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LHC: search engine

Freya Blekman, freya.blekman@vub.be

“Physics beyond the standard model”

Energy: 7,8,13,14 TeV
Protons/Bunch: 1.5 1011

Bunches/beam: ~3500
Bunch crossing: 40 MHz

Rates:
Top quark: 600/minute
Higgs boson: 30/minute
BSM: ?



History top quark – at the start of LHC

- Christian Schwanenberger -Searches for New Physics at Tevatron TOP 2012, Winchester 8

LHC:
top quark

factory

10000s of events

The Top Quark

Freya Blekman, freya.blekman@vub.be

2011



Top quark: now
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Top quark: now
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( )
Why?

• Standard model predicts 
top kinematics

• Top physics = SM cross 
check

• Deviations are signs of 
new physics 

• This new physics is at 
large mass scales, making 
it a good candidate to fix 
the holes in the SM 

Top pair production rate
Top mass
Single top production rate 
B(t®Wb)
|Vtb| 
W helicity
Top polarization
Anomalous couplings
Spin correlations 
Rare decays
Rare production mechanisms
Top width

…
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BSM signatures in the ttbar phase space
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m
ore jets/V bosons!

High MET!

Z’ ⟶ ttbar!
W’ ⟶ tb!

H0 ⟶ ttbar!
H± ⟶ tb!

ttbar+DM!
Single top+DM!
(monotop)!

Top quark compositeness (t*)!

Vector-like quarks (t’/b’)! ttH!

sGluons etc.!
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See also: Czakon et al. arXiv:1501.01112 
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Use the top quark to break the standard model



99 ways to examine the top quark
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News flash!
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Use top quark to constrain SM and learn more

22 June 2020 Be.h annual meeting, freya.blekman@vub.be 12

Source: Fabio Maltoni @LHCP2020



Top pair branching fractions

B-quark identification
used to reduce background

= six jets

= four jets, lepton, MET= two jets, two leptons, MET

Freya Blekman, freya.blekman@vub.be



Top quark pair: both W bosons into leptons
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Top quark pair: together with a Z boson
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Top quark pair together with a Higgs 
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Freya Blekman, 
freya.blekman@vub.be

Top physics: decay channel choice
• Difficulty of isolation of top quark events inversely 

proportional to the complexity of the mass 
reconstruction

Isolation signal Reconstruction

Di-lepton Relatively easy Two neutrinos, ambiguities

Lepton+jets Reasonable One neutrino, use missing 
transverse energy

All-hadronic Very difficult Possibility to observe top as 
‘peak’ in invariant mass 
spectrum, no energetic 
neutrinos



Let’s take it up some steps: 
more top quarks
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tttt: theory and strategy
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Cross section ~1 order of magnitude smaller than ttH
Signatures: 4leptons4b - 3leptons4b2j – 2leptons4b4j -1lepton4b6j – 4b8j

Cross section at NLO QCD+EWK calculation available that gives ~12 fb 
Frederix, Pagani, Zaro arXiv:1711.02116 

2016 data results use the previous NLO (QCD only) cross section at 9.2 fb
• easier to compare results. No influence on most limits/measurements
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The production of four top quarks (tttt) is one of the rare processes in top quark physics that
has large sensitivity to variety of New Physics effects that could be studied through direct
searches, effective filed theory approaches or top quark-Higgs boson anomalous couplings,
while at the same time it is interesting in the standard model context as a complex QCD process.
The cross section is about one order of magnitude smaller than ttH production, with several
precision calculations predicting values of stttt = 9.2+2.9

�2.4 fb (NLO) and stttt = 11.97+2.15
�2.51 fb

(NLO+EWK)[1–3] for proton collisions at
p

s = 13 TeV. The former value is used as a starting
point in this study, as this was the value used in the experimental literature up to now.

CMS has published three analyses setting limits on tttt production [4–6] in the context of a
search specifically designed for the standard-model signature, and both ATLAS and CMS have
published multiple papers where limits on tttt production were derived as a side product of
searches, typically coming from searches for vector-like quarks (pp ! TT̄/BB̄ ! ttW+W�)
or MSSM (pp ! g̃g̃ ! t̃t̃tt ! tttt + pmiss

T ) signatures [7–12]. The tttt process has not yet been
observed, and the most sensitive CMS collaboration result sets 95% confidence level (CL) upper
limits on the production cross section value of 20.8+11.2

�6.9 fb, which is equivalent to an excess with
an expected significance of 1.0 standard deviations above the background-only hypothesis.

The production of tttt is one of the rare standard Model (SM) processes that is expected to be
discovered and studied by future LHC runs, including the High-Luminosity LHC (HL-LHC)
and the High-Energy LHC (HE-LHC). The increase in collision energy is important for tttt
production because the cross section is still heavily dependent on the gluon parton density
function (PDF) at pp collisions at

p
s = 13 TeV, leading to a substantial improvement in the

signal-to-background ratio when the collision energy of the LHC is increased. Investigations
of the expected increase in cross section using the MadGraph5 aMC@NLO generator [1], indi-
cated that the tttt cross section increases by a factor of approximately 1.3 when increasing the
collision energy from 13 to 14 TeV, and by a factor of approximately 12.8 when increasing the
collision energy from 13 to 27 TeV.

Figure 1: Summary of the branching fractions of tttt production.

At the LHC, tttt provides a particularly rich set of experimental signatures. In the standard
model the four W bosons from the top quark decays can create striking leptonic signatures
with four b quark jets and in association with many jets. Figure 1 summarises the branching
fractions of the tttt process, where the largest fraction of events creates single charged lepton
or dilepton signatures. The main backgrounds for tttt searches depend on the final state, but
for the majority of the decay modes are originating from tt plus additional radiation that can
include on-shell objects, such as tt+vector bosons, Higgs bosons, and jets. Backgrounds with
misidentified charged leptons are an another important source of backgrounds in decay chan-
nels with signatures containing many charged leptons, these originate from the production of
one or more vector bosons and tt+two vector bosons. Many additional jets are required be-



Analysis strategy
• Depends on final state
• (similar ttH analysis: fewer leptons = more work)
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Dominant background: 
multijet QCD

Dominant background: 
ttbar+HF

Dominant background: 
OS dileptons: ttbar+HF
SS dileptons: ttW/Z/H, dibosons, 
fakes

Dominant background: 
ttW/Z/H, dibosons, fakes

Refs SS dileptons/multileptons: 
ATLAS arxiv 1807.11883 (36 fb-1)
CMS arxiv 1908.06463 (137 fb-1)

Refs l+jets, OS dileptons:
ATLAS arxiv 1811.02305 (36 fb-1)
CMS arxiv 1906.02805 (36 fb-1)



Different approaches to EFT
• ATLAS: BSM-like EFT looking for dramatic 

changes in shape at high scale 
• CMS: SM-like EFT trying to constrain small 

changes cross section limit/uncertainties and 
mapping fit cross section limits to Wilson 
coefficients

• Both have pros and cons
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EFT interpretation
• Like many rare processes involving loop diagrams, 

four-top production is extremely sensitive to new 
physics

• SM effective field theory at order 6

• ATLAS: use         - as signal model, constrain Λ
• CMS: constrain          /         with Δ𝜎tttt/ 𝜎tttt, fix Λ, constrain Ck
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Results
Table 4: The expected significance of tttt signal over a background-only hypothesis in standard
deviations (s.d.), is given for various CMS upgrade scenarios for sqrt(s)=14 TeV.

