an e! ective field theory model, and
(c) four-top-quark production via cascade decays from Kaluza–Klein excitations in a universal extra dimensions
model with two extra dimensions compactified using the geometry of the real projective plane.

2 ATLAS detector

The ATLAS detector [27] at the LHC covers almost the entire solid angle around the collision point,1
and consists of an inner tracking detector surrounded by a thin superconducting solenoid producing a
2 T axial magnetic field, electromagnetic and hadronic calorimeters, and a muon spectrometer incor-
porating three large toroid magnet assemblies. The inner detector consists of a high-granularity silicon
pixel detector, including the insertable B-layer [28], installed in 2014, and a silicon microstrip tracker,
together providing a precise reconstruction of tracks of charged particles in the pseudorapidity range
|! | < 2.5, complemented by a transition radiation tracker providing tracking and electron identification
information for |! | < 2.0. The calorimeter system covers the pseudorapidity range |! | < 4.9. Within the
region |! | < 3.2, electromagnetic (EM) calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) electromagnetic calorimeters, with an additional thin LAr presampler covering
|! | < 1.8, to correct for energy loss in material upstream of the calorimeters. Hadronic calorimetry is
provided by a steel/scintillator-tile calorimeter, segmented into three barrel structures within |! | < 1.7,
and two copper/LAr hadronic endcap calorimeters. The solid angle coverage is completed with forward
copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic measure-
ments, respectively. The muon spectrometer measures the trajectories of muons with |! | < 2.7 using
multiple layers of high-precision tracking chambers located in a toroidal field of approximately 0.5 T and
1 T in the central and endcap regions of ATLAS, respectively. The muon spectrometer is also instru-
mented with separate trigger chambers covering |! | < 2.4. A two-level trigger system [29], consisting
of a hardware-based Level-1 trigger followed by a software-based High-Level Trigger (HLT), is used to
reduce the event rate to a maximum of around 1 kHz for o" ine storage.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector.
The x-axis points from the IP to the centre of the LHC ring, the y-axis points upward, and the z-axis coincides with the axis
of the beam pipe. Cylindrical coordinates (r ," ) are used in the transverse plane, " being the azimuthal angle around the beam
pipe. The pseudorapidity is defined in terms of the polar angle # as ! = ! ln tan(#/ 2). Angular distance is measured in units
of ! R "

!
(! ! )2 + (! " )2.
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Figure 4: Comparison of the distribution of the minimum transverse mass ofEmiss
T and any of the three (or two,

in events with exactly twob-tagged jets) leadingb-tagged jets in the event (mb
T, min), between the total background

(shaded histogram) and several signal scenarios considered in this search. The selection used corresponds to events
in the (�2tH, �7j, 2b) region of the 0-lepton channel. The signals shown correspond toT øT production in the
weak-isospin doublet and singlet scenarios, and in theB(T ! Zt) = 1 case, assumingmT = 1 TeV. The last bin in
the Þgure contains the overßow.

variable is bounded from above by the top quark mass for semileptonictøt background events, while the
signal can have higher values ofmb

T, min due to the presence of high-pT neutrinos fromT ! Zt, Z ! !!
orT ! Wb, W ! "! decays. Although the requirements of a minimum top/Higgs-tagged jet multiplicity
reduces the value ofmb

T, min because of the resulting stronger collimation of the top quark decay products,
this variable still provides useful discrimination between signal andtøt background, as shown in Figure4.
While the 1-lepton channel only considers regions with exactly 3 or�4 b-tagged jets, the 0-lepton channel
also includes regions with exactly twob-jets andmb

T, min > 160GeV, to gain sensitivity toT øT ! ZtZt
decays with at least oneZ ! ! ø! decay.

To further improve the separation between theT øT signal and background, the distinct kinematic features
of the signal are exploited. In particular, the largeT quark mass results in leptons and jets with large
energy in the Þnal state and the e�ective mass (me! ), deÞned as the scalar sum of the transverse momenta
of the lepton, the selected jets and the missing transverse momentum, provides a powerful discriminating
variable between signal and background. Theme! distribution peaks at approximately2mT for signal
events and at lower values for thetøt+jets background. For the same reasons, the varioustøttøt signals from
BSM scenarios also populate high values ofme! . An additional selection requirement ofme! > 1 TeV
is made in order to minimise the e�ect of possible mismodelling of theme! distribution at low values
originating from small backgrounds with large systematic uncertainties, such as multijet production. Such
a requirement is applied for regions withNt + NH  1 in the 1-lepton channel, and for all regions in the
0-lepton channel. Since theT øT signal is characterised by having at least one top/Higgs-tagged jet and
large values ofme! , this minimum requirement onme! does not decrease the signal e�ciency. In Figure5,
theme! distribution is compared between signal and background for events in signal-rich regions of the
1-lepton and 0-lepton channels. The kinematic requirements in these regions result in a signiÞcantly
harderme! spectrum for the background than in regions without top/Higgs-tagged jets, but this variable
still shows good discrimination between signal and background. Thus, theme! distribution is used as the
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Figure 2: Distributions of W and H tagging input variables after all selection requirements:
pruned mass in AK8 jets with ! 2/ ! 1 < 0.6 (upper left), N-subjettiness ! 2/ ! 1 ratio in AK8 jets
with pruned mass between 65Ð105 GeV (upper right), pruned mass in AK8 jets with two b-
tagged subjets (lower left), and number of b-tagged subjets in AK8 jets with pruned mass in
the range 60Ð160 GeV (lower right). Vertical dashed lines mark the selection windows for each
distribution. The black points are the data and the Þlled histograms show the simulated back-
ground distributions, grouped into categories as described in Section 3. The expected signal is
shown by solid and dotted lines for T quark masses of 1.0 and 1.2 TeV. The Þnal bin includes
overßow events. Uncertainties, indicated by the hatched area, include both statistical and sys-
tematic components. The lower panel shows the difference between data and background
divided by the total uncertainty.
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Figure 3: The H lep
T distributions in events with at least two jets after the SS dilepton selection

and Z-boson/quarkonia vetoes, for the ee, eµ, and µµ categories, and for the combination of
all categories. The black points are the data and the filled histograms show the background
distributions, with simulated backgrounds grouped into categories as described in Section 3.
The expected signal is shown by solid and dotted lines for T quark masses of 1.0 and 1.2 TeV.
The final bin includes overflow events. Uncertainties, indicated by the hatched area, include
both statistical and systematic components. The lower panel shows the difference between
data and background divided by the total uncertainty. Accepted events are required to have
H lep

T > 1200 GeV.
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the SS dilepton channel, and ST distributions for the 4 trilepton categories. Statistical uncertain-
ties in the background estimates are treated using the Barlow–Beeston light method [77, 78].
Other systematic uncertainties are treated as nuisance parameters, as listed in Table 3. Normal-
ization uncertainties are given log-normal priors, and shape uncertainties with shifted tem-
plates are given Gaussian priors with a mean of zero and width of one. The signal cross section
is assigned a flat prior distribution.

