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Why Top Quark Physics?
• Top quarks stand out! 

• Most massive particle in the SM 

• Fingerprints all over SM
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Look for signs of new physics connected 
with top quarks!
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Number of Top quark papers from CMS: 83

 Roughly 10/year over lifetime of CMS

About 14/year in the last 3 years

Another 44 preliminary results (no associated paper)

New Results for 2017 (Paper + Preliminary): 23

Number of minutes for this talk: 15

Need to focus on a subset of results
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Top Quark Physics Analysis

4

Explicit Searches for New Physics:
➡ Vector-like partners
➡ SUSY stop squarks
➡ X→ttbar

Precision studies:
➡ Inclusive and differential cross sections
➡ W helicity
➡ spin correlations
➡ AFB/charge asymmetry

In between:  Associated production!  Search for 
rare (in SM) processes to check for deviations.

Envy

Respect

What your colleagues 
feel towards you when 
you do an analysis of 

this type.
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Top Quarks + What?

5

Top quarks + Higgs: Obviously!  
Source of mass and most massive 

particle.  See earlier talk.  Is a 
background for other signals here.

Top quarks + Z boson:  Also very 
interesting!  Hard to probe t-Z 
coupling directly any other way.

Top quarks + W boson: Not actually 
sensitive to t-W coupling at least in 

SM.  But if you have top quarks + 
extra Ws, that could certainly be a 

sign of new physics (i.e. X->tW).

And More!
Top quarks + photons, 
bottom quarks, gluons/light 
quarks, top quarks (!):  The 
list goes on and on. 
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https://indico.cern.ch/event/531125/contributions/2851173/
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Experimental Signature
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Focus on multilepton signature: at least one lepton from 
top quark and one from W or Z.

• Anti-kT R = 0.4
• pT > 30 GeV, |η| < 2.4
• Multivariate b-tagging

• pT > 30 GeV, |η| < 2.5 (ele),  
                              2.4 (muo)

• Higher pT cuts on some 
depending on final state

• Isolated

pT,miss > 30 GeV
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Lepton 
Requirements

pT > 25 GeV 
pT > 40 GeV for 
leading electron 

Require same-sign 
(SS)

pT > 40, 20, 10 GeV 
|M(ℓℓ)-M(Z)| < 10 GeV

pT > 40, 10, 10, 10 GeV 
|M(ℓℓ)-M(Z)| < 20 GeV 

Veto if 2nd Z found

Target

Multilepton Event Categories
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Backgrounds
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Signal Extraction
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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
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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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Figure 9: Predicted and observed yields in Nj = 2, 3, and > 3 categories in the three-lepton
analysis (left), and in Nb = 0, 1 categories in the four-lepton analysis (right). The hatched band
shows the total uncertainty associated with the signal and background predictions, as obtained
from the fit.
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Figure 10: The distributions of the observed and predicted signal and background yields versus
the flavor and the charge combination of leptons (upper left), p

miss
T (upper right), jet multiplicity

(lower left), and the pT of the leading lepton (lower right) in the SS dilepton channel with at
least three jets and two b jets. The last bin in each distribution includes the overflow events,
and the hatched area represents the combined statistical and systematic uncertainties in the
prediction.

2ℓSS: Use BDT with kinematic 
variables to enhance signal 
sensitivity.  Also divide by 
charge to take advantage of W 
charge asymmetry.

3ℓ and 4ℓ: Rely on Z mass window and presence of b 
quarks to reduce background
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Fitting Signal Regions
• Fit regions for ttW and ttZ 

individually and also simultaneously. 