Int. Luminosity Stat. only Run 2 YR18 YR18+
300 fb�1 4.09 2.71 2.85 2.93
3 ab�1 12.9 3.22 4.26 4.49

For the high luminosity LHC, the stat-only, S1+, S2+ and S2NF+ scenarios are considered at
a collision energy of 14 TeV. The assumed integrated luminosity is 3 ab�1. For reference, a
300 fb�1 scenario is also considered. The results are listed in Tab. 4 and Fig. 2, and show that
for the statistics-only case and for the optimistic scenarios (S2+ and S2NF+), the evidence for
the tttt signal may be reached already with 300 fb�1, while even with 3 ab�1 of integrated
luminosity will be a challenge to perform an observation with a single analysis. Alternatively,
combining the analysis with complementary final states should be sufficient for observation.
The reinterpreted analysis relies on small backgrounds which can be estimated with relatively
large uncertainties. This means that the result becomes dominated by systematic uncertainties
in large datasets, suggesting that a modified analysis strategy focusing on reduction of these
uncertainties will greatly improve the sensitivity.

Considering the sensitivity of tttt production to new physics scenarios in the top quark and
scalar sector, it is useful to consider how accurately the cross section can be measured with
the analyses, once sufficient integrated luminosity has been collected. Of course in the future
analysis techniques are also expected to improve, and dedicated analyses will surely improve
this sensitivity, but this is beyond the scope of this study. It is, however, important to keep
in mind that such a sensitivity study is less sensitive to systematic uncertainties on the back-
ground determination, while being more sensitive to the signal modelling uncertainties and
overall branching fraction and acceptance of the selection. The expected sensitivity on the tttt
cross section is listed in Tab. 5, and shows that measurements with 30% accuracy are possible
at the start of HL-LHC which can be reduced to the order 20% at the end of the HL-LHC data
taking, with a statistical uncertainty of 10% or less.

It is also possible to look further into the future, to the High-Energy LHC. At this point it is
a valid question to ask if any of the systematic uncertainty scenarios are reasonable, but the
statistical uncertainty should definitely still be possible to be assessed. At these time scales
changes in analysis strategy might allow analysis improvements that focus on the optimization
of the interplay between the statistical or systematic uncertainty. The process should at this
point already be observed, so Tab. 5 only lists the expected sensitivity to measure the tttt cross
section using 3 � 15 ab�1 of pp collision data at

p
s = 27 TeV.

EFT interpretation

The expected sensitivity on the tttt cross section as listed in Tab. 5 can be interpreted in an
effective field theory approach [16, 17]. The order-6 Effective-Field-Theory (EFT) Lagrangian
reads

LEFT = L
(4)
SM +

1
L Â

k
C(5)

k O
(5)
k +

1
L2 Â

k
C(6)

k O
(6)
k + o

✓
1

L2

◆
, (1)

where L
(4)
SM is the renormalizable standard model Lagrangian, O(n)

k denotes dim-n composite
operators, while C(n)

k are corresponding coupling parameters, which are called Wilson coeffi-
cients. Each term in the sum is suppressed by Ld�4 constant, where d is the scaling dimension

5

Results
Table 4: The expected significance of tttt signal over a background-only hypothesis in standard
deviations (s.d.), is given for various CMS upgrade scenarios for sqrt(s)=14 TeV.

Int. Luminosity Stat. only Run 2 YR18 YR18+
300 fb�1 4.09 2.71 2.85 2.93
3 ab�1 12.9 3.22 4.26 4.49

For the high luminosity LHC, the stat-only, S1+, S2+ and S2NF+ scenarios are considered at
a collision energy of 14 TeV. The assumed integrated luminosity is 3 ab�1. For reference, a
300 fb�1 scenario is also considered. The results are listed in Tab. 4 and Fig. 2, and show that
for the statistics-only case and for the optimistic scenarios (S2+ and S2NF+), the evidence for
the tttt signal may be reached already with 300 fb�1, while even with 3 ab�1 of integrated
luminosity will be a challenge to perform an observation with a single analysis. Alternatively,
combining the analysis with complementary final states should be sufficient for observation.
The reinterpreted analysis relies on small backgrounds which can be estimated with relatively
large uncertainties. This means that the result becomes dominated by systematic uncertainties
in large datasets, suggesting that a modified analysis strategy focusing on reduction of these
uncertainties will greatly improve the sensitivity.

Considering the sensitivity of tttt production to new physics scenarios in the top quark and
scalar sector, it is useful to consider how accurately the cross section can be measured with
the analyses, once sufficient integrated luminosity has been collected. Of course in the future
analysis techniques are also expected to improve, and dedicated analyses will surely improve
this sensitivity, but this is beyond the scope of this study. It is, however, important to keep
in mind that such a sensitivity study is less sensitive to systematic uncertainties on the back-
ground determination, while being more sensitive to the signal modelling uncertainties and
overall branching fraction and acceptance of the selection. The expected sensitivity on the tttt
cross section is listed in Tab. 5, and shows that measurements with 30% accuracy are possible
at the start of HL-LHC which can be reduced to the order 20% at the end of the HL-LHC data
taking, with a statistical uncertainty of 10% or less.

It is also possible to look further into the future, to the High-Energy LHC. At this point it is
a valid question to ask if any of the systematic uncertainty scenarios are reasonable, but the
statistical uncertainty should definitely still be possible to be assessed. At these time scales
changes in analysis strategy might allow analysis improvements that focus on the optimization
of the interplay between the statistical or systematic uncertainty. The process should at this
point already be observed, so Tab. 5 only lists the expected sensitivity to measure the tttt cross
section using 3 � 15 ab�1 of pp collision data at

p
s = 27 TeV.

EFT interpretation

The expected sensitivity on the tttt cross section as listed in Tab. 5 can be interpreted in an
effective field theory approach [16, 17]. The order-6 Effective-Field-Theory (EFT) Lagrangian
reads

LEFT = L
(4)
SM +

1
L Â

k
C(5)

k O
(5)
k +

1
L2 Â

k
C(6)

k O
(6)
k + o

✓
1

L2

◆
, (1)

where L
(4)
SM is the renormalizable standard model Lagrangian, O(n)

k denotes dim-n composite
operators, while C(n)

k are corresponding coupling parameters, which are called Wilson coeffi-
cients. Each term in the sum is suppressed by Ld�4 constant, where d is the scaling dimension

5

Results
Table 4: The expected significance of tttt signal over a background-only hypothesis in standard
deviations (s.d.), is given for various CMS upgrade scenarios for sqrt(s)=14 TeV.