Figure 8 shows 95% CL upper limits on the production of T and B quarks in the benchmark
branching fraction scenarios. We exclude singlet T quark masses below 1200 GeV (1160 GeV ex-
pected), doublet T quark masses below 1280 GeV (1240 GeV expected), singlet B quark masses
below below 1170 GeV (1130 GeV expected), and doublet B quark masses below 940 GeV (920 GeV
expected). Masses below 800 GeV were excluded in previous searches. For T and B quark
masses in the range 800–1800 GeV, cross sections smaller than 30.4–9.4 fb (21.2–6.1 fb) and 40.6–
9.4 fb (101–49.0 fb) are excluded for the singlet (doublet) scenario. Figure 9 shows the expected
and observed limits for scans over many possible T and B quark branching fraction scenarios.
Based on the branching factions, lower limits on T and B quark masses range from 1140 to
1300 GeV, and from 910 to 1240 GeV.
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Figure 8: The 95% CL expected and observed upper limits on the cross section of TT (upper
row) and BB (lower row) production after combining all channels for the singlet (left) and
doublet (right) branching fraction scenarios. The predicted cross sections are shown by the red
curve, with the uncertainty indicated by the width of the line.

¥ Despite taking very different approaches, ATLAS and CMS achieve 
very similar limits, excluding T masses below ~ 1 TeV

¥ At this mass scale the T decay products are very boosted : expect 
even greater use of top- and Higgs-tagged jets in the future
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Figure 17: Observed (solid line) and expected (dashed line) 95% CL upper limits on theT øT cross section as a
function of theT quark mass for the combination of the 1-lepton and 0-lepton searches (a) for aT quark doublet,
and (b) for aT quark singlet. The background estimate used in the computation of the limits is the result obtained
from the background-only Þt to data. The surrounding shaded bands correspond to±1 and±2 standard deviations
around the expected limit. The thin red line and band show the theoretical prediction and its±1 standard deviation
uncertainty.

9.2 Limits on vector-like quark pair production

No signiÞcant excess above the SM expectation is found in any of the search regions. Upper limits at
95% CL on theT øT production cross section are set in several benchmark scenarios as a function of the
T quark massmT and are compared to the theoretical prediction fromTop++. The resulting lower limits
on mT correspond to the central value of the theoretical cross section. The scenarios considered involve
di! erent assumptions about the decay branching ratios. The search in the 1-lepton (0-lepton) channel is
particularly sensitive to the benchmark scenario ofB(T ! Ht) = 1 (B(T ! Zt) = 1). In contrast, both
the 1-lepton and the 0-lepton searches have comparable sensitivity to the weak-isospin doublet and singlet
scenarios, and thus their combination represents an improvement of 60Ð70 GeV on the expectedT quark
mass exclusion over the most sensitive individual search. The limits corresponding to the weak-isospin
doublet and singlet scenarios obtained for the combination of the 1-lepton and 0-lepton searches are shown
in Figure17. A summary of the observed and expected lower limits on theT quark mass in the di! erent
benchmark scenarios for the individual 1-lepton and 0-lepton searches, as well as their combination, is
given in Table8. As can be seen, the observed mass limits for the 1-lepton search are above the expected
limits in all benchmark scenarios. Detailed studies showed that the results are consistent with downward
statistical ßuctuations in data in some of the highestme� bins in three search regions: (1t, 1H," 6j, " 4b),
(" 2t, 0Ð1H," 6j, 3b), and (" 0t, " 2H, " 6j, " 4b). Table8 also includes a comparison to the limits obtained
by the ATLAS Run-1T øT ! Ht+X search in the 1-lepton channel [25]: the current results extend the
expectedT quark mass exclusion by#390Ð490 GeV, depending on the assumed benchmark scenario.

The same analyses are used to derive exclusion limits on vector-likeT quark production, for di! erent

38

ATLAS: 1803.09678 
CMS: 1805.04758 Vector quarks : tt̅ + multi-Z/H

SU(2) doublet SU(2) singlet SU(2) singlet SU(2) doublet

https://arxiv.org/abs/1803.09678
http://arxiv.org/abs/1805.04758


Andrew Brinkerhoff

Lepto-quarks : tt̅+''
¥ CMS searches for pairs of LQ !  top + '  

with tt̅ !  "# + 2 j + 2 b and ' !  hadrons

¥ Categorize by " = e/$, " + ' charge, scalar    
( p T of all particles (ST), and # of ' h (1 or 2)

!13

1

1 Introduction
Leptoquarks (LQs) are hypothetical particles that carry both baryon and lepton quantum num-
bers. They are charged under all standard model (SM) gauge groups, and their possible quan-
tum numbers can be restricted by the assumption that their interactions with SM fermions are
renormalizable and gauge invariant [1]. The spin of an LQ state is either 0 (scalar LQ) or 1
(vector LQ). Leptoquarks appear in theories beyond the SM such as grand unified theories [2–
4], technicolor models [5, 6] and other compositeness scenarios [7, 8], and R-parity-violating
(RPV) supersymmetric models [9, 10].