• When fit individually, treat other 
process as background

10

14 7 Results

Table 1: Summary of the sources of uncertainties, their magnitudes, and their effects in the
final measurement. The first 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 ttW and ttZ
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 2–5 3 3
Trigger 2–4 4–5 5
B tagging 1–5 2–5 4–5
PU modeling 1 1 1
Lepton ID efficiency 2–7 3 6–7
Choice in µR and µF 1 <1 1
PDF 1 <1 1
Nonprompt background 30 4 <2
WZ cross section 10–20 <1 2
ZZ cross section 20 — 1
Charge misidentification 20 3 —
Rare SM background 50 2 2
t(t)X background 10–15 4 3
Stat. unc. in nonprompt background 5–50 4 2
Stat. unc. in rare SM backgrounds 20–100 1 <1

Total systematic uncertainty — 14 12

2j 3j1b 3j>1b >3j1b >3j>1b
2j 3j1bj 3j>1b >3j1b >3j>1b

2j 3j1bj 3j>1b >3j1b >3j>1b
2j 3j1bj 3j>1b >3j1b >3j>1b
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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 fit.

Section 6 are used to construct a binned likelihood function L(r, q) as a product of Poisson
probabilities of all bins. The parameter r is the signal-strength modifier and q 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 profile likelihood ratio, q(r) = �2L(r, q̂r)/L(r̂, q̂), and asymptotic ap-
proximation is used to extract the fitted cross section, the associated uncertainties, and the
significance of the observation of the signal process [46–49], where q̂r reflects the values of the
nuisance parameters that maximize the likelihood function for signal strength r. The quantities
r̂ and q̂ are the values that simultaneously maximize L.
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Figure 9: Predicted and observed yields in Nj = 2, 3, and > 3 categories in the three-lepton
analysis (left), and in Nb = 0, 1 categories in the four-lepton analysis (right). The hatched band
shows the total uncertainty associated with the signal and background predictions, as obtained
from the fit.
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Figure 10: The distributions of the observed and predicted signal and background yields versus
the flavor and the charge combination of leptons (upper left), p

miss
T (upper right), jet multiplicity

(lower left), and the pT of the leading lepton (lower right) in the SS dilepton channel with at
least three jets and two b jets. The last bin in each distribution includes the overflow events,
and the hatched area represents the combined statistical and systematic uncertainties in the
prediction.

15

jN
2 3 >3 2 3 >3 2 3 >3

Ev
en

ts

1

10

210

310

410
Data Ztt Wtt WZ

)Xtt( Rare Nonprompt

 (13 TeV)-135.9 fbCMS

 = 0bN
 = 1bN

 > 1bN

bN
0 1≥

Ev
en

ts

0

5

10

15

20

25

30

35 Data Ztt ZZ
)Xtt( Rare Nonprompt

 (13 TeV)-135.9 fbCMS

Figure 9: Predicted and observed yields in Nj = 2, 3, and > 3 categories in the three-lepton
analysis (left), and in Nb = 0, 1 categories in the four-lepton analysis (right). The hatched band
shows the total uncertainty associated with the signal and background predictions, as obtained
from the fit.

+µ+µ +e+µ +e+e −µ−µ −e−µ −e−e

Ev
en

ts

20

40

60

80
Data Wtt Ztt Nonprompt
WZ )Xtt( Rare Charge mis-ID

 (13 TeV)-135.9 fbCMS

 [GeV]miss
T

p
100 200 300

Ev
en

ts
 / 

30
 G

eV

20

40

60

Data Wtt Ztt Nonprompt
WZ )Xtt( Rare Charge mis-ID

 (13 TeV)-135.9 fbCMS

jN
3 4 5 6 7

Ev
en

ts

20

40

60

80

100 Data Wtt Ztt Nonprompt
WZ )Xtt( Rare Charge mis-ID

 (13 TeV)-135.9 fbCMS

 [GeV]
T

Leading lepton p
50 100 150 200 250

Ev
en

ts
 / 

20
 G

eV

20

40

60

Data Wtt Ztt Nonprompt
WZ )Xtt( Rare Charge mis-ID

 (13 TeV)-135.9 fbCMS

Figure 10: The distributions of the observed and predicted signal and background yields versus
the flavor and the charge combination of leptons (upper left), p

miss
T (upper right), jet multiplicity

(lower left), and the pT of the leading lepton (lower right) in the SS dilepton channel with at
least three jets and two b jets. The last bin in each distribution includes the overflow events,
and the hatched area represents the combined statistical and systematic uncertainties in the
prediction.

