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Introduction
The interplay between top quark measurements and searches is 
essential to fully explore avenues for new physics

1. “Classic” SM top cross-section measurements have played a key 
role to understanding tt backgrounds

2. The top Yukawa coupling can be  
measured at tree-level in ttH →  
important for understanding EW  
symmetry breaking & sensitive to  
new physics

3. Strong motivation (naturalness) for 
top partner searches:  
vector-like quarks, SUSY stop  
(including “stealth” stop)
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Measurements → Searches
Study the fraction of 
dilepton tt events that do 
not contain an additional 
central rapidity jet
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step size in Q0 and Qsum was chosen to be commensurate
with the jet energy resolution. The results are corrected to
the particle level as described in Sect. 6.

The measured gap fraction as a function of Q0 is com-
pared with the predictions from the multi-leg LO and NLO
generators in Fig. 4. In general, all these generators are
found to give a reasonable description of the data if the
veto is applied to jets in the full rapidity interval, |y| < 2.1
(Fig. 4(d)). The difference between the MC@NLO and
POWHEG predictions is similar to the precision achieved in
the measurement and as such the measurement is probing
the different approaches to NLO plus parton-shower event
generation.

In the most central rapidity interval, |y| < 0.8, the gap
fraction predicted by MC@NLO is too large (Fig. 4(a)).
The tendency of MC@NLO to produce fewer jets than
ALPGEN at central rapidity has been discussed in the lit-
erature [33] and the measurement presented here is sensitive
to this difference. In the most forward rapidity interval, none
of the predictions agrees with the data for all values of Q0
(Fig. 4(c)). In particular, although MC@NLO, POWHEG,
ALPGEN and SHERPA produce similar predictions, the gap
fraction is too small, implying that too much jet activity is
produced by these event generators in the forward rapidity
region.

The predictions from the ACERMC generator with the
variations of the PYTHIA parton shower parameters are
compared to the data in Fig. 5 and are found to be in poor
agreement with the data. The spread of the predicted gap

fraction due to the parameter variations is found to be much
larger than the experimental uncertainty, indicating that the
variations can be significantly reduced in light of the mea-
surement presented in this article.

The measured gap fraction as a function of Qsum is com-
pared with the multi-leg LO and NLO generators in Fig. 6.
The gap fraction is lower than for the case of the Q0 vari-
able, demonstrating that the measurement is probing quark
and gluon radiation beyond the first emission. As expected,
the largest change in the gap fraction occurs when jets are
vetoed in the full rapidity interval, |y| < 2.1. However, the
difference between the data and each theoretical prediction
is found to be similar to the Q0 case. This implies that, for
this variable, the parton shower approximations used for the
subsequent emissions in MC@NLO and POWHEG are per-
forming as well as the LO approximations used in ALPGEN

and SHERPA.
The gap fraction is a ratio of cross sections and all the

events are used to evaluate this ratio at each value of Q0 or
Qsum. This means that there is a statistical correlation be-
tween the measured gap fraction values in each rapidity in-
terval. The correlation matrix is shown in Fig. 7 for the gap
fraction at different values of Q0 for the |y| < 2.1 rapidity
region. Neighbouring Q0 points have a significant correla-
tion, whereas well separated Q0 points are less correlated.

The measured values of the gap fraction at Q0 = 25,
75 and 150 GeV are presented in Table 2 for the differ-
ent rapidity intervals used to veto jet activity. The statisti-
cal correlations between these measurements and the pre-

Fig. 5 The measured gap fraction as a function of Q0 for (a) |y| < 0.8
and (b) |y| < 2.1 is compared with the prediction from the ACERMC
generator, where different settings of the PYTHIA parton shower pa-

rameters are used to produce samples with nominal, increased and de-
creased initial state radiation (ISR). The data and theory predictions
are represented in the same way as in Fig. 4
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step size in Q0 and Qsum was chosen to be commensurate
with the jet energy resolution. The results are corrected to
the particle level as described in Sect. 6.

The measured gap fraction as a function of Q0 is com-
pared with the predictions from the multi-leg LO and NLO
generators in Fig. 4. In general, all these generators are
found to give a reasonable description of the data if the
veto is applied to jets in the full rapidity interval, |y| < 2.1
(Fig. 4(d)). The difference between the MC@NLO and
POWHEG predictions is similar to the precision achieved in
the measurement and as such the measurement is probing
the different approaches to NLO plus parton-shower event
generation.

In the most central rapidity interval, |y| < 0.8, the gap
fraction predicted by MC@NLO is too large (Fig. 4(a)).
The tendency of MC@NLO to produce fewer jets than
ALPGEN at central rapidity has been discussed in the lit-
erature [33] and the measurement presented here is sensitive
to this difference. In the most forward rapidity interval, none
of the predictions agrees with the data for all values of Q0
(Fig. 4(c)). In particular, although MC@NLO, POWHEG,
ALPGEN and SHERPA produce similar predictions, the gap
fraction is too small, implying that too much jet activity is
produced by these event generators in the forward rapidity
region.

The predictions from the ACERMC generator with the
variations of the PYTHIA parton shower parameters are
compared to the data in Fig. 5 and are found to be in poor
agreement with the data. The spread of the predicted gap

fraction due to the parameter variations is found to be much
larger than the experimental uncertainty, indicating that the
variations can be significantly reduced in light of the mea-
surement presented in this article.

The measured gap fraction as a function of Qsum is com-
pared with the multi-leg LO and NLO generators in Fig. 6.
The gap fraction is lower than for the case of the Q0 vari-
able, demonstrating that the measurement is probing quark
and gluon radiation beyond the first emission. As expected,
the largest change in the gap fraction occurs when jets are
vetoed in the full rapidity interval, |y| < 2.1. However, the
difference between the data and each theoretical prediction
is found to be similar to the Q0 case. This implies that, for
this variable, the parton shower approximations used for the
subsequent emissions in MC@NLO and POWHEG are per-
forming as well as the LO approximations used in ALPGEN

and SHERPA.
The gap fraction is a ratio of cross sections and all the

events are used to evaluate this ratio at each value of Q0 or
Qsum. This means that there is a statistical correlation be-
tween the measured gap fraction values in each rapidity in-
terval. The correlation matrix is shown in Fig. 7 for the gap
fraction at different values of Q0 for the |y| < 2.1 rapidity
region. Neighbouring Q0 points have a significant correla-
tion, whereas well separated Q0 points are less correlated.