Third-generation scalar LQs (LQ3s) have recently received considerable theoretical interest, as
their existence can explain the anomaly in the B ! Dtn and B ! D" tn decay rates reported
by the BaBar [11, 12], Belle [13–15], and LHCb [16] Collaborations. These decay rates devi-
ate from the SM predictions by about four standard deviations [17], and studies of the flavor
structure of LQ couplings reveal that large couplings to third-generation quarks and leptons
could explain this anomaly [18–21]. Third-generation LQs can appear in models in which only
third-generation quarks and leptons are unified [22, 23] and therefore their existence is not
constrained by proton decay experiments. All models that predict LQs with masses at the TeV
scale and sizable couplings to top quarks and t leptons can be probed by the CMS experiment
at the CERN LHC.

g

g LQ

LQ

g

q

q̄ LQ

LQ

g

g

g

LQ

LQ

LQ

g

g LQ

LQ

Figure 1: Dominant leading order Feynman diagrams for the production of leptoquark pairs in
proton-proton collisions.

In proton-proton (pp) collisions LQs are mainly pair produced through the quantum chromo-
dynamic (QCD) quark-antiquark annihilation and gluon-gluon fusion s- and t-channel sub-
processes as shown in Fig. 1. There are also lepton-mediated t- and u-channel contributions
that depend on the unknown lepton-quark-LQ Yukawa coupling, but these contributions to
LQ3 production are negligible at the LHC as they require third-generation quarks in the initial
state. Hence, the LQ pair-production cross section can be taken to depend only on the assumed
values of the LQ spin and mass, and on the center-of-mass energy. The corresponding pair pro-
duction cross sections have been calculated up to next-to-leading order (NLO) in perturbative
QCD [24].

This paper presents the first search for the production of an LQ3 decaying into a top quark
and a t lepton at

#
s = 13 TeV. A previous search for this channel at

#
s = 8 TeV by the CMS

Collaboration resulted in a lower mass limit of 685 GeV for an LQ3 with branching fraction
B = 1 into a top quark and a t lepton [25]. Other searches for an LQ3 have targeted the decays
LQ3 ! bn and LQ3 ! bt [26–39]. The results of the search presented here are also interpreted
in the context of RPV supersymmetric models, where the supersymmetric partner of the bottom
quark (bottom squark) decays into a top quark and a t lepton via the RPV coupling.

We consider events with at least one electron or muon and at least one t lepton, where the
t lepton undergoes a one- or three-prong hadronic decay, th ! hadron(s) + nt. In LQ3LQ3
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Figure 5: Distributions of pt
T for events in the muon channel passing the full selection in cate-

gory A. The events are separated into OS (upper), SS (lower), low ST (left) and high ST (right)
categories. The hatched areas represent the total uncertainties of the SM background. In the
bottom panel, the ratio of data to SM background is shown together with statistical (dark gray)
and total (light gray) uncertainties of the total SM background.
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Figure 6: Upper limits at 95% conÞdence level on the product of the cross section and the
branching fraction squared (left), and on the leptoquark mass as a function of the branching
fraction (right), for the pair production of scalar LQs decaying to a top quark and a t lepton. In
the left plot, the theoretical curve corresponds to the NLO cross section with uncertainties from
PDF and scale variations [24], shown by the dotted lines. The right plot additionally includes
results from a search for pair-produced bottom squarks [38].

Upper limits on the production cross section of LQ 3 pairs are set between 0.6 and 0.01 pb at 95%
conÞdence level for LQ3 masses between 300 and 1500 GeV, assuming a branching fraction of
B = 1. The scalar LQ3s are excluded with masses below 900 GeV, forB = 1. This result
represents the most stringent limits to date on LQ 3s coupled to t leptons and top quarks and
constrains models explaining ßavor anomalies in the b quark sector through contributions from
scalar LQs.
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Figure 5: Distributions of pt
T for events in the muon channel passing the full selection in cate-

gory A. The events are separated into OS (upper), SS (lower), low ST (left) and high ST (right)
categories. The hatched areas represent the total uncertainties of the SM background. In the
bottom panel, the ratio of data to SM background is shown together with statistical (dark gray)
and total (light gray) uncertainties of the total SM background.

¥ In single-' h channel, Þt to pT of reconstructed top !  bjj system (pTt)

¥ Combine with counts from 2 ' h events, exclude LQ masses < 900 GeV

CMS: 1803.02864

[1] Details and motivation : indico.cern.ch/event/719627/  and indico.cern.ch/event/677667/contributions/2830531/

http://arxiv.org/abs/1803.02864
https://indico.cern.ch/event/719627/
http://indico.cern.ch/event/677667/contributions/2830531/
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Excited tops : tt̅+gg
¥ In any composite top quark model, could have 

excited top (t*) decaying to ground state + gluon

¥ CMS searches in tt̅ !  "# + 2 j + 2 b events by 
reconstructing the best-Þt t* masses (mt+jet)

¥ In SM backgrounds (including tt̅+X!), mt+jet falls 
logarithmically -- data-only background Þt!

¥ Exclude t* masses < 1.2 TeV
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Figure 1: Kinematic distributions of selected events with a single lepton and six or more jets of
which exactly two are b tagged. Data events (points), simulated background processes (stacked
histograms), and a simulated 800 GeV signal process (dashed line) are shown. Events selected
in the µ+jet final state are shown on the left while those in the e+jet final state are shown on the
right. From upper to lower, the kinematic variables displayed are the lepton pT, the jet pT and
the mt+ jet. The shaded region is the total uncertainty of the simulated background processes,
which includes statistical and systematic uncertainties.
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Figure 2: The mt+ jet spectrum for data (points), the signal+background Þt (green), the back-
ground component of the signal+background Þt (blue), and the expected spectrum for a sim-
ulated 800 GeV signal process (red dashed) normalized to the integrated luminosity of data.
Since there is no signiÞcant excess of signal found in data, the signal+background curve over-
laps the background-only component. The distributions for the µ+jets data are shown on the
left while those for e+jets data are shown on the right. The probabilities of the KolmogorovÐ
Smirnov test between the data versus the signal+background model and between the data
versus the background component are denoted by Kall and Kbkg, respectively.

To ensure that the log-normal function is sufÞcient to model the background, a likelihood ratio
test is conducted by comparing the results of Þtting the spectrum of the simulated SM back-
ground to an extended log-normal functions of the form:

fbkg,N (m) =
1

m
!

2!
exp

!
" a2 ln2

!
m
m0

"
" a3 ln3

!
m
m0

"
" . . . " aN ln N

!
m
m0

""
. (3)

Increasing the number of parameters does not improve the description of the background.