2ℓSS

3ℓ 4ℓ

ar
Xi

v:
17

11
.0

25
47



K. Lannon

Results
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Figure 12: Result of the simultaneous fit for ttW and ttZ cross sections (denoted as star), along
with its 68 and 95% CL contours are shown on the left panel. The right panel presents the
individual measured cross sections along with the 68 and 95% CL intervals and the theory
prediction [1] with their respective uncertainties for ttW and ttZ.

8 Effective field theory interpretation
Within the framework of effective field 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 fields. The extended Lagrangian is a series expansion
in the inverse of the energy scale of the NP, 1/L [50], hence operators are suppressed as long
as L is large compared with the experimentally-accessible energy.

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

Leff = LSM +
1

L2 Â
i

ciOi + · · · , (1)

where LSM is the dimension-four SM Lagrangian, Oi are dimension-six operators, and the el-
lipsis symbol represents higher-dimension operators. The dimensionless Wilson coefficients ci

parameterize the strength of the NP interaction.

Assuming baryon and lepton number conservation, there are fifty-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 field; the four-fermion operators were omitted. Constraints on the
Wilson coefficients of some dimension-six operators have been reported in Refs. [2, 6, 53–59].

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 coefficients. The matrix element can be written as the
sum of SM and NP components:

M = M0 + Â
i

ciMi. (2)

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

�(pp ! tt̄W ) = 0.77+0.12
�0.11(stat)

+0.13
�0.12(syst) pb

�(pp ! tt̄W+) = 0.58± 0.09(stat)+0.09
�0.08(syst) pb

�(pp ! tt̄W�) = 0.19± 0.07(stat)± 0.06(syst) pb
<latexit sha1_base64="kkM0AmMCYXQiln/JQGgteVFTKjQ="></latexit><latexit sha1_base64="kkM0AmMCYXQiln/JQGgteVFTKjQ="></latexit><latexit sha1_base64="kkM0AmMCYXQiln/JQGgteVFTKjQ="></latexit>

�(pp ! tt̄Z) = 0.99+0.09
�0.08(stat)

+0.12
�0.10(syst) pb

<latexit sha1_base64="HhHcIXRHZy/wxLD0XHGMfPd+g74="></latexit><latexit sha1_base64="HhHcIXRHZy/wxLD0XHGMfPd+g74="></latexit><latexit sha1_base64="HhHcIXRHZy/wxLD0XHGMfPd+g74="></latexit>
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Le↵ = L
(4)
SM +

1

⇤

X

i

ciO
(5)
i +

1

⇤2

X

j

cjO
(6)
j + · · ·
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EFT Introduction
• Cross section measurements are great way to assess compatibility with 

SM 

• What about interpreting in terms of new physics? 

• One option: Effective Field Theory 

• Extend SM by adding higher dimensional operators representing new 
physics associated with particles too heavy to produce at LHC

12

Dim-5 operators 
violates lepton 
number conservation

59 Dim-6 operators consistent with all 
symmetries and conservation laws 
https://arxiv.org/abs/1008.4884 

https://arxiv.org/abs/1008.4884
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EFT for ttW/Z
• Focus on 39 operators that include at least one gauge 

or Higgs field 

• Discard 15 operators that don’t affect rates of ttW, ttZ, 
or ttH 

• Can’t ignore ttH because similar event signature and 
many operators affect both ttH and ttZ 

• Exclude from consideration 16 operators that affect 
other processes than ttW, ttZ, or ttH too much (e.g. 
would be constrained better in other measurements) 

• 8 operators remaining that affect ttW, ttZ, or ttH but not 
significantly impacting other processes

13

20 8 Effective field theory interpretation

i
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ī;

i

w
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i

;

ī;

i

>

i

Figure 13: Feynman diagrams representing the largest LO contribution for the process with the
most significant NP effects are shown for OuB, OuW, and OHu (left), and OH, Of3G, O3G, O2G,
and OuG (right).

of the matrix element, and has the following structure [56]:

sSM+NP(ci) µ |M|
2

µ s0 + s1ici + s2ic
2
i
.