Int. Luminosity Stat. only Run 2 YR18 YR18+
300 fb�1 4.09 2.71 2.85 2.93
3 ab�1 12.9 3.22 4.26 4.49

For the high luminosity LHC, the stat-only, S1+, S2+ and S2NF+ scenarios are considered at
a collision energy of 14 TeV. The assumed integrated luminosity is 3 ab�1. For reference, a
300 fb�1 scenario is also considered. The results are listed in Tab. 4 and Fig. 2, and show that
for the statistics-only case and for the optimistic scenarios (S2+ and S2NF+), the evidence for
the tttt signal may be reached already with 300 fb�1, while even with 3 ab�1 of integrated
luminosity will be a challenge to perform an observation with a single analysis. Alternatively,
combining the analysis with complementary final states should be sufficient for observation.
The reinterpreted analysis relies on small backgrounds which can be estimated with relatively
large uncertainties. This means that the result becomes dominated by systematic uncertainties
in large datasets, suggesting that a modified analysis strategy focusing on reduction of these
uncertainties will greatly improve the sensitivity.

Considering the sensitivity of tttt production to new physics scenarios in the top quark and
scalar sector, it is useful to consider how accurately the cross section can be measured with
the analyses, once sufficient integrated luminosity has been collected. Of course in the future
analysis techniques are also expected to improve, and dedicated analyses will surely improve
this sensitivity, but this is beyond the scope of this study. It is, however, important to keep
in mind that such a sensitivity study is less sensitive to systematic uncertainties on the back-
ground determination, while being more sensitive to the signal modelling uncertainties and
overall branching fraction and acceptance of the selection. The expected sensitivity on the tttt
cross section is listed in Tab. 5, and shows that measurements with 30% accuracy are possible
at the start of HL-LHC which can be reduced to the order 20% at the end of the HL-LHC data
taking, with a statistical uncertainty of 10% or less.

It is also possible to look further into the future, to the High-Energy LHC. At this point it is
a valid question to ask if any of the systematic uncertainty scenarios are reasonable, but the
statistical uncertainty should definitely still be possible to be assessed. At these time scales
changes in analysis strategy might allow analysis improvements that focus on the optimization
of the interplay between the statistical or systematic uncertainty. The process should at this
point already be observed, so Tab. 5 only lists the expected sensitivity to measure the tttt cross
section using 3 � 15 ab�1 of pp collision data at

p
s = 27 TeV.

EFT interpretation

The expected sensitivity on the tttt cross section as listed in Tab. 5 can be interpreted in an
effective field theory approach [16, 17]. The order-6 Effective-Field-Theory (EFT) Lagrangian
reads

LEFT = L
(4)
SM +

1
L Â

k
C(5)

k O
(5)
k +

1
L2 Â

k
C(6)

k O
(6)
k + o

✓
1

L2

◆
, (1)

where L
(4)
SM is the renormalizable standard model Lagrangian, O(n)

k denotes dim-n composite
operators, while C(n)

k are corresponding coupling parameters, which are called Wilson coeffi-
cients. Each term in the sum is suppressed by Ld�4 constant, where d is the scaling dimension

5

Results
Table 4: The expected significance of tttt signal over a background-only hypothesis in standard
deviations (s.d.), is given for various CMS upgrade scenarios for sqrt(s)=14 TeV.

Int. Luminosity Stat. only Run 2 YR18 YR18+
300 fb�1 4.09 2.71 2.85 2.93
3 ab�1 12.9 3.22 4.26 4.49

For the high luminosity LHC, the stat-only, S1+, S2+ and S2NF+ scenarios are considered at
a collision energy of 14 TeV. The assumed integrated luminosity is 3 ab�1. For reference, a
300 fb�1 scenario is also considered. The results are listed in Tab. 4 and Fig. 2, and show that
for the statistics-only case and for the optimistic scenarios (S2+ and S2NF+), the evidence for
the tttt signal may be reached already with 300 fb�1, while even with 3 ab�1 of integrated
luminosity will be a challenge to perform an observation with a single analysis. Alternatively,
combining the analysis with complementary final states should be sufficient for observation.
The reinterpreted analysis relies on small backgrounds which can be estimated with relatively
large uncertainties. This means that the result becomes dominated by systematic uncertainties
in large datasets, suggesting that a modified analysis strategy focusing on reduction of these
uncertainties will greatly improve the sensitivity.

Considering the sensitivity of tttt production to new physics scenarios in the top quark and
scalar sector, it is useful to consider how accurately the cross section can be measured with
the analyses, once sufficient integrated luminosity has been collected. Of course in the future
analysis techniques are also expected to improve, and dedicated analyses will surely improve
this sensitivity, but this is beyond the scope of this study. It is, however, important to keep
in mind that such a sensitivity study is less sensitive to systematic uncertainties on the back-
ground determination, while being more sensitive to the signal modelling uncertainties and
overall branching fraction and acceptance of the selection. The expected sensitivity on the tttt
cross section is listed in Tab. 5, and shows that measurements with 30% accuracy are possible
at the start of HL-LHC which can be reduced to the order 20% at the end of the HL-LHC data
taking, with a statistical uncertainty of 10% or less.

It is also possible to look further into the future, to the High-Energy LHC. At this point it is
a valid question to ask if any of the systematic uncertainty scenarios are reasonable, but the
statistical uncertainty should definitely still be possible to be assessed. At these time scales
changes in analysis strategy might allow analysis improvements that focus on the optimization
of the interplay between the statistical or systematic uncertainty. The process should at this
point already be observed, so Tab. 5 only lists the expected sensitivity to measure the tttt cross
section using 3 � 15 ab�1 of pp collision data at

p
s = 27 TeV.

EFT interpretation

The expected sensitivity on the tttt cross section as listed in Tab. 5 can be interpreted in an
effective field theory approach [16, 17]. The order-6 Effective-Field-Theory (EFT) Lagrangian
reads

LEFT = L
(4)
SM +

1
L Â

k
C(5)

k O
(5)
k +

1
L2 Â

k
C(6)

k O
(6)
k + o

✓
1

L2

◆
, (1)

where L
(4)
SM is the renormalizable standard model Lagrangian, O(n)

k denotes dim-n composite
operators, while C(n)

k are corresponding coupling parameters, which are called Wilson coeffi-
cients. Each term in the sum is suppressed by Ld�4 constant, where d is the scaling dimension

5

Results
Table 4: The expected significance of tttt signal over a background-only hypothesis in standard
deviations (s.d.), is given for various CMS upgrade scenarios for sqrt(s)=14 TeV.

Int. Luminosity Stat. only Run 2 YR18 YR18+
300 fb�1 4.09 2.71 2.85 2.93
3 ab�1 12.9 3.22 4.26 4.49

For the high luminosity LHC, the stat-only, S1+, S2+ and S2NF+ scenarios are considered at
a collision energy of 14 TeV. The assumed integrated luminosity is 3 ab�1. For reference, a
300 fb�1 scenario is also considered. The results are listed in Tab. 4 and Fig. 2, and show that
for the statistics-only case and for the optimistic scenarios (S2+ and S2NF+), the evidence for
the tttt signal may be reached already with 300 fb�1, while even with 3 ab�1 of integrated
luminosity will be a challenge to perform an observation with a single analysis. Alternatively,
combining the analysis with complementary final states should be sufficient for observation.
The reinterpreted analysis relies on small backgrounds which can be estimated with relatively
large uncertainties. This means that the result becomes dominated by systematic uncertainties
in large datasets, suggesting that a modified analysis strategy focusing on reduction of these
uncertainties will greatly improve the sensitivity.