The results of the Þt performed on data with the 800 GeV signal spectrum are shown in Fig. 2.
The distribution of events in data is in agreement with a null hypothesis. Based on the results of
the KolmogorovÐSmirnov tests, the signal+background model and the background-only model
both yield good Þts to the data.

7 Systematic uncertainties

The impact of experimental and theoretical sources of uncertainties is considered and summa-
rized in Table 2. For each source of uncertainty, alternative templates for the distribution of
mt+ jet are generated by adjusting the relevant parameters in the simulation.

The uncertainties in the jet energy scale and jet resolutions depend on the pT and " of the
jets. Alternative mass templates are generated by rescaling the nominal jet four-momentum in
the simulation by ± 1 standard deviation (s.d.) of the associated uncertainties in energy scale
and resolution. Such uncertainties are also coherently propagated to all observables, including
pmiss

T . Varying the jet energy used for reconstruction has < 0.1% impact on the signal acceptance.

The b tagging and lepton selection scale factors for residual differences between data and sim-
ulation have their respective systematic and statistical uncertainties. Alternative templates are
generated by shifting the correction scale factors by ± 1 s.d. for their respective uncertainties.
On average, the b tagging scale factor and lepton scale factors affect the signal acceptance by
2.8 and 2.5%, respectively.
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Figure 3: The expected and observed 95% conÞdence level upper limits for the product of the
production cross section of t ! t! and the square of the branching fraction, as a function of the t !

mass, for the combined lepton+jets analysis. The theoretical production cross section assuming
a 100% t! " tg branching fraction is shown along with its uncertainties, described in Section 7.

within uncertainties.

9 Summary

A search has been conducted for pair production of spin-3/2 excited top quarks t ! in proton-
proton interactions, with each t ! decaying exclusively to a standard model top quark and a
gluon. Events that have a single muon or electron and at least six jets, exactly two of which
must be identiÞed as originating from a bottom quark, are selected for the analysis. Assuming
t! t! production, the Þnal-state objects are associated with the t! candidates in each event. No
signiÞcant deviations from standard model predictions are observed in the t+jet system, and
an upper limit is set at 95% conÞdence level on the pair production cross section of t ! t! , as
a function of the t ! mass. Interpreting the results in the framework of a spin-3/2 t ! model,
assuming a 100% branching fraction of its decay into a top quark and a gluon, t ! masses below
1.2 TeV are excluded. These are the best limits to date on the mass of spin-3/2 excited top quarks
and the Þrst at 13 TeV.
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6 6 Background modeling

Given the high jet multiplicity of the event selection, a measure was designed for evaluating
different associations of the reconstructed jets with the parton objects in the final state. For
the jets, the six jets with the highest pT values are taken into consideration. The b tagged jets
are assigned to one of the b quark partons, and the other jets are associated with the decay
daughters of the hadronically decaying W (Whad) or with the gluons from t! decay. The quality
of the jet-parton assignment for a single event is evaluated with an S value based on how well
the intermediate physical objects are reconstructed:

S =

✓mqq" # mW

sW

◆2
+

✓mqq"b # mt

st,had

◆2
+

✓
m`nlb # mt

st,lep

◆2
+

✓mqq"bg # m`nlbg

st!

◆2
, (1)

where mqq" is the invariant mass of the jets assigned to Whad daughters. Invariant masses of the
physical objects assigned to hadronically and leptonically decaying t (t! ) quarks are denoted
by mqq"b (mqq"bg) and m`nlb (mqq"bg), respectively. mW and mt are the mass of the W boson and
top quark recorded by the particle data group [38], being 80.4 and 173.34 GeV, respectively. The
expected detector resolutions of the intermediate particles sW, st,had, st,lep and st! are estimated
to be 24, 34, 30, and 230 GeV, respectively. These estimates are obtained by reconstructing the
t! t! , tt and Whad in the decay topology using the truth information from simulated signal
samples. Additional studies have shown that the mass reconstruction is insensitive to changes
in the detector resolution values.

The jet-parton assignment with the smallest S value is taken to represent the decay topology of
a single event, under the t! hypothesis. The average value of the mqq"bg and m`nlbg computed
for this assignment is taken to represent the reconstructed t! mass of an event, notated as mt+jet.
The rate at which all six jets are all correctly assigned is around 11%, with the main difficulty
being the correct assignment of the jets from the hadronically decaying W.

6 Background modeling
To determine the presence of signal events in data, an unbinned extended maximum likelihood
fit of a signal-plus-background model is performed on the mt+jet > 400 GeV spectrum.

The mass template of the t! t! signal is constructed by smoothing the mass distribution from
simulations, using an adaptive kernel estimation [39] with a Gaussian kernel and with no re-
striction on the boundary. The smoothness parameter r introduced in Ref. [39] is determined
by the square root of the standard deviation of the signal distribution over the subset with $ 4
correctly assigned partons.

The background distribution is modeled using a log-normal function (up to a normalization
factor):

fbkg(m) =
1

m
%

2p
exp

✓
# a2 ln2

✓
m
m0

◆◆
, (2)

where m is the mass, and a2 and m0 are the parameters that determine the shape of the back-
ground. During the fit to the observed data, the number of background events, as well as the
shape parameters of the background function, are free parameters.

To verify whether the fit is sensitive to the presence of t! t! signal, a pseudo-data set is generated
with the mt+jet spectrum of the simulated backgrounds and then injected with the expected
mt+jet signal spectrum for various hypotheses of the signal cross section. Performing the same
fit over multiple sets of pseudo-data with varying signal cross sections showed no evidence of
bias.