(3)

The coupling structures s0, s1i, and s2i are constants which can be determined by evaluating
the cross section for at least three values of ci. Note that while s(ci) is always quadratic, the
minimum is not constrained to appear at the SM value (ci = 0), and in cases of destructive
interference with the SM, it is possible to have sSM+NP(ci) < sSM.

NP effects on ttW and ttZ are considered. Because ttH is sizeable background to ttW, and
the NP effects on ttH are considered as well, as they cannot be disentangled from NP effects
on ttW. The range of Wilson coefficient values to study is chosen such that |ci| < (4p)2,
which is required for convergence of the loop expansion [60]. The dimension-six operators
are encoded using the the FeynRules [61] implementation from Ref. [52], and we follow their
notation and operator-naming scheme throughout this work. This implementation assumes
flavor-independent fermion couplings. Because the W and Z boson couplings to light quarks
are highly constrained by other measurements, we removed all NP couplings to the first two
generations. This modified implementation is used in MADGRAPH5 aMC@NLO [62] to evalu-
ate the cross section sSM+NP expected due to both SM and NP effects at LO, with no constraints
on the number of allowed QCD or electroweak vertices, for 30 values of ci, with all other cou-
plings set to their SM values. We then fit those points with a quadratic function (see Eq. (3)) to
determine sSM+NP(ci).

The signal strength rttZ(ci) is defined as the ratio of sSM+NP, ttZ(ci) to sSM+NP, ttZ(0), and similarly
for ttW and ttH. We use this to construct a profile likelihood test statistic q(ci). The likelihood
statistic is maximized to find the asymptotic best fit ci, similarly to the procedure described in
Section 7. Each coupling is profiled with the other couplings set to their SM values.

Of the thirty-nine operators in Ref. [52], we choose not to consider operators that do not affect
ttW, ttZ, or ttH. The expected 95% CL interval is calculated for the remaining 24 operators.
We also exclude from consideration operators that produce large effects in better-measured

Characterize how each 
operator impacts ttW, ttZ, 
and/or ttH rates. 

Use observed rates to 
constrain Wilson coefficient 
values
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EFT Analysis Interpretation
• Example of one operator that affects all three processes

14

22 8 Effective field theory interpretation

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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EFT Results
• At 95% CL, all operators consistent with SM (ci = 0).

15

21

Table 7: Expected 68% and 95% CL intervals for selected Wilson coefficients.

Wilson coefficient 68% CL [TeV�2] 95% CL [TeV�2]
c̄uW/L2 [�1.6, 1.5] [�2.2, 2.2]
|c̄H/L2 � 16.8 TeV�2

| [3.7, 23.4] [0, 28.7]
ec3G/L2 [�0.5, 0.5] [�0.7, 0.7]
c̄3G/L2 [�0.3, 0.7] [�0.5, 0.9]
c̄uG/L2 [�0.9,�0.8] and [�0.3, 0.2] [�1.1, 0.3]
|c̄uB/L2| [0, 1.5] [0, 2.1]
c̄Hu/L2 [�9.2,�6.5] and [�1.6, 1.1] [�10.1, 2.0]
c̄2G/L2 [�0.7, 0.4] [�0.9, 0.6]

processes for Wilson coefficient values to which our measurement is sensitive. To accomplish
this, we require that the cross section for each of tt, WW, ZZ, WZ, and inclusive Higgs boson
production is not modified by more than 70% within our expected 95% CL interval. Finally,
we do not include any operators that produce a significant effect on background yields (as
described in Section 5) other than ttH, as these can be studied more effectively in other signal
regions.

Eight operators satisfy the above requirements, and constraints on their Wilson coefficients,
c̄uW, c̄H, ec3G, c̄3G, c̄uG, c̄uB, c̄Hu, and c̄2G are reported here. Feynman diagrams representing
the largest LO contributions for the process with the most significant NP effects due to each
operator are shown in Fig. 13.