The measured values of the gap fraction at Q0 = 25,
75 and 150 GeV are presented in Table 2 for the differ-
ent rapidity intervals used to veto jet activity. The statisti-
cal correlations between these measurements and the pre-

Fig. 5 The measured gap fraction as a function of Q0 for (a) |y| < 0.8
and (b) |y| < 2.1 is compared with the prediction from the ACERMC
generator, where different settings of the PYTHIA parton shower pa-

rameters are used to produce samples with nominal, increased and de-
creased initial state radiation (ISR). The data and theory predictions
are represented in the same way as in Fig. 4

tt differential cross sections
_ _

Jet multiplicity dependence

Dependence on pT(tt)
JHEP 01 (2015) 020

Phys. Rev. D90 (2014) 072004
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Figure 6. The tt̄ cross-section as a function of the jet multiplicity for the average of the elec-
tron and muon channels for the jet pT thresholds (a) 25, (b) 40, (c) 60, and (d) 80 GeV.
The data are shown in comparison to different NLO ME generators POWHEG+PYTHIA,
POWHEG(hdamp)+PYTHIA, MC@NLO+HERWIG and to the best predictions of the LO multi-
leg generators, ALPGEN+PYTHIA (αS down). The data points and their corresponding total
statistical and systematic uncertainties added in quadrature is shown as a shaded band. The MC
predictions are shown with their statistical uncertainty.
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step size in Q0 and Qsum was chosen to be commensurate
with the jet energy resolution. The results are corrected to
the particle level as described in Sect. 6.

The measured gap fraction as a function of Q0 is com-
pared with the predictions from the multi-leg LO and NLO
generators in Fig. 4. In general, all these generators are
found to give a reasonable description of the data if the
veto is applied to jets in the full rapidity interval, |y| < 2.1
(Fig. 4(d)). The difference between the MC@NLO and
POWHEG predictions is similar to the precision achieved in
the measurement and as such the measurement is probing
the different approaches to NLO plus parton-shower event
generation.

In the most central rapidity interval, |y| < 0.8, the gap
fraction predicted by MC@NLO is too large (Fig. 4(a)).
The tendency of MC@NLO to produce fewer jets than
ALPGEN at central rapidity has been discussed in the lit-
erature [33] and the measurement presented here is sensitive
to this difference. In the most forward rapidity interval, none
of the predictions agrees with the data for all values of Q0
(Fig. 4(c)). In particular, although MC@NLO, POWHEG,
ALPGEN and SHERPA produce similar predictions, the gap
fraction is too small, implying that too much jet activity is
produced by these event generators in the forward rapidity
region.

The predictions from the ACERMC generator with the
variations of the PYTHIA parton shower parameters are
compared to the data in Fig. 5 and are found to be in poor
agreement with the data. The spread of the predicted gap

fraction due to the parameter variations is found to be much
larger than the experimental uncertainty, indicating that the
variations can be significantly reduced in light of the mea-
surement presented in this article.

The measured gap fraction as a function of Qsum is com-
pared with the multi-leg LO and NLO generators in Fig. 6.
The gap fraction is lower than for the case of the Q0 vari-
able, demonstrating that the measurement is probing quark
and gluon radiation beyond the first emission. As expected,
the largest change in the gap fraction occurs when jets are
vetoed in the full rapidity interval, |y| < 2.1. However, the
difference between the data and each theoretical prediction
is found to be similar to the Q0 case. This implies that, for
this variable, the parton shower approximations used for the
subsequent emissions in MC@NLO and POWHEG are per-
forming as well as the LO approximations used in ALPGEN

and SHERPA.
The gap fraction is a ratio of cross sections and all the

events are used to evaluate this ratio at each value of Q0 or
Qsum. This means that there is a statistical correlation be-
tween the measured gap fraction values in each rapidity in-
terval. The correlation matrix is shown in Fig. 7 for the gap
fraction at different values of Q0 for the |y| < 2.1 rapidity
region. Neighbouring Q0 points have a significant correla-
tion, whereas well separated Q0 points are less correlated.

The measured values of the gap fraction at Q0 = 25,
75 and 150 GeV are presented in Table 2 for the differ-
ent rapidity intervals used to veto jet activity. The statisti-
cal correlations between these measurements and the pre-

Fig. 5 The measured gap fraction as a function of Q0 for (a) |y| < 0.8
and (b) |y| < 2.1 is compared with the prediction from the ACERMC
generator, where different settings of the PYTHIA parton shower pa-

rameters are used to produce samples with nominal, increased and de-
creased initial state radiation (ISR). The data and theory predictions
are represented in the same way as in Fig. 4

tt differential cross sections
_ _

Jet multiplicity dependence

Dependence on pT(tt)
JHEP 01 (2015) 020

Phys. Rev. D90 (2014) 072004

Updated: ATL-PHYS-PUB-2014-005
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step size in Q0 and Qsum was chosen to be commensurate
with the jet energy resolution. The results are corrected to
the particle level as described in Sect. 6.

The measured gap fraction as a function of Q0 is com-
pared with the predictions from the multi-leg LO and NLO
generators in Fig. 4. In general, all these generators are
found to give a reasonable description of the data if the
veto is applied to jets in the full rapidity interval, |y| < 2.1
(Fig. 4(d)). The difference between the MC@NLO and
POWHEG predictions is similar to the precision achieved in
the measurement and as such the measurement is probing
the different approaches to NLO plus parton-shower event
generation.

In the most central rapidity interval, |y| < 0.8, the gap
fraction predicted by MC@NLO is too large (Fig. 4(a)).
The tendency of MC@NLO to produce fewer jets than
ALPGEN at central rapidity has been discussed in the lit-
erature [33] and the measurement presented here is sensitive
to this difference. In the most forward rapidity interval, none
of the predictions agrees with the data for all values of Q0
(Fig. 4(c)). In particular, although MC@NLO, POWHEG,
ALPGEN and SHERPA produce similar predictions, the gap
fraction is too small, implying that too much jet activity is
produced by these event generators in the forward rapidity
region.

The predictions from the ACERMC generator with the
variations of the PYTHIA parton shower parameters are
compared to the data in Fig. 5 and are found to be in poor
agreement with the data. The spread of the predicted gap

fraction due to the parameter variations is found to be much
larger than the experimental uncertainty, indicating that the
variations can be significantly reduced in light of the mea-
surement presented in this article.

The measured gap fraction as a function of Qsum is com-
pared with the multi-leg LO and NLO generators in Fig. 6.
The gap fraction is lower than for the case of the Q0 vari-
able, demonstrating that the measurement is probing quark
and gluon radiation beyond the first emission. As expected,
the largest change in the gap fraction occurs when jets are
vetoed in the full rapidity interval, |y| < 2.1. However, the
difference between the data and each theoretical prediction
is found to be similar to the Q0 case. This implies that, for
this variable, the parton shower approximations used for the
subsequent emissions in MC@NLO and POWHEG are per-
forming as well as the LO approximations used in ALPGEN

and SHERPA.
The gap fraction is a ratio of cross sections and all the

events are used to evaluate this ratio at each value of Q0 or
Qsum. This means that there is a statistical correlation be-
tween the measured gap fraction values in each rapidity in-
terval. The correlation matrix is shown in Fig. 7 for the gap
fraction at different values of Q0 for the |y| < 2.1 rapidity
region. Neighbouring Q0 points have a significant correla-
tion, whereas well separated Q0 points are less correlated.