6 6 Background modeling

Given the high jet multiplicity of the event selection, a measure was designed for evaluating
different associations of the reconstructed jets with the parton objects in the final state. For
the jets, the six jets with the highest pT values are taken into consideration. The b tagged jets
are assigned to one of the b quark partons, and the other jets are associated with the decay
daughters of the hadronically decaying W (Whad) or with the gluons from t⇤ decay. The quality
of the jet-parton assignment for a single event is evaluated with an S value based on how well
the intermediate physical objects are reconstructed:

S =
! mqq0 � mW

sW

" 2
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! mqq0b � mt
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" 2
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st⇤

" 2
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where mqq0 is the invariant mass of the jets assigned to Whad daughters. Invariant masses of the
physical objects assigned to hadronically and leptonically decaying t (t⇤) quarks are denoted
by mqq0b (mqq0bg) and m`nlb (mqq0bg), respectively. mW and mt are the mass of the W boson and
top quark recorded by the particle data group [38], being 80.4 and 173.34 GeV, respectively. The
expected detector resolutions of the intermediate particles sW, st,had, st,lep and st⇤ are estimated
to be 24, 34, 30, and 230 GeV, respectively. These estimates are obtained by reconstructing the
t⇤t⇤, tt and Whad in the decay topology using the truth information from simulated signal
samples. Additional studies have shown that the mass reconstruction is insensitive to changes
in the detector resolution values.

The jet-parton assignment with the smallest S value is taken to represent the decay topology of
a single event, under the t⇤ hypothesis. The average value of the mqq0bg and m`nlbg computed
for this assignment is taken to represent the reconstructed t⇤ mass of an event, notated as mt+ jet.
The rate at which all six jets are all correctly assigned is around 11%, with the main difficulty
being the correct assignment of the jets from the hadronically decaying W.

6 Background modeling

To determine the presence of signal events in data, an unbinned extended maximum likelihood
fit of a signal-plus-background model is performed on the mt+ jet > 400 GeV spectrum.

The mass template of the t⇤t⇤ signal is constructed by smoothing the mass distribution from
simulations, using an adaptive kernel estimation [39] with a Gaussian kernel and with no re-
striction on the boundary. The smoothness parameter r introduced in Ref. [39] is determined
by the square root of the standard deviation of the signal distribution over the subset with �4
correctly assigned partons.

The background distribution is modeled using a log-normal function (up to a normalization
factor):

fbkg(m) =
1

m
p
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!
m
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, (2)

where m is the mass, and a2 and m0 are the parameters that determine the shape of the back-
ground. During the fit to the observed data, the number of background events, as well as the
shape parameters of the background function, are free parameters.

To verify whether the fit is sensitive to the presence of t⇤t⇤ signal, a pseudo-data set is generated
with the mt+ jet spectrum of the simulated backgrounds and then injected with the expected
mt+ jet signal spectrum for various hypotheses of the signal cross section. Performing the same
fit over multiple sets of pseudo-data with varying signal cross sections showed no evidence of
bias.

6 6 Background modeling

Given the high jet multiplicity of the event selection, a measure was designed for evaluating
different associations of the reconstructed jets with the parton objects in the Þnal state. For
the jets, the six jets with the highest pT values are taken into consideration. The b tagged jets
are assigned to one of the b quark partons, and the other jets are associated with the decay
daughters of the hadronically decaying W (W had) or with the gluons from t ! decay. The quality
of the jet-parton assignment for a single event is evaluated with an S value based on how well
the intermediate physical objects are reconstructed:

S =
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" 2
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" 2
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!
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" 2
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where mqq" is the invariant mass of the jets assigned to Whad daughters. Invariant masses of the
physical objects assigned to hadronically and leptonically decaying t (t ! ) quarks are denoted
by mqq"b (mqq"bg) and m! " lb (mqq"bg), respectively. mW and mt are the mass of the W boson and
top quark recorded by the particle data group [38], being 80.4 and 173.34 GeV, respectively. The
expected detector resolutions of the intermediate particles ! W, ! t,had, ! t,lep and ! t! are estimated
to be 24, 34, 30, and 230 GeV, respectively. These estimates are obtained by reconstructing the
t! t! , tt and W had in the decay topology using the truth information from simulated signal
samples. Additional studies have shown that the mass reconstruction is insensitive to changes
in the detector resolution values.

The jet-parton assignment with the smallest Svalue is taken to represent the decay topology of
a single event, under the t! hypothesis. The average value of the mqq"bg and m! " lbg computed
for this assignment is taken to represent the reconstructed t ! mass of an event, notated asmt+ jet.
The rate at which all six jets are all correctly assigned is around 11%, with the main difÞculty
being the correct assignment of the jets from the hadronically decaying W.

6 Background modeling

To determine the presence of signal events in data, an unbinned extended maximum likelihood
Þt of a signal-plus-background model is performed on the mt+ jet > 400 GeV spectrum.

The mass template of the t! t! signal is constructed by smoothing the mass distribution from
simulations, using an adaptive kernel estimation [39] with a Gaussian kernel and with no re-
striction on the boundary. The smoothness parameter # introduced in Ref. [39] is determined
by the square root of the standard deviation of the signal distribution over the subset with $ 4
correctly assigned partons.

The background distribution is modeled using a log-normal function (up to a normalization
factor):

fbkg(m) =
1

m
%

2$
exp

!
# a2 ln2

!
m
m0

""
, (2)

where m is the mass, and a2 and m0 are the parameters that determine the shape of the back-
ground. During the Þt to the observed data, the number of background events, as well as the
shape parameters of the background function, are free parameters.

To verify whether the Þt is sensitive to the presence of t ! t! signal, a pseudo-data set is generated
with the mt+ jet spectrum of the simulated backgrounds and then injected with the expected
mt+ jet signal spectrum for various hypotheses of the signal cross section. Performing the same
Þt over multiple sets of pseudo-data with varying signal cross sections showed no evidence of
bias.
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tt̅+X results
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Final 
state

SM 
Xsec

ATLAS CMS
Dataset Obs. Xsec / Lim. Dataset Obs. Xsec / Lim.

tt!+γ 151 fb 20 fb-1, 8 TeV 139 ± 18 fb (13%) 20 fb-1, 8 TeV 127 ± 27 fb (21%)

tt!+W 626 fb
3.2 fb-1, 13 TeV

1500 ± 790 fb (53%)
36 fb-1, 13 TeV

770 ± 170 fb (22%)

tt!+Z 846 fb 920 ± 290 fb (32%) 990 ± 140 (14%)

tt!H (bb) 294 fb 36 fb-1, 13 TeV 247 ± 181 fb (73%)