The expected CL intervals for the selected Wilson coefficients are summarized in Table 7. Ob-
served best fit values and CL intervals are summarized in Table 8. For three representative
operators, the calculated signal strengths rttZ(ci), rttW(ci), and rttH(ci) are shown in the left
panels of Fig. 14. The profile likelihood scan is presented in the center panels. In the right
panels, results are shown in the sttZ versus sttW plane. The 68% and 95% contours are obtained
by sampling randomly from the fitted covariance matrix and extracting the contours which
enclose 68.27% and 95.45% of the samples. We remove any assumptions about the energy scale
of the NP made in Ref. [52] and report the ratio ci/L2. In cases where sSM+NP(ci) has the same
minimum for all three processes, the profile likelihood is symmetric around this point, and
we present results for |ci � ci,min| to make this symmetry explicit. Corresponding plots for the
remaining five operators are available in the supplementary material.

Table 8: Observed best fit values for selected Wilson coefficients determined from this ttW
and ttZ measurement, along with corresponding 68% and 95% CL intervals. In some cases the
profile likelihood shows another local minimum that cannot be excluded; the number reported
here is the global minimum.

Wilson coefficient Best fit [TeV�2] 68% CL [TeV�2] 95% CL [TeV�2]
c̄uW/L2 1.7 [�2.4,�0.5] and [0.4, 2.4] [�2.9, 2.9]
|c̄H/L2 � 16.8 TeV�2

| 15.6 [0, 23.0] [0, 28.5]
|ec3G/L2| 0.5 [0, 0.7] [0, 0.9]
c̄3G/L2 �0.4 [�0.6, 0.1] and [0.4, 0.7] [�0.7, 1.0]
c̄uG/L2 0.2 [0, 0.3] [�1.0,�0.9] and [�0.3, 0.4]
|c̄uB/L2| 1.6 [0, 2.2] [0, 2.7]
c̄Hu/L2 �9.3 [�10.3,�8.0] and [0, 2.1] [�11.1,�6.5] and [�1.6, 3.0]
c̄2G/L2 0.4 [�0.9,�0.3] and [�0.1, 0.6] [�1.1, 0.8] ar
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Single tZq
• Event signature: 3 leptons, 2 jets (1 b-jet) 

• 2 b-jet provides ttZ control region 

• 0 b-jet provides WZ control region 

• BDT with Matrix Element variables provides 
additional discrimination against backgrounds 

• Provides another probe of t-Z coupling

16

13

Table 1: Observed and post-fit expected yields for each production process in the 1bjet region.
The yields of columns 2–5 correspond to each channel, and column 6 displays the total for all
channels. The last column displays the ratio between post-fit and pre-fit yields.

Process eee eeµ eµµ µµµ All channels N
post-fit/N

pre-fit

tZq 5.0± 1.5 6.6± 1.9 8.5± 2.5 12.3± 3.6 32.3± 5.0 —
ttZ 3.7± 0.7 4.7± 0.9 6.1± 1.2 8.0± 1.5 22.4± 2.2 0.9± 0.2
ttW 0.3± 0.1 0.3± 0.1 0.7± 0.2 0.6± 0.2 1.9± 0.3 1.0± 0.2
ZZ 4.8± 1.3 3.2± 0.9 9.0± 2.5 7.8± 2.2 24.7± 3.6 1.3± 0.3
WZ+b 3.0± 0.9 3.4± 1.1 4.6± 1.4 5.5± 1.7 16.6± 2.6 1.0± 0.2
WZ+c 9.0± 2.4 13.7± 3.7 18.0± 4.9 24.2± 6.5 64.8± 9.3 1.0± 0.2
WZ+light 12.2± 1.6 16.6± 2.0 22.4± 2.8 29.1± 3.4 80.3± 5.1 0.7± 0.1
ttH 0.6± 0.2 0.9± 0.3 1.0± 0.3 1.5± 0.4 4.0± 0.6 1.0± 0.2
tWZ 1.0± 0.3 1.3± 0.4 1.7± 0.5 2.4± 0.7 6.5± 1.0 1.0± 0.2
NPL: electrons 19.2± 3.1 0.6± 0.1 17.9± 2.8 — 37.7± 4.2 —
NPL: muons — 7.2± 2.3 31.1± 9.9 15.3± 4.9 53.6± 11.3 —