Considering the sensitivity of tttt production to new physics scenarios in the top quark and
scalar sector, it is useful to consider how accurately the cross section can be measured with
the analyses, once sufficient integrated luminosity has been collected. Of course in the future
analysis techniques are also expected to improve, and dedicated analyses will surely improve
this sensitivity, but this is beyond the scope of this study. It is, however, important to keep
in mind that such a sensitivity study is less sensitive to systematic uncertainties on the back-
ground determination, while being more sensitive to the signal modelling uncertainties and
overall branching fraction and acceptance of the selection. The expected sensitivity on the tttt
cross section is listed in Tab. 5, and shows that measurements with 30% accuracy are possible
at the start of HL-LHC which can be reduced to the order 20% at the end of the HL-LHC data
taking, with a statistical uncertainty of 10% or less.

It is also possible to look further into the future, to the High-Energy LHC. At this point it is
a valid question to ask if any of the systematic uncertainty scenarios are reasonable, but the
statistical uncertainty should definitely still be possible to be assessed. At these time scales
changes in analysis strategy might allow analysis improvements that focus on the optimization
of the interplay between the statistical or systematic uncertainty. The process should at this
point already be observed, so Tab. 5 only lists the expected sensitivity to measure the tttt cross
section using 3 � 15 ab�1 of pp collision data at

p
s = 27 TeV.

EFT interpretation

The expected sensitivity on the tttt cross section as listed in Tab. 5 can be interpreted in an
effective field theory approach [16, 17]. The order-6 Effective-Field-Theory (EFT) Lagrangian
reads

LEFT = L
(4)
SM +

1
L Â

k
C(5)

k O
(5)
k +

1
L2 Â

k
C(6)

k O
(6)
k + o

✓
1

L2

◆
, (1)

where L
(4)
SM is the renormalizable standard model Lagrangian, O(n)

k denotes dim-n composite
operators, while C(n)

k are corresponding coupling parameters, which are called Wilson coeffi-
cients. Each term in the sum is suppressed by Ld�4 constant, where d is the scaling dimension



CMS l+jets and OS dileptons: strategy
• MC based simultaneous fit of a boosted 

decision tree, using MC shapes including full 
theory uncertainties (source: Powheg)
• BDT trained on kinematic, b-tagging and 

resolved top tagging information
• Lower tag multiplicity and jet multiplicity 7-8 

jets used to constrain (large) systematic 
uncertainties during simultaneous fit

• Strategy similar to simultaneous fits used for 
ttbar cross section

• Weakness: many systematic uncertainties 
driven by theory uncertainties such as tt+HF
via gluon splitting (largest), renormalization 
scale, etc
• Conservative choice of systematic 

uncertainties creates weak limit when little 
statistics in control region part of fit

• Plus: Method expected to gain precision with 
larger datasets when more statistics in control 
regions
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Ex: eμ/ee+jets BDT, split by jet multiplicity 
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Figure 12: Post-fit D
DL
tt tt distributions in the e+e� channel for events satisfying baseline

opposite-sign dilepton selection and (upper row) Nj = 4–5, N
m
tags = 2, �3, Nj = 6–7, N

m
tags = 2

and (lower row) Nj = 6–7, N
m
tags � 3, Nj � 8, N

m
tags = 2, �3. Dots represent data. Vertical

error bars show the statistical uncertainties in data. The post-fit background predictions are
shown as shaded histograms. Open boxes demonstrate the size of the pre-fit uncertainty in the
total background and are centered around the pre-fit expectation value of the prediction. The
hatched area shows the size of the post-fit uncertainty in the background prediction. The signal
histogram template is shown as a solid line. The lower panel shows the relative difference of
the observed number of events over the post-fit background prediction.



CMS l+jets and OS dileptons: results
• OS dilepton analysis has lack 

of tttt candidate events 
creating 0 fb limit (single 
lepton has some sensitivity) 

• Refitting improves also result 
2016 same-charge and 
multilepton and gives CMS 
grand combination for tttt
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SM tttt limits Expected (μ) Observed (μ) Expected (fb) Observed (fb) Signal 
strength (μ)

Signal 
strength (fb)

CMS 1L+OS2L 
36 fb-1 5.7 5.2 52 fb 48 fb 0+2.2 0+20 fb

CMS 2016 
combination  
36 fb-1

2.2 3.6 20 fb 33 fb 1.4+1.2
-1.0 13+11

-9 fb

ATLAS >=3L-
SS2L 36 fb-1 3.2 7.5 29 fb 69 fb
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only for such ratios. In the limit setting, SM kinematics of the tttt final state were assumed
and only rate information was utilized to calculate the constraints. Besides the NLO scale un-
certainty from the SM tttt NLO prediction, no further scale uncertainties were added because
other uncertainties on tttt production are already included in the experimental limit.

Independent limits were obtained under the assumption that only one operator contributes
to the tttt cross section with the coefficients of the other operators set to zero. The intervals
obtained are summarized in Table 5. More conservative estimates were obtained by marginal-
izing the contribution of other operators within the interval Ck/L2 2 [�4p, 4p], defined by the
stability of perturbation series. The corresponding limits are listed in Table 6. The results ob-
tained are only slightly weaker than independent constraints because of the small correlations
between the operators.

Table 5: Expected and observed 95% CL intervals for selected coupling parameters. The in-
tervals are extracted from upper limit on the tttt production cross section in the EFT model,
where only one selected operator has a nonvanishing contribution.

Operator Expected Ck/L2 (TeV�2) Observed (TeV�2)

O1
tt [�2.0, 1.8] [�2.1, 2.0]

O1
QQ [�2.0, 1.8] [�2.2, 2.0]

O1
Qt [�3.3, 3.2] [�3.5, 3.5]

O8
Qt [�7.3, 6.1] [�7.9, 6.6]

Table 6: Expected and observed 95% CL intervals for selected coupling parameters when con-
tribution of other operators is marginalized.

Operator Expected Ck/L2 (TeV�2) Observed (TeV�2)

O1
tt [�2.0, 1.9] [�2.2, 2.1]

O1
QQ [�2.0, 1.9] [�2.2, 2.0]

O1
Qt [�3.4, 3.3] [�3.7, 3.5]

O8
Qt [�7.4, 6.3] [�8.0, 6.8]

As shown in Tables 5 and 6, the data have highest sensitivity to the contribution of O1
tt and

O1
QQ. The allowed intervals for the coupling parameters are almost independent of the other

considered operators and stay stable after marginalization.