36 fb-1, 13 TeV

212 ± 128 fb (60%)

tt!H (W/Z/τ) 154 fb 36 fb-1, 13 TeV 240 ± 43 fb (18%) 189 ± 66 fb (35%)

tt!H (γγ) 1.2 fb 36 fb-1, 13 TeV 0.7 ± 0.8 fb (114%) 2.5 ± 1.0 fb (40%)

tt!+tt! * 10.7 fb 36 fb-1, 13 TeV EFT < 16 fb 36 fb-1, 13 TeV SM = 16.9 ± 12.6 fb

tt!+HH/ZZ - - - - - 36 fb-1, 13 TeV T mass > 0.99 TeV 36 fb-1, 13 TeV T mass > 1.14 TeV

tt!+ττ - - - - - - - - - - - - - - - 36 fb-1, 13 TeV LQ mass > 0.90 TeV

tt!+gg - - - - - - - - - - - - - - - 36 fb-1, 13 TeV top* mass > 1.2 TeV

* ATLAS places limits on higher-energy EFT 4-top production, while CMS searches for SM 4-top events
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Summary

¥ High-luminosity physics in 13 TeV pp collisions is allowing us 
to push into unexplored territory of both SM and BSM physics

¥ For SM tt̅+X, increasing use of sophisticated reconstruction 
techniques to resolve combinatorics of jets, leptons, and pT miss

¥ For BSM tt̅+X, mass limits on most models are passing the TeV 
mark -- future analyses increasingly in the boosted regime

¥ Looking forward to results with 3 - 4 times more data in 2019!
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tt̅+X
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tt̅+Z : probing top-Z coupling

¥ tt̅+Z kinematics sensitive both to vector vs. axial component of 
top-Z coupling (C V vs. CA) and to anomalous dipole couplings

!19

[1] Ršntsch and Schulze : arxiv.org/abs/1501.05939
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Figure 2: NLO distributions of ! ! !! and pT ,Z for SM tøtZ couplings and with anomalous dipole
couplings CZ

2,V = CZ
2,A = 0 .2. The distributions are normalized to the overall cross section. The

cuts of Eq. (3.2) are applied.

obtained from anomalousCZ
1,V and CZ

1,A couplings as presented in Þgure 5b of Ref. [24].
The reason is clear: varying the values ofCZ

1,V or CZ
1,A only changes the relative strength

of SM vector and axial couplings. In contrast, Þnite contributions of the dipole couplings
CZ

2,V or CZ
2,A introduce a new Lorentz structure to the tøtZ vertex which is proportional to

the Z boson momentum vector. This leads to signiÞcantly di" erent spin correlations as
well as enhancements in the tail of energy-related distributions. In the following analysis
we will use the two observables presented in Þgure2 as they provide strong sensitivity to
the anomalous couplings1. The steady enhancement of anomalous cross sections in the
Z boson transverse momentum distribution will violate unitarity at very high energies.
This is related to the transition when the dipole couplings turn into q2-dependent form
factors, or equivalently, when the EFT breaks down at energies! # EFT . One solution
is to introduce a damping factor (1 + q2/ # 2)! 2 [20] which prevents unitarity violation at
high energies. In our analysis we simply choose to disregard all normalization and shape
information at pT ,Z " 500 GeV. Assuming that BSM physics enters at scales far above
500 GeV this should be a safe procedure.

We now proceed to studying the constraints that LHC experiments will be able to
place on the tøtZ couplings with 13 TeV data from Run II. For reasons of completeness
and comparability with the ILC results in section 4, we Þrst repeat our earlier analysis [24]
by independently varying CZ

1,V and CZ
1,A while keeping CZ

2,V and CZ
2,A zero. In fact, we

marginally extend the framework of Ref. [24] by accounting for o" -shell Z bosons and
photons which were neglected earlier. We then varyCZ

2,V and CZ
2,A independently while

keepingCZ
1,V and CZ

1,A at their SM values. Thus we will obtain constraints in the parameter
spaces of (CZ

1,V , CZ
1,A ) and (CZ

2,V , CZ
2,A ). Our strategy closely follows that of Ref. [24]: We

construct a Þtting function to generate LO and NLO kinematic distributions for a large

1We note that ! ! !! and pT,Z are by no means the only observables whose shape has strong discriminating

power. For example, the angle between the semi-leptonically decaying top and the charged lepton originating

from this decay in the top quark rest frame is another ideal observable.
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tt̅+W and tt̅+Z : ATLAS uncertainties
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Figure 7: Expected yields after the Þt compared to data for the Þt to extract�tøtZ and�tøtW in the signal regions and
in the control regions used to constrain theWZandZZ backgrounds. The ÔOtherÕ background summarises all other
backgrounds described in Section3. The shaded band represents the total uncertainty.

Table 5: List of dominant and total uncertainties in the measured cross sections of thetøtZ andtøtW processes from
the Þt. All uncertainties are symmetrised.

Uncertainty �tøtZ �tøtW

Luminosity 2.6% 3.1%
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systematic uncertainties are allowed to vary as nuisance parameters and take on their best-Þt values. None
of the uncertainties are found to be signiÞcantly constrained or pulled from their initial values. The cal-
culation of conÞdence intervals and hypothesis testing is performed using a modiÞed frequentist method
as implemented in RooStats [74, 75].

A summary of the Þt to all regions used to measure thetøtZ andtøtW production cross sections are shown
in Figure7. The normalisation corrections for theWZ andZZ backgrounds with respect to the Standard
Model predictions are obtained from the Þts as described in Section5 and found to be compatible with
unity: 1.11± 0.30 for theWZ background and 0.94± 0.17 for theZZ background.

The results of the Þt are�tøtZ = 0.92± 0.29 (stat.)± 0.10 (syst.) pb and�tøtW = 1.50± 0.72 (stat.)±
0.33 (syst.) pb with a correlation of�0.13 and are shown in Figure8. The Þt yields signiÞcances of 3.9�
and 2.2� over the background-only hypothesis for thetøtZ andtøtW processes, respectively. The expected
signiÞcances are 3.4� for tøtZ and 1.0� for tøtW production. The signiÞcance values are computed using
the asymptotic approximation described in Ref. [76]. In the two channels most sensitive to thetøtW signal
the observed relative number of events with two positively or two negatively charged leptons is compatible
with expectation. In the 3̀-noZ-2b channel the observed distribution of the number of events with a given
amount of electrons and muons match expectation, as well.