The measured values of the gap fraction at Q0 = 25,
75 and 150 GeV are presented in Table 2 for the differ-
ent rapidity intervals used to veto jet activity. The statisti-
cal correlations between these measurements and the pre-

Fig. 5 The measured gap fraction as a function of Q0 for (a) |y| < 0.8
and (b) |y| < 2.1 is compared with the prediction from the ACERMC
generator, where different settings of the PYTHIA parton shower pa-

rameters are used to produce samples with nominal, increased and de-
creased initial state radiation (ISR). The data and theory predictions
are represented in the same way as in Fig. 4

tt differential cross sections
_ _

Jet multiplicity dependence

Dependence on pT(tt)
JHEP 01 (2015) 020

Phys. Rev. D90 (2014) 072004

Essential for constraining 
radiation in top production

Important for modeling of 
tt backgrounds in searches 

for new physics, ttH

_

Updated: ATL-PHYS-PUB-2014-005 see also talk by A. Loginov

_
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ATLAS-CONF-2014-057

anti-kt R=1.0 jets, ℓ+jets channel

(hadronic)
_

(unfolded to parton level)
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Figure 8: Relative uncertainties on d�tt̄/dpi
T,ptcl (a) and d�tt̄/dpi

T,parton (b). The category “Total” includes
all the uncertainties described in Sec. 7 and 9.4 and the main contributions are also shown separately.
The uncertainties are symmetrized such that only the positive components are shown here.
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ATLAS-CONF-2014-057

(hadronic)
_

New!tt resonance search

combined boosted+resolved 
(σ ⨉ 𝓑) < 0.03 pb for 3 TeV Z’

excludes narrow leptophobic  
Z’ < 1.8 TeV

ATLAS-CONF-2015-009

see also talk by J. Stupak

(unfolded to parton level)

anti-kt R=1.0 jets, ℓ+jets channel

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-057/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-009/


S. Majewski, University of Oregon Moriond EW 2015

Top Yukawa Coupling
SM Higgs predicted to have a large 
Yukawa coupling to tops

can be probed through Higgs 
production in association with top 
quark(s): tH and ttH

Three channels explored:
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ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

H ! b¯b

t¯t ! `+ jets, dilepton

H ! ��

t¯t ! `+ jets, dilepton,

all-had

Multi-lepton final states

(including ⌧ s)

_

Physics Letters B 740 (2015) 222-242

New!
New!

HIGG-2013-27, 
submitted to EPJC

ATLAS-CONF-2015-006

�tt̄H(
p
s = 8TeV) = 129.3+ 4.9

�12.0 (scale)± 10.5 (PDF) fb

http://link.springer.com/article/10.1140/epjc/s10052-014-3109-7
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-27/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-006/


S. Majewski, University of Oregon Moriond EW 2015

Top Yukawa Coupling

Events categorized according  
to jet and b-jet multiplicities into 
signal-rich & bkg-rich regions

Most sensitive regions:
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ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

H ! b¯b

t¯t ! `+ jets, dilepton
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Fig. 2 Single lepton channel: (a) S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios, and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (4, 5, �6), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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Fig. 3 Dilepton channel: (a) The S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (2, 3, �4), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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Fig. 2 Single lepton channel: (a) S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios, and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (4, 5, �6), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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Fig. 3 Dilepton channel: (a) The S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (2, 3, �4), and the columns show the b-jet multiplicity
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also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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Fig. 2 Single lepton channel: (a) S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios, and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (4, 5, �6), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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Fig. 3 Dilepton channel: (a) The S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (2, 3, �4), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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Fig. 2 Single lepton channel: (a) S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios, and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (4, 5, �6), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).

Internal Simulation ATLAS
-1 L dt = 20.3 fb∫ = 8 TeV, s  = 125 GeVHm

Dilepton

   
  

B
S 

/ 

0.0

0.2

0.4

0.6 2 j, 2 b
S/B < 0.1%

   
  

B
S 

/ 

0.0

0.2

0.4

0.6 3 j, 2 b
S/B = 0.1%

   
  

B
S 

/ 

0.0

0.2

0.4

0.6 3 j, 3 b
S/B = 0.6%

   
  

B
S 

/ 

0.0

0.2

0.4

0.6  4 j, 2 b≥
S/B = 0.3%

   
  

B
S 

/ 

0.0

0.2

0.4

0.6  4 j, 3 b≥
S/B = 1.5%

   
  

B
S 

/ 

0.0

0.2

0.4

0.6  4 b≥ 4 j, ≥
S/B = 5.9%

(a)

+lighttt

c+ctt

b+btt

+Vtt

tnon-t

2 j, 2 b ATLAS
Internal
Simulation

 = 125 GeVHm
 = 8 TeVs

+lighttt

c+ctt

b+btt

+Vtt

tnon-t

3 j, 2 b

+lighttt

c+ctt

b+btt

+Vtt

tnon-t

3 j, 3 b +lighttt
c+ctt
b+btt

+Vtt
tnon-t

+lighttt
c+ctt
b+btt

+Vtt
tnon-t

+lighttt

c+ctt

b+btt

+Vtt

tnon-t

 4 j, 2 b≥

+lighttt

c+ctt

b+btt

+Vtt

tnon-t

 4 j, 3 b≥

+lighttt

c+ctt

b+btt

+Vtt

tnon-t

 4 b≥ 4 j, ≥
Dilepton

(b)

Fig. 3 Dilepton channel: (a) The S/
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Fig. 2 Single lepton channel: (a) S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios, and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (4, 5, �6), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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Fig. 2 Single lepton channel: (a) S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios, and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (4, 5, �6), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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p
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Fig. 2 Single lepton channel: (a) S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios, and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (4, 5, �6), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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p
B ratio for each of the regions assuming SM cross sections and branching ratios and
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also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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Fig. 2 Single lepton channel: (a) S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios, and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (4, 5, �6), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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p
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region. The ordering of the rows and columns is the same as in (a).
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p
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p
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p
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Fig. 2 Single lepton channel: (a) S/
p
B ratio for each of the regions assuming SM cross sections and branching ratios, and
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ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

H ! b¯b

t¯t ! `+ jets, dilepton

Dominant systematics:  
tt + bb background modeling,  
jet energy scale

_ _
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Top Yukawa Coupling
mγγ mass spectrum provides discrimination 
1.42 GeV (1.56 GeV) resolution for 7 TeV  
(8 TeV) data

Best fit value (mH = 125.4 GeV): 
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ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

H ! ��

t¯t ! `+ jets, dilepton,

all-had
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Fig. 2. Distributions of the diphoton invariant mass, mγ γ , for the leptonic (left) and hadronic (right) category for data at 7 TeV (top) and data at 8 TeV (bottom). An unbinned 
signal-plus-background likelihood fit to the full spectra is used to estimate the number of events from continuum background (solid line) as well as from SM Higgs boson 
production (dashed line). The signal strength, µ, is a parameter common to all categories and its best-fit value is µ = 1.4 for mH = 125.4 GeV.

Table 3
Summary of systematic uncertainties on the final yield of events for 8 TeV data from tt̄ H , t Hqb and W t H production after applying the leptonic and hadronic 
selection requirements. The uncertainties are also shown for other Higgs boson production processes that do not include the associated production of top quarks 
and have significant contributions to the event selection. These are W H production in the leptonic category and ggF production in the hadronic category. For 
both t H production processes, the maximum uncertainty observed for all values of κt generated (+1, 0, −1) is reported.

tt̄ H [%] t Hqb [%] W t H [%] ggF [%] W H [%]

had. lep. had. lep. had. lep. had. lep.