7 Summary
A search for standard model tttt production has been performed in final states with one or two
oppositely signed muons or electrons plus jets. The observed yields attributed to tttt produc-
tion are consistent with the background predictions. An upper limit at 95% confidence level
of 48 fb is set on the cross section for tttt production. Combining this result with a previous
same-sign dilepton and multilepton search [15] the resulting cross section is 13+ 11

� 9 fb with an
observed significance of 1.4 standard deviations. The combined result constitutes one of the

cross section limits interpreted in EFT 
for separate Wilson parameters (also 
2D) incl. marginalization over all other 
physical free parameter values 
Using EFT basis recommended by TOP 
LHCWG arxiv:1802.07237



ATLAS, l+jets and OS dileptons: method
• Dominant background is 

ttbar+bbbar+jets
• The additional jets are the main 

difference with ttH analysis 
strategies

• ATLAS derives tagging 
efficiencies in ttbar+2 jet 
dominated region, verifies in 
ttbar+3-4 jet region 

• extrapolates from ttbar+no
extra tags to ttbar+1/2 extra 
tags

• Signal region in ttbar+5 or more 
jets plus 1 or 2 extra b tags

• Includes category with top-
tagged large cone jets

• Misidentification leptons from 
QCD background is small and 
taken from data
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Table 1: Summary of preselection requirements for the single-lepton and dilepton channels. Here mW
T is the transverse

mass of the lepton and the Emiss
T vector, and m`` denotes the dilepton invariant mass in the ee and µµ channels.

Preselection requirements

Requirement Single-lepton Dilepton

Trigger Single-lepton triggers
Leptons 1 isolated 2 isolated, opposite-sign
Jets �5 jets �4 jets
b-tagged jets �2 b-tagged jets
Other Emiss

T > 20 GeV m`` > 50 GeV
Emiss

T + mW
T > 60 GeV |m`` � 91 GeV| > 8 GeV

from the associated production of a vector boson V (V = W, Z) or a Higgs boson and a tt̄ pair (tt̄ + V and
tt̄ + H) and from diboson (WW , W Z , Z Z) production. Multijet events contribute to the selected sample
via the misidentification of hadronic objects (jets, hadrons) as leptons or the presence of a non-prompt
electron or muon. These events are referred to as the “fake and non-prompt lepton” background in the
remainder of this paper.

MC simulation samples are used to model the expected distributions of the signal and most of the background
processes. The fake and non-prompt lepton background in the single-lepton channel is estimated with a
fully data-driven method. The tt̄+jets background, which is dominant in regions with very high jet and
b-jet multiplicities, is estimated via a dedicated data-driven method, with some correction factors taken
from the MC simulation, as described in Section 6. The MC samples were processed either through the
full ATLAS detector simulation [51] based on G����4 [52], or through a faster simulation making use of
parameterized showers in the calorimeters [53]. To model the e�ects of pileup, events from minimum-bias
interactions were generated using the P����� 8.186 [54] event generator and overlaid on the simulated
hard-scatter events according to the luminosity profile of the recorded data. All simulated samples were
processed through the same reconstruction algorithms and analysis chain as the data. In the simulation, the
top-quark mass was assumed to be mtop = 172.5 GeV. The heavy-flavor decays were modeled using the
E��G�� 1.2.0 [55] program, except for processes modeled using the S����� generator [56].

4.1 Signal modeling

Simulated events for the main signal process, i.e. the four-top-quark production with SM kinematics,
were generated at leading order (LO) with the M��G����5_aMC@NLO 2.2.2 [17] generator and the
NNPDF2.3 LO PDF set [57], interfaced to P����� 8.186 using the A14 set of tuned parameters [58], which
will be denoted in the following by A14 tune. The SM tt̄tt̄ sample is normalized to a cross section of 9.2 fb,
computed at NLO in QCD [17].

This search also probes a BSM model with kinematic characteristics similar to those of the SM tt̄tt̄ events:
the tt̄tt̄ production via an e�ective field theory involving a four-fermion contact interaction [10]. The EFT
tt̄tt̄ sample was generated at LO with the M��G����5_aMC@NLO 2.2.2 generator and the NNPDF2.3 LO
PDF set, interfaced to P����� 8.186 with the A14 tune. It is normalized assuming |C4t |/⇤

2 = 4⇡ TeV�2,
where C4t denotes the coupling constant and ⇤ the energy scale of new physics, which yields a cross

6

The following regions are defined to be orthogonal using the classification described above: 20 “signal
regions,” 16 “validation regions,” 18 “source regions” and 2 “e�ciency extraction regions,” as shown in
Figure 1.
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Figure 1: Schematic view of the di�erent analysis regions in (a) the single-lepton and (b) the dilepton channels. The
three axes represent the jet multiplicity, the b-tagged jet multiplicity and the mass-tagged RCLR jet multiplicity. The
e�ciency extraction region in each channel is defined inclusively in the mass-tagged RCLR jet multiplicity.

Twelve regions in the single-lepton channel and eight regions in the dilepton channel with the largest
signal-to-background ratios (up to 5.7% in the single-lepton channel and 7.0% in the dilepton channel),
assuming SM tt̄tt̄ production cross section and kinematics, are referred to as signal regions. These regions
are included in the simultaneous fit to extract the signal cross section and have high jet multiplicities (�9j
and �7j for single-lepton and dilepton respectively) and high b-tagged jet multiplicities (�3b). Since events
from the main tt̄+jets background are characterized by at most one hadronically decaying top quark in the
single-lepton channel and no hadronically decaying top quarks in the dilepton channel, the signal regions
are split into 0, 1 and �2J in the single-lepton case, and into 0 and �1J in the dilepton case.

Twelve validation regions in the single-lepton channel and four validation regions in the dilepton channel
are defined. These regions do not overlap with the signal region selections and feature low expected
signal-to-background ratios (less than 1%). They are not included in the fit nor used to extract information
from the data. These regions are designed primarily to validate the data-driven estimate of the tt̄+jets
background (introduced in Section 6) and to confirm the validity of the assumption that the tt̄+jets
data-driven estimate can be extrapolated to the signal regions. The validation regions in the single-lepton
channel contain exactly seven or exactly eight jets of which three or at least four are b-tagged. In the
dilepton channel, the validation regions have exactly six jets of which three or at least four are b-tagged.
In each of the two channels these validation regions are split according to the mass-tagged RCLR jet
multiplicity in the same way as the corresponding signal regions.

With the goal of estimating the tt̄+jets background in the signal regions, data events with lower jet and/or
b-jet multiplicities are used in the data-driven method described in Section 6. The 18 source regions are
built using events with high jet multiplicity: 7, 8, 9, �10 for the single-lepton channel and 6, 7, �8 for
the dilepton channel, out of which exactly 2 jets are b-tagged. They are used to build pseudo-data event
samples in the signal and validation regions with same jet multiplicities but higher number of b-tagged
jets. E�ciency extraction regions are characterized by lower jet multiplicities: five or six jets for the
single-lepton channel and four or five for the dilepton channel, out of which 2, 3 or �4 are b-tagged. They

9

Method identical in OS dileptons
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Table 1: Summary of preselection requirements for the single-lepton and dilepton channels. Here mW
T is the transverse

mass of the lepton and the Emiss
T vector, and m`` denotes the dilepton invariant mass in the ee and µµ channels.