Table5 shows the leading and total uncertainties in the measuredtøtZ andtøtW cross sections. In estimating
the uncertainties fortøtZ (tøtW), the cross section fortøtW (tøtZ) is Þxed to its Standard Model value. For
both processes, the precision of the measurement is dominated by statistical uncertainties. For thetøtZ
determination, the di! erent sources contribute with similar size to the total systematic uncertainty. For
thetøtW determination, the dominant systematic uncertainty source is the limited amount of data available
for the estimation of the fake leptons.
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¥ Dominated by statistical uncertainty
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tt̅+W and tt̅+Z : CMS uncertainties

¥ Equally limited by systematic and statistical uncertainties

¥ Almost equal to theoretical uncertainties on cross section

¥ ÒUncertainties associated with the integrated luminosity, lepton 
identiÞcation, trigger selection efÞciencies, nonprompt lepton, and 
t(t)X backgrounds have the greatest effectÓ
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Table 1: Summary of the sources of uncertainties, their magnitudes, and their effects in the
Þnal measurement. The Þrst column indicates the source of the uncertainties, while the second
column shows the corresponding input uncertainty on each background source and the signal.
The third and fourth columns show the resulting uncertainties in the respective t tW and t tZ
cross sections.

Uncertainty from Impact on the measured Impact on the measured
Source each source (%) ttW cross section (%) ttZ cross section (%)
Integrated luminosity 2.5 4 3
Jet energy scale and resolution 2Ð5 3 3
Trigger 2Ð4 4Ð5 5
B tagging 1Ð5 2Ð5 4Ð5
PU modeling 1 1 1
Lepton ID efÞciency 2Ð7 3 6Ð7
Choice in µR and µF 1 <1 1
PDF 1 <1 1
Nonprompt background 30 4 <2
WZ cross section 10Ð20 <1 2
ZZ cross section 20 Ñ 1
Charge misidentiÞcation 20 3 Ñ
Rare SM background 50 2 2
t(t)X background 10Ð15 4 3
Stat. unc. in nonprompt background 5Ð50 4 2
Stat. unc. in rare SM backgrounds 20Ð100 1 <1

Total systematic uncertainty Ñ 14 12
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Figure 8: Predicted and observed yields in each analysis bin in the SS dilepton analysis. The
hatched band shows the total uncertainty associated with the signal and background predic-
tions, as obtained from the Þt.

Section 6 are used to construct a binned likelihood function L(r, ! ) as a product of Poisson
probabilities of all bins. The parameter r is the signal-strength modiÞer and ! represents the
full suite of nuisance parameters. The signal strength parameter r = 1 corresponds to a signal
cross section equal to the SM prediction, while r = 0 corresponds to the background-only
hypothesis.

The test statistic is the proÞle likelihood ratio, q(r) = ! 2L(r, ö! r )/ L(ör, ö! ), and asymptotic ap-
proximation is used to extract the Þtted cross section, the associated uncertainties, and the
signiÞcance of the observation of the signal process [46Ð49], whereö! r reßects the values of the
nuisance parameters that maximize the likelihood function for signal strength r. The quantities
ör and ö! are the values that simultaneously maximize L.
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Table 2: Predicted and observed yields in the SS dilepton channel for the D < 0 region, i.e. the
nonprompt lepton control region. The total uncertainty obtained from the Þt is also shown.

Process Nj = 2 Nj = 3 Nj > 3
Nonprompt 136.5 ± 13.9 110.3± 11.3 57.3± 6.1
Total background 192.1± 15.6 137.7± 11.7 74.0± 6.4

ttW 13.1± 0.3 17.6± 0.3 13.8± 0.3
ttZ 1.6 ± 0.4 3.1± 0.7 4.4± 1.0

Total 206.8± 15.7 158.4± 11.8 92.3± 6.5
Observed 229 144 92

Table 3: Predicted and observed yields in the SS dilepton Þnal state. The total uncertainty
obtained from the Þt is also shown.

Nj Nb Background t tW t tZ Total Observed

! ! ! !

0 < D < 0.6

2 >0 18.1± 1.8 2.2± 0.4 0.5± 0.1 20.8± 1.9 17

3
1 8.3± 0.9 2.1± 0.4 0.5± 0.1 10.9± 0.9 9

>1 10.9± 1.1 3.5± 0.6 0.8± 0.1 15.2± 1.3 17

>3
1 10.1± 1.1 2.8± 0.5 0.7± 0.2 13.7± 1.3 8

>1 22.2± 2.0 7.6± 1.2 2.7± 0.4 32.5± 2.4 27

D > 0.6

2 >0 6.8± 0.9 2.0± 0.3 0.4± 0.1 9.2± 0.9 10

3
1 4.1± 0.6 1.6± 0.3 0.3± 0.1 6.1± 0.6 11

>1 7.8± 0.9 3.8± 0.6 0.7± 0.1 12.3± 1.1 10

>3
1 5.6± 0.7 2.9± 0.5 0.7± 0.2 9.2± 0.9 5

>1 15.3± 1.5 12.0± 1.9 3.2± 0.5 30.5± 2.5 32

!+!+

0 < D < 0.6

2 >0 17.9± 1.8 4.9± 0.8 0.3± 0.1 23.1± 2.0 26

3
1 10.2± 1.3 3.7± 0.6 0.4± 0.1 14.4± 1.4 11

>1 10.2± 1.2 6.9± 1.1 0.8± 0.2 17.9± 1.6 18

>3
1 10.7± 1.2 4.9± 0.8 0.8± 0.2 16.4± 1.4 16

>1 22.4± 2.0 13.3± 2.2 3.0± 0.5 38.7± 3.0 42

D > 0.6

2 >0 8.0± 1.1 4.3± 0.7 0.4± 0.1 12.7± 1.3 18

3
1 4.8± 0.7 3.2± 0.5 0.3± 0.1 8.4± 0.9 7

>1 5.4± 0.7 7.1± 1.2 1.0± 0.2 13.5± 1.4 10

>3
1 6.3± 0.8 5.6± 0.9 0.9± 0.2 12.8± 1.2 12

>1 16.5± 1.5 22.5± 3.7 3.1± 0.5 42.1± 4.0 46

lepton channel both the expected and the observed signiÞcances are found to be much larger
than 5 standard deviations. The expected (observed) signal signiÞcances for ttW+ and ttW!

processes are calculated as well, being 4.2 (5.5) and 2.4 (2.3), respectively.