Luminosity ±2.8
Photons ±5.6 ±5.5 ±5.6 ±5.5 ±5.6 ±5.5 ±5.6 ±5.5
Leptons < 0.1 ±0.7 < 0.1 ±0.6 < 0.1 ±0.6 < 0.1 ±0.7
Jets and Emiss

T ±7.4 ±0.7 ±16 ±1.9 ±11 ±2.1 ±29 ±10
Bkg. modeling 0.24 evt. 0.16 evt. applied on the sum of all Higgs boson production processes
Theory (σ × BR) +10, −13 +7, −6 +14, −12 +11, −11 +5.5, −5.4
MC modeling ±11 ±3.3 ±12 ±4.4 ±12 ±4.6 ±130 ±100

6. Systematic uncertainties

Systematic uncertainties from various sources affect both the 
expected number of events for different Higgs boson production 
processes and the mγ γ resonance shape. An overview of all sys-
tematic uncertainties for 8 TeV data is shown in Table 3 for tt̄ H , 
t Hqb and W t H production. The uncertainties are also shown for 
other Higgs boson production processes that do not include the 
associated production of top quarks and have significant contri-
butions to the event selection. These are W H production in the 
leptonic category and ggF production in the hadronic category.

The uncertainty on the integrated luminosity is 2.8% (1.8%) for 
the 8 TeV (7 TeV) data as derived following the same methodology 
as that detailed in Ref. [20] using beam-separation scans. For 8 TeV 
data, the trigger efficiency [79] was measured to be 99.5 ± 0.2%. 
For 7 TeV data, the efficiency was measured to be compatible 

with 100% within an uncertainty of 0.2%. The uncertainty in the 
combined diphoton identification efficiency is 1.0% (8.4%) [80] for 
8 TeV (7 TeV) data. Due to the high jet multiplicity in this analy-
sis an additional uncertainty of 4% is added to account for possible 
mismodeling of the photon identification efficiency. This additional 
uncertainty is obtained from data–MC comparisons of electron ef-
ficiencies in Z(→ ee) + jets events, where photon identification 
requirements are applied to the electron clusters [81]. Analogously, 
an additional uncertainty of 3% is assessed for the efficiency of the 
combined diphoton isolation requirement, and is added in quadra-
ture to the nominal uncertainty of 2.3% (2.1%) in the hadronic (lep-
tonic) category. The uncertainty on the photon energy scale [80]
was found to have a negligible effect on the expected yields. Its 
effect on the peak position, however, is taken into account, but 
has a negligible impact on the results. The uncertainty in the pho-
ton energy resolution translates into an uncertainty on the mγ γ
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Fig. 2. Distributions of the diphoton invariant mass, mγ γ , for the leptonic (left) and hadronic (right) category for data at 7 TeV (top) and data at 8 TeV (bottom). An unbinned 
signal-plus-background likelihood fit to the full spectra is used to estimate the number of events from continuum background (solid line) as well as from SM Higgs boson 
production (dashed line). The signal strength, µ, is a parameter common to all categories and its best-fit value is µ = 1.4 for mH = 125.4 GeV.

Table 3
Summary of systematic uncertainties on the final yield of events for 8 TeV data from tt̄ H , t Hqb and W t H production after applying the leptonic and hadronic 
selection requirements. The uncertainties are also shown for other Higgs boson production processes that do not include the associated production of top quarks 
and have significant contributions to the event selection. These are W H production in the leptonic category and ggF production in the hadronic category. For 
both t H production processes, the maximum uncertainty observed for all values of κt generated (+1, 0, −1) is reported.

tt̄ H [%] t Hqb [%] W t H [%] ggF [%] W H [%]

had. lep. had. lep. had. lep. had. lep.

Luminosity ±2.8
Photons ±5.6 ±5.5 ±5.6 ±5.5 ±5.6 ±5.5 ±5.6 ±5.5
Leptons < 0.1 ±0.7 < 0.1 ±0.6 < 0.1 ±0.6 < 0.1 ±0.7
Jets and Emiss

T ±7.4 ±0.7 ±16 ±1.9 ±11 ±2.1 ±29 ±10
Bkg. modeling 0.24 evt. 0.16 evt. applied on the sum of all Higgs boson production processes
Theory (σ × BR) +10, −13 +7, −6 +14, −12 +11, −11 +5.5, −5.4
MC modeling ±11 ±3.3 ±12 ±4.4 ±12 ±4.6 ±130 ±100

6. Systematic uncertainties

Systematic uncertainties from various sources affect both the 
expected number of events for different Higgs boson production 
processes and the mγ γ resonance shape. An overview of all sys-
tematic uncertainties for 8 TeV data is shown in Table 3 for tt̄ H , 
t Hqb and W t H production. The uncertainties are also shown for 
other Higgs boson production processes that do not include the 
associated production of top quarks and have significant contri-
butions to the event selection. These are W H production in the 
leptonic category and ggF production in the hadronic category.

The uncertainty on the integrated luminosity is 2.8% (1.8%) for 
the 8 TeV (7 TeV) data as derived following the same methodology 
as that detailed in Ref. [20] using beam-separation scans. For 8 TeV 
data, the trigger efficiency [79] was measured to be 99.5 ± 0.2%. 
For 7 TeV data, the efficiency was measured to be compatible 

with 100% within an uncertainty of 0.2%. The uncertainty in the 
combined diphoton identification efficiency is 1.0% (8.4%) [80] for 
8 TeV (7 TeV) data. Due to the high jet multiplicity in this analy-
sis an additional uncertainty of 4% is added to account for possible 
mismodeling of the photon identification efficiency. This additional 
uncertainty is obtained from data–MC comparisons of electron ef-
ficiencies in Z(→ ee) + jets events, where photon identification 
requirements are applied to the electron clusters [81]. Analogously, 
an additional uncertainty of 3% is assessed for the efficiency of the 
combined diphoton isolation requirement, and is added in quadra-
ture to the nominal uncertainty of 2.3% (2.1%) in the hadronic (lep-
tonic) category. The uncertainty on the photon energy scale [80]
was found to have a negligible effect on the expected yields. Its 
effect on the peak position, however, is taken into account, but 
has a negligible impact on the results. The uncertainty in the pho-
ton energy resolution translates into an uncertainty on the mγ γ

µtt̄H = 1.3+2.5
�1.7(stat)

+0.8
�0.4(syst)
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Top Yukawa Coupling

Five different multi-lepton final 
states (2ℓ are same-sign):

Main backgrounds: 
ttZ, ttW (all categories) 
diboson (3 ℓ) 
tt+jets, Z+jets (e charge mis-id) 
tt with non-prompt leptons
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3

ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

Multi-lepton final states

(including ⌧ s)
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tracks, should be ±1. The ⌧ identification uses both calorimeter275

cluster and tracking-based variables, combined using a boosted276

decision tree (BDT) [63]. An additional BDT which uses com-277

bined calorimeter and track quantities is employed to reject278

electrons reconstructed as one prong hadronically decaying ⌧279

leptons [64].280

Jets are reconstructed from calibrated topological clus-281

ters [12] built from energy deposits in the calorimeters, using282

the anti-kt algorithm [65–67] with a radius parameter R = 0.4.283

Prior to jet finding, a local cluster calibration scheme [68, 69] is284

applied to correct the topological cluster energies for the e↵ects285

of non-compensation, dead material and out-of-cluster leakage.286

The jets are calibrated using energy and ⌘-dependent calibration287

factors, derived from simulations, to the mean energy of sta-288

ble particles inside the jets. Additional corrections to account289

for the di↵erence between simulation and data are derived from290

in-situ techniques [70, 71]. After energy calibration, jets are291

required to have pT > 25 GeV and |⌘| < 2.5.292

To reduce the contamination from jets originated in pileup293

pp interactions within the same bunch crossing, the scalar sum294

of the pT of tracks matched to the jet and originating from the295

primary vertex must be at least 50% of the scalar sum of the pT296

of all tracks matched to the jet. This criterion is only applied to297

jets with pT < 50 GeV and |⌘| <2.4.298

The calorimeter energy deposits from electrons will typi-299

cally be reconstructed also as jets; in order to eliminate double300

counting, any jets within �R < 0.3 of a selected electron are not301

considered.302

Jets are identified as originating from the hadronization of303

a b quark (b-tagged) via a multivariate discriminant [72] that304

combines information from the impact parameters of displaced305

tracks with topological properties of secondary and tertiary de-306

cay vertices reconstructed within the jet. The working point307

used for this search corresponds to approximately 70% e�-308

ciency to tag a b-quark jet, with a light-jet mistag rate of ⇡ 1%309

as determined for b-tagged jets with pT of 20–100 GeV and310

|⌘| < 2.5 in simulated tt̄ events. To avoid ine�ciencies asso-311

ciated with the edge of the tracking coverage, only jets with312

|⌘| < 2.4 are considered as possible b-tagged jets in this analy-313

sis. The e�ciency and mistag rates of the b-tagging algorithm314

are measured in data [73, 74] and correction factors are applied315

to the simulated e�ciency.316

5. Event selection and classification317

All events considered in this analysis are required to pass318

single lepton (e or µ) triggers. These achieve their maximal319

plateau e�ciency for lepton pT > 25 GeV.320

The analysis categories are classified by the number of light321

leptons and hadronic ⌧ decay candidates (⌧had). The leptons are322

selected using the selection criteria described earlier. Events323

are initially classified by counting the number of light leptons324

with pT > 10 GeV. At least one lepton is required to have325

pT > 25 GeV and to lie within �R < 0.1 of the lepton region of326

interest selected by the trigger. After initial sorting into analysis327

categories, in some cases the lepton selection criteria are tight-328

ened by raising the pT threshold, tightening isolation selections329

Table 1: Fraction of expected tt̄H signal arising from di↵erent Higgs boson de-
cay modes in each analysis category. The six 2`0⌧had categories are combined
together, as are the two 4` categories. The numbers may not add to 100% due
to rounding.

Category WW ⌧⌧ ZZ other
2`0⌧had 80% 15% 3% 2%
3` 74% 15% 7% 4%
2`1⌧had 35% 62% 2% 1%
4` 69% 14% 14% 4%
1`2⌧had 4% 93% 0% 3%

or restricting the allowed |⌘| range. The analysis includes five 330

distinct categories: 2 same sign leptons with no ⌧had (2`0⌧had), 331

3 leptons (3`), 2 same sign leptons and one ⌧had (2`1⌧had), 4 332

leptons (4`), and 1 lepton and 2⌧had (1`2⌧had). The categories 333

with ⌧had candidates target the H ! ⌧⌧ decay; the others are 334

primarily sensitive to H ! WW with a very small contribution 335

from H ! ZZ. The contributions to each category from dif- 336

ferent Higgs boson decay modes are shown in Table 1. These 337

selections ensure that an event can only contribute to a single 338

category. The detailed criteria for each category are described 339

below. 340

5.1. 2`0⌧had Categories 341

Selected events are required to include exactly 2 light lep- 342

tons, which must have the same charge. Events with hadronic ⌧ 343

candidates are vetoed. To reduce the impact from non-prompt 344

leptons, the momentum thresholds are raised for the leading 345

(sub-leading) lepton to pT > 25 (20) GeV, and the lepton 346

isolation requirements are tightened to Econe
T /pT < 0.05 and 347

pcone
T /pT < 0.05. The angular acceptance of electron candidates 348

is restricted to |⌘| < 1.37 in order to suppress tt̄ background 349

events where the electron charge sign is mis-reconstructed, as 350

the charge mis-id rate increases at high pseudorapidity. 351

In order to reject tt̄+jets and tt̄V backgrounds, events must 352

include at least 4 reconstructed jets. In order to reject dibo- 353

son and single boson backgrounds, at least 1 b-tagged jet is re- 354

quired. The selected events are separated by lepton flavor (e±e±, 355

e±µ±, and µ±µ±) and number of jets (exactly four jets, at least 356

five jets) into six categories with di↵erent signal to background 357

ratio, resulting in higher overall sensitivity to the tt̄H signal. 358

5.2. 3` Category 359

Selected events are required to include exactly 3 light lep- 360

tons with the total charge equal to ±1. Candidate events arising 361

from non-prompt leptons overwhelmingly originate as opposite 362

sign dilepton events with one additional non-prompt lepton. As 363

a result, the non-prompt lepton is generally one of the two lep- 364

tons with the same charge. To reduce these backgrounds, a 365

higher momentum threshold pT > 20 GeV is applied on the 366

two leptons with the same charge sign. No requirements are 367

imposed on the number of ⌧had candidates. In order to reject 368

the tt̄+jets and tt̄V backgrounds, selected events are required 369

to include either at least 4 jets and at least 1 b-tagged jet, or 370

4

Higgs decay mode fraction
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tracks, should be ±1. The ⌧ identification uses both calorimeter275