Preselection requirements

Requirement Single-lepton Dilepton

Trigger Single-lepton triggers
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Jets �5 jets �4 jets
b-tagged jets �2 b-tagged jets
Other Emiss

T > 20 GeV m`` > 50 GeV
Emiss
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T > 60 GeV |m`` � 91 GeV| > 8 GeV

from the associated production of a vector boson V (V = W, Z) or a Higgs boson and a tt̄ pair (tt̄ + V and
tt̄ + H) and from diboson (WW , W Z , Z Z) production. Multijet events contribute to the selected sample
via the misidentification of hadronic objects (jets, hadrons) as leptons or the presence of a non-prompt
electron or muon. These events are referred to as the “fake and non-prompt lepton” background in the
remainder of this paper.

MC simulation samples are used to model the expected distributions of the signal and most of the background
processes. The fake and non-prompt lepton background in the single-lepton channel is estimated with a
fully data-driven method. The tt̄+jets background, which is dominant in regions with very high jet and
b-jet multiplicities, is estimated via a dedicated data-driven method, with some correction factors taken
from the MC simulation, as described in Section 6. The MC samples were processed either through the
full ATLAS detector simulation [51] based on G����4 [52], or through a faster simulation making use of
parameterized showers in the calorimeters [53]. To model the e�ects of pileup, events from minimum-bias
interactions were generated using the P����� 8.186 [54] event generator and overlaid on the simulated
hard-scatter events according to the luminosity profile of the recorded data. All simulated samples were
processed through the same reconstruction algorithms and analysis chain as the data. In the simulation, the
top-quark mass was assumed to be mtop = 172.5 GeV. The heavy-flavor decays were modeled using the
E��G�� 1.2.0 [55] program, except for processes modeled using the S����� generator [56].

4.1 Signal modeling

Simulated events for the main signal process, i.e. the four-top-quark production with SM kinematics,
were generated at leading order (LO) with the M��G����5_aMC@NLO 2.2.2 [17] generator and the
NNPDF2.3 LO PDF set [57], interfaced to P����� 8.186 using the A14 set of tuned parameters [58], which
will be denoted in the following by A14 tune. The SM tt̄tt̄ sample is normalized to a cross section of 9.2 fb,
computed at NLO in QCD [17].

This search also probes a BSM model with kinematic characteristics similar to those of the SM tt̄tt̄ events:
the tt̄tt̄ production via an e�ective field theory involving a four-fermion contact interaction [10]. The EFT
tt̄tt̄ sample was generated at LO with the M��G����5_aMC@NLO 2.2.2 generator and the NNPDF2.3 LO
PDF set, interfaced to P����� 8.186 with the A14 tune. It is normalized assuming |C4t |/⇤

2 = 4⇡ TeV�2,
where C4t denotes the coupling constant and ⇤ the energy scale of new physics, which yields a cross
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The following regions are defined to be orthogonal using the classification described above: 20 “signal
regions,” 16 “validation regions,” 18 “source regions” and 2 “e�ciency extraction regions,” as shown in
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Figure 1: Schematic view of the di�erent analysis regions in (a) the single-lepton and (b) the dilepton channels. The
three axes represent the jet multiplicity, the b-tagged jet multiplicity and the mass-tagged RCLR jet multiplicity. The
e�ciency extraction region in each channel is defined inclusively in the mass-tagged RCLR jet multiplicity.

Twelve regions in the single-lepton channel and eight regions in the dilepton channel with the largest
signal-to-background ratios (up to 5.7% in the single-lepton channel and 7.0% in the dilepton channel),
assuming SM tt̄tt̄ production cross section and kinematics, are referred to as signal regions. These regions
are included in the simultaneous fit to extract the signal cross section and have high jet multiplicities (�9j
and �7j for single-lepton and dilepton respectively) and high b-tagged jet multiplicities (�3b). Since events
from the main tt̄+jets background are characterized by at most one hadronically decaying top quark in the
single-lepton channel and no hadronically decaying top quarks in the dilepton channel, the signal regions
are split into 0, 1 and �2J in the single-lepton case, and into 0 and �1J in the dilepton case.

Twelve validation regions in the single-lepton channel and four validation regions in the dilepton channel
are defined. These regions do not overlap with the signal region selections and feature low expected
signal-to-background ratios (less than 1%). They are not included in the fit nor used to extract information
from the data. These regions are designed primarily to validate the data-driven estimate of the tt̄+jets
background (introduced in Section 6) and to confirm the validity of the assumption that the tt̄+jets
data-driven estimate can be extrapolated to the signal regions. The validation regions in the single-lepton
channel contain exactly seven or exactly eight jets of which three or at least four are b-tagged. In the
dilepton channel, the validation regions have exactly six jets of which three or at least four are b-tagged.
In each of the two channels these validation regions are split according to the mass-tagged RCLR jet
multiplicity in the same way as the corresponding signal regions.

With the goal of estimating the tt̄+jets background in the signal regions, data events with lower jet and/or
b-jet multiplicities are used in the data-driven method described in Section 6. The 18 source regions are
built using events with high jet multiplicity: 7, 8, 9, �10 for the single-lepton channel and 6, 7, �8 for
the dilepton channel, out of which exactly 2 jets are b-tagged. They are used to build pseudo-data event
samples in the signal and validation regions with same jet multiplicities but higher number of b-tagged
jets. E�ciency extraction regions are characterized by lower jet multiplicities: five or six jets for the
single-lepton channel and four or five for the dilepton channel, out of which 2, 3 or �4 are b-tagged. They
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Figure 2: (a, b) The jet multiplicity and (c, d) the b-jet multiplicity distributions after preselection for the total
predicted background with the tt̄+jets background estimated via MC simulation (shaded histogram) and the signal
scenarios considered in this search in the single-lepton (a, c) and the dilepton (b, d) channels. The signals shown
correspond to four-top-quark production with SM kinematics (solid) and tt̄tt̄ production involving a four-fermion
contact interaction (dashed). The distributions are normalized to unit area. The last bin in each distribution contains
the overflow.
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ATLAS, l+jets and OS dileptons: Results

• Data-driven backgrounds plus 
binned simultaneous fit to HT 

• Results are compared to NLO 
QCD σtttt = 9.2 +2.9

-2.4 (scale) +/-
0.5 (pdf) fb 

• EFT interpretation set uppper
limits on scale of BSM

|Ctttt|/Λ2 < 1.9 TeV-2

• Combination with SS/multilepton 
result provided, lowers upper 
limit σtttt to 21 fb 
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Figure 8: Comparison between data and prediction of the Hhad
T distributions in the dilepton signal regions after

the combined fit to data in both the single-lepton and dilepton channels. The tt̄+jets background is estimated with
the data-driven method. The tt̄ + V and tt̄ + H processes are denoted tt̄ + H/V . Contributions from W/Z+jets,
single-top, diboson and multijet backgrounds are combined into a single background source referred to as “Non-tt̄”.
The hashed area represents the combined statistical and systematic uncertainties of the prediction. The last bin in all
figures contains the overflow. The lower panel shows the ratio between the data and the total prediction, including the
SM tt̄tt̄ signal scaled by the best-fit signal strength. An arrow indicates that the point is o�-scale.
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Single lepton has analogue distributions