The measured signal strength parameters are found to be 1.23+0.19
! 0.18(stat)+0.20

! 0.18(syst)+0.13
! 0.12(theo)

for t tW, and 1.17+0.11
! 0.10(stat)+0.14

! 0.12(syst)+0.11
! 0.12(theo) for t tZ. These parameters are used to multiply

the corresponding theoretical cross sections for ttW and t tZ mentioned in Section 1, to obtain
the measured cross sections for ttW and t tZ:

! (pp " ttW) = 0.77+0.12
! 0.11(stat)+0.13

! 0.12(syst) pb,

! (pp " ttZ) = 0.99+0.09
! 0.08(stat)+0.12

! 0.10(syst) pb.
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> 3
1 10.1± 1.1 2.8± 0.5 0.7± 0.2 13.7± 1.3 8

> 1 22.2± 2.0 7.6± 1.2 2.7± 0.4 32.5± 2.4 27

D > 0.6

2 > 0 6.8± 0.9 2.0± 0.3 0.4± 0.1 9.2± 0.9 10

3
1 4.1± 0.6 1.6± 0.3 0.3± 0.1 6.1± 0.6 11

> 1 7.8± 0.9 3.8± 0.6 0.7± 0.1 12.3± 1.1 10

> 3
1 5.6± 0.7 2.9± 0.5 0.7± 0.2 9.2± 0.9 5

> 1 15.3± 1.5 12.0± 1.9 3.2± 0.5 30.5± 2.5 32

! + ! +

0 < D < 0.6

2 > 0 17.9± 1.8 4.9± 0.8 0.3± 0.1 23.1± 2.0 26

3
1 10.2± 1.3 3.7± 0.6 0.4± 0.1 14.4± 1.4 11

> 1 10.2± 1.2 6.9± 1.1 0.8± 0.2 17.9± 1.6 18

> 3
1 10.7± 1.2 4.9± 0.8 0.8± 0.2 16.4± 1.4 16

> 1 22.4± 2.0 13.3± 2.2 3.0± 0.5 38.7± 3.0 42

D > 0.6

2 > 0 8.0± 1.1 4.3± 0.7 0.4± 0.1 12.7± 1.3 18

3
1 4.8± 0.7 3.2± 0.5 0.3± 0.1 8.4± 0.9 7

> 1 5.4± 0.7 7.1± 1.2 1.0± 0.2 13.5± 1.4 10

> 3
1 6.3± 0.8 5.6± 0.9 0.9± 0.2 12.8± 1.2 12

> 1 16.5± 1.5 22.5± 3.7 3.1± 0.5 42.1± 4.0 46

lepton channel both the expected and the observed signiÞcances are found to be much larger
than 5 standard deviations. The expected (observed) signal signiÞcances for ttW+ and ttW!

processes are calculated as well, being 4.2 (5.5) and 2.4 (2.3), respectively.

The measured signal strength parameters are found to be 1.23+ 0.19
! 0.18(stat)+ 0.20

! 0.18(syst)+ 0.13
! 0.12(theo)

for t tW, and 1.17 + 0.11
! 0.10(stat)+ 0.14

! 0.12(syst)+ 0.11
! 0.12(theo) for t tZ. These parameters are used to multiply

the corresponding theoretical cross sections for ttW and t tZ mentioned in Section 1, to obtain
the measured cross sections for ttW and t tZ:

! (pp " ttW) = 0.77+ 0.12
! 0.11(stat)+ 0.13

! 0.12(syst) pb,

! (pp " ttZ) = 0.99+ 0.09
! 0.08(stat)+ 0.12

! 0.10(syst) pb.
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Figure 2: Distributions of different variables in data from the SS dilepton analysis, compared
to the MC generated expectations. From left to right: jet and b jet multiplicity (upper), HT and
pmiss

T (center), trailing lepton pT and event yields in each lepton-ßavor combination (lower).
The expected contributions from the different background processes are stacked, as well as the
expected contribution from the signal. The shaded band represents the total uncertainty in the
prediction of the background and the signal processes. See Section 5 for the deÞnition of each
background category.

6 4 Event selection
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Figure 3: Distribution of the boosted decision tree classifier D for background and signal pro-
cesses in the SS dilepton analysis. The expected contribution from the different background
processes, and the signal as well as the observed data are shown. The shaded band represents
the total uncertainty in the prediction of the background and the signal processes. See Section 5
for the definition of each background category.

4.2 Three-lepton analysis

The production rate of ttZ events is measured in the final state with three leptons.

We select events that contain exactly three leptons (µµµ, µµe, µee, or eee), requiring the leading,
subleading, and trailing lepton pT to be above 40, 20, and 10 GeV, respectively. To reduce
backgrounds from multilepton processes that do not contain a Z boson, we require at least one
OSSF lepton pair with invariant mass, M(!! ), consistent with the Z boson hypothesis, namely
|M(!! ) ! M(Z)| < 10 GeV.

Signal events are expected to have at least four jets, two of which originate from b quarks.
When the events pass the jet and b jet requirements defined in the previous section, one obtains
a sample of events enriched in signal, with minimal background contribution. However, nearly
70% of the signal events fail the requirement of having four jets with two of them identified as
b jets. We therefore make use of lower jet and b jet multiplicities to form nine exclusive event
categories to include a larger fraction of the signal events. These nine categories are formed
using events with Nj = 2, 3, and > 3, where each jet multiplicity gets further split according to
the b jet multiplicity, Nb = 0, 1, and > 1.

Despite the larger background contamination, the Nj = 3 categories, especially in bins with
larger Nb, improve the signal sensitivity, as this category recovers signal efficiency for the jets
that fall outside the acceptance. The Nj = 2 category provides a background-dominated region
that helps to constrain the background uncertainties. We use all nine signal regions to extract
the signal significance and the cross section.

4.3 Four-lepton analysis

In addition to the three-lepton final state, events with four leptons are exclusively analyzed for
the measurement of the ttZ production rate.

The ttZ events in this channel are characterized by the presence of two b jets, p
miss
T , and four

leptons, two of which form an OSSF pair consistent with the Z boson mass. The event selection