cluster and tracking-based variables, combined using a boosted276

decision tree (BDT) [63]. An additional BDT which uses com-277

bined calorimeter and track quantities is employed to reject278

electrons reconstructed as one prong hadronically decaying ⌧279

leptons [64].280

Jets are reconstructed from calibrated topological clus-281

ters [12] built from energy deposits in the calorimeters, using282

the anti-kt algorithm [65–67] with a radius parameter R = 0.4.283

Prior to jet finding, a local cluster calibration scheme [68, 69] is284

applied to correct the topological cluster energies for the e↵ects285

of non-compensation, dead material and out-of-cluster leakage.286

The jets are calibrated using energy and ⌘-dependent calibration287

factors, derived from simulations, to the mean energy of sta-288

ble particles inside the jets. Additional corrections to account289

for the di↵erence between simulation and data are derived from290

in-situ techniques [70, 71]. After energy calibration, jets are291

required to have pT > 25 GeV and |⌘| < 2.5.292

To reduce the contamination from jets originated in pileup293

pp interactions within the same bunch crossing, the scalar sum294

of the pT of tracks matched to the jet and originating from the295

primary vertex must be at least 50% of the scalar sum of the pT296

of all tracks matched to the jet. This criterion is only applied to297

jets with pT < 50 GeV and |⌘| <2.4.298

The calorimeter energy deposits from electrons will typi-299

cally be reconstructed also as jets; in order to eliminate double300

counting, any jets within �R < 0.3 of a selected electron are not301

considered.302

Jets are identified as originating from the hadronization of303

a b quark (b-tagged) via a multivariate discriminant [72] that304

combines information from the impact parameters of displaced305

tracks with topological properties of secondary and tertiary de-306

cay vertices reconstructed within the jet. The working point307

used for this search corresponds to approximately 70% e�-308

ciency to tag a b-quark jet, with a light-jet mistag rate of ⇡ 1%309

as determined for b-tagged jets with pT of 20–100 GeV and310

|⌘| < 2.5 in simulated tt̄ events. To avoid ine�ciencies asso-311

ciated with the edge of the tracking coverage, only jets with312

|⌘| < 2.4 are considered as possible b-tagged jets in this analy-313

sis. The e�ciency and mistag rates of the b-tagging algorithm314

are measured in data [73, 74] and correction factors are applied315

to the simulated e�ciency.316

5. Event selection and classification317

All events considered in this analysis are required to pass318

single lepton (e or µ) triggers. These achieve their maximal319

plateau e�ciency for lepton pT > 25 GeV.320

The analysis categories are classified by the number of light321

leptons and hadronic ⌧ decay candidates (⌧had). The leptons are322

selected using the selection criteria described earlier. Events323

are initially classified by counting the number of light leptons324

with pT > 10 GeV. At least one lepton is required to have325

pT > 25 GeV and to lie within �R < 0.1 of the lepton region of326

interest selected by the trigger. After initial sorting into analysis327

categories, in some cases the lepton selection criteria are tight-328

ened by raising the pT threshold, tightening isolation selections329

Table 1: Fraction of expected tt̄H signal arising from di↵erent Higgs boson de-
cay modes in each analysis category. The six 2`0⌧had categories are combined
together, as are the two 4` categories. The numbers may not add to 100% due
to rounding.

Category WW ⌧⌧ ZZ other
2`0⌧had 80% 15% 3% 2%
3` 74% 15% 7% 4%
2`1⌧had 35% 62% 2% 1%
4` 69% 14% 14% 4%
1`2⌧had 4% 93% 0% 3%

or restricting the allowed |⌘| range. The analysis includes five 330

distinct categories: 2 same sign leptons with no ⌧had (2`0⌧had), 331

3 leptons (3`), 2 same sign leptons and one ⌧had (2`1⌧had), 4 332

leptons (4`), and 1 lepton and 2⌧had (1`2⌧had). The categories 333

with ⌧had candidates target the H ! ⌧⌧ decay; the others are 334

primarily sensitive to H ! WW with a very small contribution 335

from H ! ZZ. The contributions to each category from dif- 336

ferent Higgs boson decay modes are shown in Table 1. These 337

selections ensure that an event can only contribute to a single 338

category. The detailed criteria for each category are described 339

below. 340

5.1. 2`0⌧had Categories 341

Selected events are required to include exactly 2 light lep- 342

tons, which must have the same charge. Events with hadronic ⌧ 343

candidates are vetoed. To reduce the impact from non-prompt 344

leptons, the momentum thresholds are raised for the leading 345

(sub-leading) lepton to pT > 25 (20) GeV, and the lepton 346

isolation requirements are tightened to Econe
T /pT < 0.05 and 347

pcone
T /pT < 0.05. The angular acceptance of electron candidates 348

is restricted to |⌘| < 1.37 in order to suppress tt̄ background 349

events where the electron charge sign is mis-reconstructed, as 350

the charge mis-id rate increases at high pseudorapidity. 351

In order to reject tt̄+jets and tt̄V backgrounds, events must 352

include at least 4 reconstructed jets. In order to reject dibo- 353

son and single boson backgrounds, at least 1 b-tagged jet is re- 354

quired. The selected events are separated by lepton flavor (e±e±, 355

e±µ±, and µ±µ±) and number of jets (exactly four jets, at least 356

five jets) into six categories with di↵erent signal to background 357

ratio, resulting in higher overall sensitivity to the tt̄H signal. 358

5.2. 3` Category 359

Selected events are required to include exactly 3 light lep- 360

tons with the total charge equal to ±1. Candidate events arising 361

from non-prompt leptons overwhelmingly originate as opposite 362

sign dilepton events with one additional non-prompt lepton. As 363

a result, the non-prompt lepton is generally one of the two lep- 364

tons with the same charge. To reduce these backgrounds, a 365

higher momentum threshold pT > 20 GeV is applied on the 366

two leptons with the same charge sign. No requirements are 367

imposed on the number of ⌧had candidates. In order to reject 368

the tt̄+jets and tt̄V backgrounds, selected events are required 369

to include either at least 4 jets and at least 1 b-tagged jet, or 370

4

same-sign  
ee/eμ/μμ
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Top Yukawa Coupling

Five different multi-lepton final 
states (2ℓ are same-sign):

Main backgrounds: 
ttZ, ttW (all categories) 
diboson (3 ℓ) 
tt+jets, Z+jets (e charge mis-id) 
tt with non-prompt leptons
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ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

Multi-lepton final states

(including ⌧ s)
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tracks, should be ±1. The ⌧ identification uses both calorimeter275