Total 58.8± 4.8 58.4± 5.5 121± 12 107± 10 345± 18

Data 56 58 104 125 343
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Figure 5: Template distributions used for signal extraction. Left: BDT discriminator in the
1bjet region; centre: BDT output in the 2bjets control region; right: m

W
T in the 0bjet control

region. More details are given in the caption of Fig. 3.

from which, using the reference NLO cross section, the measured cross section is found to be

s(t`+`�q) = 123+33
�31 (stat)+29

�23 (syst) fb,

for m`+`� > 30 GeV, where ` stands for electrons, muons, and t leptons. The best-fit signal
strength and cross section, as well as an approximate 68% CL interval, are extracted following
the profile likelihood scan procedure described in Ref. [48]. The fit is redone without including
the systematic uncertainties, to evaluate the statistical uncertainty of the result. The quoted
systematic uncertainty is then calculated as the difference in quadrature between the 68% CL
intervals obtained in the nominal fit and in the fit without systematic uncertainties. The preci-
sion of the measurement is limited by the statistical uncertainty. Among the systematic uncer-
tainties, the dominating ones arise from the normalization of the NPL background (left free in
the fit), the scale dependence at the parton shower level, the b tagging efficiency, and the nor-
malization of the ttZ background. The corresponding observed (expected) significance against
the background-only hypothesis is 3.7 (3.1) standard deviations, with an observed statistical

�(t`+`�q) = 123+33
�31(stat)

+29
�23(syst) fb
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SM Prediction: 
� = 94.2± 3.1 fb
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Significance:
• Expected: 3.1
• Observed: 3.7
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K. Lannon

Four Top Production
• Experimental signature: ≥ 2ℓ (SS for 2ℓ), ≥ 4 jets (≥ 2 b-jets) 

• Break into different signal regions (SR) based on number of leptons, jets, 
and b-jets plus two control regions (CR)
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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-fit 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.

Table 4: The post-fit background, signal, and total yields with their total uncertainties and the
observed number of events in the control and signal regions in data.

SM background tttt Total Observed
CRZ 31.7 ± 4.6 0.4 ± 0.3 32.1 ± 4.6 35
CRW 83.7 ± 8.8 1.9 ± 1.2 85.6 ± 8.6 86
SR1 7.7 ± 1.2 0.9 ± 0.6 8.6 ± 1.2 7
SR2 2.6 ± 0.5 0.6 ± 0.4 3.2 ± 0.6 4
SR3 0.5 ± 0.3 0.4 ± 0.2 0.8 ± 0.4 1
SR4 4.0 ± 0.7 1.4 ± 0.9 5.4 ± 0.9 8
SR5 0.7 ± 0.2 0.9 ± 0.6 1.6 ± 0.6 2
SR6 0.7 ± 0.2 1.0 ± 0.6 1.7 ± 0.6 0
SR7 2.3 ± 0.5 0.6 ± 0.4 2.9 ± 0.6 1
SR8 1.2 ± 0.3 0.9 ± 0.6 2.1 ± 0.6 2

8 Summary
The results of a search for standard model (SM) production of tttt at the LHC have been pre-
sented, using data from

p
s = 13 TeV proton-proton collisions corresponding to an integrated

luminosity of 35.9 fb�1, collected with the CMS detector in 2016. The analysis strategy uses
same-sign dilepton as well as three- (or more) lepton events, relying on jet multiplicity and jet
flavor to define search regions that are used to probe the tttt process. Combining these regions
yields a significance of 1.6 standard deviations relative to the background-only hypothesis, and
a measured value for the tttt cross section of 16.9+13.8

�11.4 fb, in agreement with the standard model
predictions. The results are also re-interpreted to constrain the ratio of the top quark Yukawa
coupling to its SM value, |yt/y

SM
t | < 2.1 at 95% confidence level.