SM tttt limits
(σtttt = 9.2 fb)

Expected 
limit (μ)

Observed 
limit (μ)

Expected 
limit (fb)

Observed 
limit (fb)

Signal 
strength (μ)

Cross section 
(fb)

ATLAS 1L-
OS2L 36 fb-1 3.6 5.1 33 fb 47 fb 1.7 +1.9 

-1.7 15.6+17.5
-15.6
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Figure 8: Comparison between data and prediction of the Hhad
T distributions in the dilepton signal regions after

the combined fit to data in both the single-lepton and dilepton channels. The tt̄+jets background is estimated with
the data-driven method. The tt̄ + V and tt̄ + H processes are denoted tt̄ + H/V . Contributions from W/Z+jets,
single-top, diboson and multijet backgrounds are combined into a single background source referred to as “Non-tt̄”.
The hashed area represents the combined statistical and systematic uncertainties of the prediction. The last bin in all
figures contains the overflow. The lower panel shows the ratio between the data and the total prediction, including the
SM tt̄tt̄ signal scaled by the best-fit signal strength. An arrow indicates that the point is o�-scale.
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Single lepton has analogue distributions

SM tttt limits
(σtttt = 9.2 fb)

Expected 
limit (μ)

Observed 
limit (μ)

Expected 
limit (fb)

Observed 
limit (fb)

Signal 
strength (μ)

Cross section 
(fb)

ATLAS 1L-
OS2L 36 fb-1 3.6 5.1 33 fb 47 fb 1.7 +1.9 

-1.7 15.6+17.5
-15.6
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Figure 9: (a) Summary of the 95% C.L. upper limits on �(tt̄tt̄) relative to the SM prediction in the individual channels
and for the combination. The observed limits (solid black lines) are shown together with the expected limits in the
background-only hypothesis (dashed black lines) and in the SM signal-plus-background hypothesis case (dashed
red lines). One- and two-standard-deviation uncertainty bands around the expected limits in the background-only
hypothesis are also shown. (b) Summary of the signal-strength measurements in the individual channels and for
the combination. The statistical uncertainties are evaluated from a fit to the data performed with all the nuisance
parameters associated with systematic uncertainties fixed to their post-fit values from the nominal fit.

9 Summary

A search for four-top-quark production in the single-lepton and opposite-sign dilepton channels is presented.
The analyzed data sample consists of 36.1 fb�1 of proton–proton collisions at

p
s = 13 TeV collected with

the ATLAS detector at the Large Hadron Collider during 2015 and 2016. In order to improve the sensitivity
of the search, events are categorized according to their jet, b-tagged jet and mass-tagged reclustered large-R
jet multiplicities. No significant excess of events above the SM background expectation is found. For the
four-top-quark Standard Model production, an observed (expected) 95% C.L. upper limit on the production
cross section of 47 fb (33 fb), corresponding to 5.1 (3.6) times the SM prediction, is obtained. The result is
combined with the same-sign dilepton and multilepton final-states search carried out by ATLAS [20] and
an observed (expected) upper limit of 49 fb (19 fb), corresponding to 5.3 (2.1) times the SM prediction
is obtained at 95% C.L. Additionally, in the case of four-top-quark production via an EFT model with a
four-top-quark contact interaction, a combined observed (expected) 95% C.L. upper limit on the production
cross section of 21 fb (15 fb) is obtained.
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CMS SS/multi-leptons: strategy
• Analysis in same-charge and 

multileptons
• So dominated by ttH, ttZ/ttW and 

misidentification backgrounds
• Uses simultaneous fit in multiple 

lepton flavours and b-tag, jet 
categories 
• Dominant uncertainties:

• modelling of SM backgrounds
• Data-driven charge-

misidentification estimates
• knowledge heavy flavour tt+HF

• Boosted Decision tree to get 
optimal sensitivity

• Substantial improvement over 
cut-and-count approach but is 
available for recasting tools
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CMS SS/multi-leptons: results
• Significance of BDT analysis has 2.6 standard 

deviations significance (2.7 expected) over 
background-only hypothesis!
• Combination with other channels planned – stay 

tuned
• Although not “officially” significant yet, main result  is 

σtttt with about 45% uncertainty
• Agrees well within uncertainties with NLO QCD+EWK 

value of σtttt=12.0+2.2
-2.5 fb (Frederix et al arXiv:1711.02116)
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SM tttt limits Expected 
limit (μ)

Observed 
limit (μ)

Expected 
limit (fb)

Observed 
limit (fb)

Signal 
strength (μ)

Cross section 
(fb)

CMS 
SS2L+>=3L 
137 fb-1

22.5 fb 12.6 +5.8 
– 5.2fb



CMS SS/multi-leptons: interpretation yt
• About 20% of tttt production 

diagrams contain H, and yt
has substantial influence on 
value σtttt

• σtttt= 12.6 +5.8 
– 5.2fb 

measurement used 
according to Cao et al, 
arXiv:1602.01934

• ttH is included in background 
so scaling is not obvious
• Most conservative scenario  

|yt/yt
SM| < 1.7 at 95% C.L.
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1 Introduction
The production of four top quarks (tttt) is a rare standard model (SM) process, with a predicted
cross section of s(pp ! tttt) = 12.0+2.2

�2.5 fb in proton-proton (pp) collisions at a center-of-mass
energy of 13 TeV, as calculated at next-to-leading-order (NLO) accuracy for both quantum chro-
modynamics and electroweak interactions [1]. Representative leading-order (LO) Feynman
diagrams for SM production of tttt are shown in Fig. 1.

g

g

t

t̄

t̄

t

g

g

HHH

t

t̄

t̄

t

Figure 1: Typical Feynman diagrams for tttt production at leading order in the SM.

The tttt cross section can be used to constrain the magnitude and CP properties of the Yukawa
coupling of the top quark to the Higgs boson [2, 3]. Moreover, tttt production can be signifi-
cantly enhanced by beyond-the-SM (BSM) particles and interactions. New particles coupled to
the top quark, such as heavy scalar and pseudoscalar bosons predicted in Type-II two-Higgs-
doublet models (2HDM) [4–6] and by simplified models of dark matter (DM) [7, 8], can con-
tribute to s(pp ! tttt) when their masses are larger than twice the mass of the top quark, with
diagrams similar to Fig. 1 (right). Additionally, less massive particles can enhance s(pp ! tttt)
via off-shell contributions [9]. In the model-independent framework of SM effective field the-
ory, four-fermion couplings [10], as well as a modifier to the Higgs boson propagator [11],
can be constrained through a measurement of s(pp ! tttt). Conversely, models with new
particles with masses on the order of 1 TeV, such as gluino pair production in the framework
of supersymmetry [12–21], are more effectively probed through studies of tttt production in
boosted events or by requiring very large imbalances in momentum.