cluster and tracking-based variables, combined using a boosted276

decision tree (BDT) [63]. An additional BDT which uses com-277

bined calorimeter and track quantities is employed to reject278

electrons reconstructed as one prong hadronically decaying ⌧279

leptons [64].280

Jets are reconstructed from calibrated topological clus-281

ters [12] built from energy deposits in the calorimeters, using282

the anti-kt algorithm [65–67] with a radius parameter R = 0.4.283

Prior to jet finding, a local cluster calibration scheme [68, 69] is284

applied to correct the topological cluster energies for the e↵ects285

of non-compensation, dead material and out-of-cluster leakage.286

The jets are calibrated using energy and ⌘-dependent calibration287

factors, derived from simulations, to the mean energy of sta-288

ble particles inside the jets. Additional corrections to account289

for the di↵erence between simulation and data are derived from290

in-situ techniques [70, 71]. After energy calibration, jets are291

required to have pT > 25 GeV and |⌘| < 2.5.292

To reduce the contamination from jets originated in pileup293

pp interactions within the same bunch crossing, the scalar sum294

of the pT of tracks matched to the jet and originating from the295

primary vertex must be at least 50% of the scalar sum of the pT296

of all tracks matched to the jet. This criterion is only applied to297

jets with pT < 50 GeV and |⌘| <2.4.298

The calorimeter energy deposits from electrons will typi-299

cally be reconstructed also as jets; in order to eliminate double300

counting, any jets within �R < 0.3 of a selected electron are not301

considered.302

Jets are identified as originating from the hadronization of303

a b quark (b-tagged) via a multivariate discriminant [72] that304

combines information from the impact parameters of displaced305

tracks with topological properties of secondary and tertiary de-306

cay vertices reconstructed within the jet. The working point307

used for this search corresponds to approximately 70% e�-308

ciency to tag a b-quark jet, with a light-jet mistag rate of ⇡ 1%309

as determined for b-tagged jets with pT of 20–100 GeV and310

|⌘| < 2.5 in simulated tt̄ events. To avoid ine�ciencies asso-311

ciated with the edge of the tracking coverage, only jets with312

|⌘| < 2.4 are considered as possible b-tagged jets in this analy-313

sis. The e�ciency and mistag rates of the b-tagging algorithm314

are measured in data [73, 74] and correction factors are applied315

to the simulated e�ciency.316

5. Event selection and classification317

All events considered in this analysis are required to pass318

single lepton (e or µ) triggers. These achieve their maximal319

plateau e�ciency for lepton pT > 25 GeV.320

The analysis categories are classified by the number of light321

leptons and hadronic ⌧ decay candidates (⌧had). The leptons are322

selected using the selection criteria described earlier. Events323

are initially classified by counting the number of light leptons324

with pT > 10 GeV. At least one lepton is required to have325

pT > 25 GeV and to lie within �R < 0.1 of the lepton region of326

interest selected by the trigger. After initial sorting into analysis327

categories, in some cases the lepton selection criteria are tight-328

ened by raising the pT threshold, tightening isolation selections329

Table 1: Fraction of expected tt̄H signal arising from di↵erent Higgs boson de-
cay modes in each analysis category. The six 2`0⌧had categories are combined
together, as are the two 4` categories. The numbers may not add to 100% due
to rounding.

Category WW ⌧⌧ ZZ other
2`0⌧had 80% 15% 3% 2%
3` 74% 15% 7% 4%
2`1⌧had 35% 62% 2% 1%
4` 69% 14% 14% 4%
1`2⌧had 4% 93% 0% 3%

or restricting the allowed |⌘| range. The analysis includes five 330

distinct categories: 2 same sign leptons with no ⌧had (2`0⌧had), 331

3 leptons (3`), 2 same sign leptons and one ⌧had (2`1⌧had), 4 332

leptons (4`), and 1 lepton and 2⌧had (1`2⌧had). The categories 333

with ⌧had candidates target the H ! ⌧⌧ decay; the others are 334

primarily sensitive to H ! WW with a very small contribution 335

from H ! ZZ. The contributions to each category from dif- 336

ferent Higgs boson decay modes are shown in Table 1. These 337

selections ensure that an event can only contribute to a single 338

category. The detailed criteria for each category are described 339

below. 340

5.1. 2`0⌧had Categories 341

Selected events are required to include exactly 2 light lep- 342

tons, which must have the same charge. Events with hadronic ⌧ 343

candidates are vetoed. To reduce the impact from non-prompt 344

leptons, the momentum thresholds are raised for the leading 345

(sub-leading) lepton to pT > 25 (20) GeV, and the lepton 346

isolation requirements are tightened to Econe
T /pT < 0.05 and 347

pcone
T /pT < 0.05. The angular acceptance of electron candidates 348

is restricted to |⌘| < 1.37 in order to suppress tt̄ background 349

events where the electron charge sign is mis-reconstructed, as 350

the charge mis-id rate increases at high pseudorapidity. 351

In order to reject tt̄+jets and tt̄V backgrounds, events must 352

include at least 4 reconstructed jets. In order to reject dibo- 353

son and single boson backgrounds, at least 1 b-tagged jet is re- 354

quired. The selected events are separated by lepton flavor (e±e±, 355

e±µ±, and µ±µ±) and number of jets (exactly four jets, at least 356

five jets) into six categories with di↵erent signal to background 357

ratio, resulting in higher overall sensitivity to the tt̄H signal. 358

5.2. 3` Category 359

Selected events are required to include exactly 3 light lep- 360

tons with the total charge equal to ±1. Candidate events arising 361

from non-prompt leptons overwhelmingly originate as opposite 362

sign dilepton events with one additional non-prompt lepton. As 363

a result, the non-prompt lepton is generally one of the two lep- 364

tons with the same charge. To reduce these backgrounds, a 365

higher momentum threshold pT > 20 GeV is applied on the 366

two leptons with the same charge sign. No requirements are 367

imposed on the number of ⌧had candidates. In order to reject 368

the tt̄+jets and tt̄V backgrounds, selected events are required 369

to include either at least 4 jets and at least 1 b-tagged jet, or 370

4

Higgs decay mode fraction

_ _

_
_
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3

ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

Combined Results
ATLAS-CONF-2015-007 New!

3 channels combined:  
>2σ from 0

μttH < 3.2 (obs), 1.4 (exp)

see also talk by M. Duehrssen

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-007/
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Four search channels:

New!
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Jet multiplicity
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Figure 7: TT̄ ! Ht+X search: comparison of the shape of (a) the jet multiplicity distribution after preselection,
and (b) the b-tag multiplicity distribution after the requirement of �6 jets, between the total background and several
signal scenarios considered in this search.

8. Search for TT̄ ! Ht+X and t t̄ t t̄ production487

This search is focused on TT̄ production where at least one of the T quarks decays into a Higgs boson488

and a top quark resulting from the following processes: TT̄ ! HtHt̄, ZtHt and W bHt. For the domi-489

nant H ! bb̄ decay mode, the final state signature is characterized by high jet and b-tag multiplicities,490

which provide a powerful experimental handle to suppress the backgrounds. Similarly, this search is also491

sensitive to TT̄ ! ZtZt̄ and W bZt, with Z ! bb̄. High jet and b-tag multiplicities are also characteristic492

of tt̄tt̄ events (both within the SM and in BSM extensions), which makes this search also sensitive to this493

process. Figure 7(a) compares the shape of the jet multiplicity distribution after preselection (described494

in Section 4) between the total background and several signal scenarios. Signal events have on average495

higher jet multiplicity than the background. Restricting to events with �6 jets, the higher b-quark content496

of signal events results in a higher b-tag multiplicity than for the background, as illustrated in Fig. 7(b).497

Therefore, after preselection, the final selection requirements are �5 jets of which �2 jets are b-tagged,498

leaving a sample completely dominated by tt̄+jets background. In order to ensure a non-overlapping anal-499

ysis sample and facilitate the combination of results, events accepted by the W b+X search are rejected.500

In order to optimize the sensitivity of the search, the selected events are categorized in di↵erent channels501

depending on the number of jets (5 and �6) and on the number of b-tagged jets (2, 3 and �4). The channel502

with �4 b-tagged jets has the largest signal-to-background ratio and therefore drives the sensitivity of the503

search. The channels with 2 and 3 b-tagged jets have significantly lower signal-to-background ratio,504

and they are particularly useful to calibrate the tt̄+jets background prediction and constrain the related505

systematic uncertainties, which in the �4 b-tags channel are dominated by uncertainties on b-tagging,506

jet energy calibration and physics modeling, including the tt̄+HF content. A detailed discussion of the507

systematic uncertainties considered is given in Section 10. In addition, events with �6 jets and 3 or �4508

b-tagged jets are split in two channels each depending on the value of the invariant mass of the two b-509

tagged jets with lowest �R separation: Mmin�R
bb < 100 GeV and Mmin�R

bb > 100 GeV. For high values of510

mT , the Higgs boson from the T ! Ht decay has high pT, and the bb̄ pair from the Higgs boson decay511

has smaller angular separation than other pairs resulting from combinatorial background. As shown in512

February 27, 2015 – 18:21 18

ATLAS-CONF-2015-012
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Four search channels:

New!
New!