4 5 Backgrounds

106 GeV are also rejected. If the third lepton has pT > 20 GeV and the invariant mass of the pair
is between 76 and 106 GeV, these rejected events are used to populate a ttZ background control
region (CRZ). The signal acceptance in the baseline region, including the leptonic W boson
branching fraction, is approximately 1.5%. After these requirements, we define 8 mutually
exclusive signal regions (SRs) and a control region for the ttW background (CRW), based on
Njets, Nb, and N`, as detailed in Table 2. The observed and predicted yields in the control and
signal regions are used to measure s(pp ! tttt), following the procedure described in Sec. 7.

Table 2: Definitions of the eight SRs and the two control regions for ttW (CRW) and ttZ (CRZ).

N` Nb Njets Region

2

2

5 CRW
6 SR1
7 SR2
�8 SR3

3 5, 6 SR4
�7 SR5

�4 �5 SR6

�3 2 �5 SR7
�3 �4 SR8

Inverted Z veto CRZ

5 Backgrounds
The main backgrounds to the tttt process in the same-sign dilepton and three- (or more) lepton
final states arise from rare multilepton processes, such as ttW, ttZ, and ttH (H ! WW), and
single-lepton or OS dilepton processes with an additional “nonprompt lepton”. Nonprompt
leptons consist of electrons from conversions of photons in jets and leptons from the decays
of heavy- or light-flavor hadrons. In this category we include also hadrons misidentified as
leptons. The minor background from OS dilepton events with a charge-misidentified lepton is
also taken into account.

Rare multilepton processes are estimated using simulated events. Control regions are used to
constrain the normalization of the ttW and ttZ backgrounds, as described in Section 7, while for
other processes the normalization is based on the NLO cross sections referenced in Section 2.
Processes such as the associated production of a tt pair with a pair of bosons (W, Z, H) are
grouped into a “ttVV” category. Associated photon production processes such as Wg, Zg, ttg,
and tg, where an electron is produced in an unidentified photon conversion, are grouped into
a “Xg” category. All residual processes with very small contributions, including diboson (WZ,
ZZ, W±W± from single- and double-parton scattering), triboson (WWW, WWZ, WZZ, ZZZ,
WWg, WZg), and rare single top quark (tZq, tWZ) and triple top quark processes (ttt and tttW),
are grouped into a “Rare” category.

The nonprompt lepton and charge-misidentified lepton backgrounds are estimated following
the methods described in Ref. [23]. For nonprompt leptons, an estimate referred to as the “tight-
to-loose” method defines two control regions by modifying the lepton identification (including
isolation) and event kinematic requirements, respectively. An “application region” is defined
for every SR by requiring at least one lepton to fail the standard identification (“tight”) while
satisfying a more relaxed one (“loose”). To obtain the nonprompt lepton background estimate
in the corresponding SR, the event yield in each application region is weighted by a factor of
eTL/(1� eTL) for each lepton failing the tight requirement. The eTL parameter is the probability
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Figure 5: The predicted SM value of s(pp ! tttt) [16], calculated at LO with an NLO/LO
K-factor of 1.27, as a function of |yt/y

SM
t | (dashed line), compared with the observed value of

s(pp ! tttt) (solid line), and with the observed 95% CL upper limit (hatched line).

� = 16.9+13.8
�11.4 fb
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Measured:

Predicted:

|yt/ySMt | < 2.1
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Summary
• Top quark associated production provides an interesting laboratory to investigate the top sector for 

signs of new physics 

• ttW, ttZ, and tt𝛾 (not shown) signals wells established 

• Evidence for ttH, tZq 

• Even very rare signals like tttt starting to yield results! 

• Multilepton signature is useful for probing many of these processes. 

• Increasing LHC integrated luminosity will allow exploration of differential distributions 

• EFT provides interesting framework for characterizing possible new physics contributions to top quark 
associated production 

• Only a small fraction of CMS Top results included.  Visit the Top group results page for more results.
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html