Each top quark primarily decays to a bottom quark and a W boson, and each W boson decays
to either leptons or quarks. As a result, the tttt final state contains jets mainly from the hadron-
ization of light (u, d, s, c) quarks (light-flavor jets) and b quarks (b jets), and can also contain
isolated charged leptons and missing transverse momentum arising from emitted neutrinos.
Final states with either two same-sign leptons or at least three leptons, considering W ! `n
(` = e or µ) and including leptonic decays of t leptons, correspond to a combined branch-
ing fraction of approximately 12% [22]. The relatively low levels of background make these
channels the most sensitive to tttt events produced with SM-like kinematic properties [23].

Previous searches for tttt production in 13 TeV pp collisions were performed by the ATLAS [24,
25] and CMS [23, 26, 27] Collaborations. The most sensitive results, based on an integrated lu-
minosity of approximately 36 fb�1 collected by each experiment, led to cross section measure-
ments of 28.5+12

�11 fb with an observed (expected) significance of 2.8 (1.0) standard deviations by
ATLAS [25], and 13+11

�9 fb with an observed (expected) significance of 1.4 (1.1) standard devia-
tions by CMS [23], both consistent with the SM prediction.

The analysis described in this paper improves upon the CMS search presented in Ref. [27], and
supersedes the results, by taking advantage of upgrades to the CMS detector and by optimiz-
ing the definitions of the signal regions for the integrated luminosity of 137 fb�1. The reference
cross section for SM tttt , 12.0+2.2

�2.5 fb, used to determine the expected statistical significance of



CMS SS/multi-leptons: interpretation other BSM

• Treat SM tttt as background 
see how BSM tttt Z’ (or ɸ) 
enhances gives competitive 
limits at low masses 

• Complementary to high mass 
ttbar resonance searches and 
competitive to  direct 
searches sensitive to SM 
interference/spectrum 
modifications
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• 2HDM (type II) limits on scalar and pseudoscalar



Other indirect yt measurements: 
ttbar differential cross section

• Top quark pair production at 
threshold is sensitive to 
exchanges virtual particles 
including H

• Precision differential 
measurements can indirectly 
constrain top Yukawa this way

• CMS uses full reconstruction of 
top quark pair system and 
interprets kinematics (rapidity, 
pT, invariant mass, jet 
multiplicity) of top quark pairs 
in lepton+jets channel to 
compare to yt

• Results: 
• |yt/yt

SM|=1.07+0.34
−0.43

• Upper limit |yt/yt
SM| < 1.67 

(95% CL)
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New ATLAS result: 
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• Basic selection
• 2 same sign charged leptons 
• OR >= 3 charged leptons
• >=4 jets, >=1 b-jets

• Backgrounds come from top quark pair 
production + extra objects 

• Possible to gain extra leptons from jets 
mimicking leptons 
• ”fake” background determined in side band

• Shapes determined from simulation
• Free parameters:

• Fake electron from HF
• Fake muon from HF
• Material conversions
• Internal conversions

• ttW production known to be poorly 
normalized in simulation so left free when 
fitting data

Fresh off the press! 

First shown 2 weeks ago at LHCP2020



New ATLAS result: 
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• Signal region, SS/ML plus:
• >=6 jets, >= b-jets, HT>500 GeV

• Train BDT to separate signal 
from background

• Simultaneous fit to BDT and 
control regions for backgrounds 
not-so-well modeled by 
simulation 

• Cross section: 24 +7
-6 fb

• Significance: 4.3 σ observed
• Significance: 2.4 σ expected
• Consistent with the SM prediction at 1.7 σ

Fresh off the press! 

First shown 2 weeks ago at LHCP2020



What about four-tops in the future?
• ATLAS projection includes a full analysis for 3 

ab-1 at HL-LHC (sqrt(s)=14 TeV) in SS 
dilepton/multileptons
• Includes simultaneous fit in multiple tag/jet 

multiplicity categories, discriminating variable 
HT

• CMS projection is scale-up of 2016 SS 
dilepton/multilepton counting experiment 
analysis for HL-LHC and HE-LHC
• Includes EFT projections and various scenarios 

regarding systematic uncertainties also 
expected cross section uncertainties at HE-
LHC 

• 1% exp. uncert. on xsec with full HE-LHC 
sample 

• General conclusion: need about 300 fb-1 to 
get statistical significance up to 5 sigma 
depending complexity analysis

• Systematic uncertainties depend on 
experiment
• ATLAS binned likelihood fit: not very 

important
• CMS counting experiment: become important 

at large integrated luminosities
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Projections SS dileptons/multileptons: 
ATLAS ATL-PHYS-PUB-2018-047
CMS PAS FTR-18-031
See also the HL-LHC/HE-LHC Yellow Reports

Int.Lumi at HL-LHC ATLAS 
(shape analysis)

CMS 
(counting exp in 
categories)

300 fb-1 5 s.d. signficance Stat uncertainty 
4 s.d. significance
(deterioration with 
syst uncertainties) 

3 ab-1 Uncertainty xsec 11% 
(dominated by 
stat.uncertainty)

Uncertainty xsec 9% 
(stat only) to 28% 
(current 
syst.uncertainties) 
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Summary

Expected 
limit (μ)

Observed limit 
(μ)

Expected 
limit (fb)

Observed limit 
(fb)

Signal strength (μ) Cross section (fb)

ATLAS 1L-OS2L 36 
fb-1 3.6 5.1 33 fb 47 fb 1.7 +1.9 -1.7 15.6+17.5-15.6 fb

CMS combination  
36 fb-1 2.2 3.6 20 fb 33 fb 1.4+1.2 -1.0 13+11-9 fb

CMS >=3L-SS2L 
137 fb-1 22.5 fb 12.6 +5.8 – 5.2fb

ATLAS >=3L-SS2L 
137 fb-1 2.0+1.2 -1.0 ((stat) +0.7 – 0.5 (syst) 24 +7– 6 fb

• With large LHC Run 2 dataset, ATLAS sees first observation of production 
of four top quarks!

• Evidence of 4.3 standard deviations observed 
(2.4 standard deviations expected significance)

• With similar size dataset, CMS had 2.6 standard deviations excess in 2019 
(2.7 standard deviations expected significance)
• measurement of Δσtttt /σtttt≈45% means CMS could constrain |yt/ytSM| < 1.7 

at 95% C.L.
• Collaborations are interpreting σtttt beyond just the SM value, in EFT and various 

BSM models
• HL-LHC: single channel observation possible at 5 standard deviations (in 

multilepton/SS dilepton channel) with 10%ish uncertainties on σtttt

Production of four top quarks is being actively examined by ATLAS and CMS collaboration. 
σtttt in SM (NLO QCD+EWK) 12 fb, and very sensitive to modifications from BSM 



Many more high multiplicity top 
physics results in the future

Thanks 
for your 

attention