2.2σ 2.4σ

Same-Sign Dilepton/Trilepton (+b-jets)

color-triplet spin-1/2 fermions; L & R components transform the same  
way under weak isospin

flavor-changing neutral current decays allowed: T → W b, Z t, H t
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Four search channels:

TT̄ ! Zt+X

JHEP 11 (2014) 104

New!
New!

color-triplet spin-1/2 fermions; L & R components transform the same  
way under weak isospin

flavor-changing neutral current decays allowed: T → W b, Z t, H t

http://arxiv.org/abs/1412.4742
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DRAFT

only in the lepton identification criteria: a tight sample and a loose sample, the former being a subset406

of the latter. The tight selection employs the final lepton identification criteria used in the analysis. For407

the loose selection the lepton isolation requirements are omitted. The method assumes that the number408

of selected events in each sample (N loose and N tight) can be expressed as a linear combination of the409

numbers of events with real and fake leptons, so that the number of multijet events in the tight sample is410

given by N tight
MJ =

✏fake
✏real�✏fake

(✏ realN loose�N tight) where ✏ real (✏ fake) represents the probability for a real (fake)411

lepton that satisfies the loose criteria to also satisfy the tight ones. Both probabilities are measured in data412

control samples. To measure ✏ real samples enriched in real leptons from W bosons decays are selected413

by requiring high Emiss
T or mW

T . The average ✏ real is ⇠0.75 (⇠0.98) in the electron (muon) channel. To414

measure ✏ fake samples enriched in multijet background are selected by requiring either low Emiss
T (electron415

channel) or high impact parameter significance for the lepton track (muon channel). The average ✏ fake416

value is ⇠0.35 (⇠0.20) in the electron (muon) channel. Dependences of ✏ real and ✏ fake on quantities such as417

lepton pT and ⌘, �R between the lepton and the closest jet, or number of b-tagged jets, are parameterized418

in order to obtain a more accurate estimate.419

7. Search for TT̄ ! Wb+X production420

This search is sensitive to TT̄ production where at least one of the T quarks decays into a W boson and a b421

quark, although it is particularly optimized for TT̄ ! W+bW�b̄ events. After the preselection described422

in Section 4, further background suppression is achieved by applying requirements aimed at exploiting423

the distinct kinematic features of the signal. The large T quark mass results in energetic W bosons and b424

quarks in the final state with large angular separation between them, while the decay products from the425

boosted W bosons have small angular separation. The combination of these properties is very e↵ective in426

distinguishing the dominant tt̄ background since tt̄ events with boosted W boson configurations are rare427

and are typically characterized by a small angular separation between the W boson and the b quark from428

the top quark decay.429

To take advantage of these properties, it is necessary to identify the hadronically-decaying W boson (Whad)430

as well as the b-jets in the event. The candidate b-jets are defined as the two jets with the highest b-tag431

discriminant value, although only one of them is explicitly required to be b-tagged in the event selection.432

Two types of Whad candidates are defined, W type I
had and W type II

had , depending on the angular separation be-433

tween their decay products. W type I
had candidates correspond to boosted W bosons, where the quarks from434

the W boson decay have small angular separation between them and are reconstructed as a single jet.435

W type II
had candidates correspond to W bosons where both quarks from the W boson decay are reconstructed436

as separate jets. In the construction of both types of Whad candidates, the two candidate b-jets are excluded437

from consideration.438

W type I
had is defined as a single jet with pT > 400 GeV, which is the typical pT above which the decay439

products from a W boson would have an angular separation �R  Rcone = 0.4. W type II
had is defined as a440

dijet system with pT > 250 GeV, angular separation �R( j, j) < 0.8 and mass within the range of 60–441

120 GeV. The asymmetric window about the world-average W boson mass value is chosen in order to442

increase the acceptance for hadronically-decaying Z bosons from TT̄ ! W bZt events. Any jets satisfying443

the W type I
had requirements are excluded from consideration to form W type II

had candidates. The leptonically-444

decaying W boson (Wlep) is reconstructed using the lepton and Emiss
T , which is taken as a measurement of445

the neutrino pT. Requiring that the invariant mass of the lepton–neutrino system equals the nominal W446

boson mass allows reconstruction of the neutrino longitudinal momentum up to a two-fold ambiguity. If447
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21

See the full set of summary plots: ExoticsPublicResults
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New results also available for 
vector-like B searches! New!

(submitted to arxiv yesterday)  

New!

http://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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As of ICHEP 2014, 
direct stop searches 
provided impressive 
phase space 
coverage

But detailed tt 
measurements were 
needed to 
investigate the 
region mt̃ ⇠ mt

t̃

t̃
p

p

�̃0
1

t

�̃0
1

t _

SupersymmetryPublicResults

http://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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Precise tt Cross Sections
7 TeV and 8 TeV     cross sections measured in            events

Reduced systematic uncertainties due to simultaneous fit and 
extraction of b-tagging efficiency
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2014-124
Submitted to: Eur. Phys. J. C

Measurement of the tt̄ production cross-section using eµ
events with b-tagged jets in pp collisions at

p
s = 7 and 8TeV

with the ATLAS detector

The ATLAS Collaboration

Abstract

The inclusive top quark pair (tt̄) production cross-section �t¯t has been measured in proton–proton
collisions at

p
s = 7TeV and

p
s = 8TeV with the ATLAS experiment at the LHC, using tt̄ events with

an opposite-charge eµ pair in the final state. The measurement was performed with the 2011 7TeV
dataset corresponding to an integrated luminosity of 4.6 fb�1 and the 2012 8TeV dataset of 20.3 fb�1.
The numbers of events with exactly one and exactly two b-tagged jets were counted and used to
simultaneously determine �t¯t and the efficiency to reconstruct and b-tag a jet from a top quark decay,
thereby minimising the associated systematic uncertainties. The cross-section was measured to be:

�t¯t = 182.9± 3.1± 4.2± 3.6± 3.3 pb (
p
s = 7TeV) and

�t¯t = 242.4± 1.7± 5.5± 7.5± 4.2 pb (
p
s = 8TeV),

where the four uncertainties arise from data statistics, experimental and theoretical systematic effects,
knowledge of the integrated luminosity and of the LHC beam energy. The results are consistent with
recent theoretical QCD calculations at next-to-next-to-leading order. Fiducial measurements corre-
sponding to the experimental acceptance of the leptons are also reported, together with the ratio of
cross-sections measured at the two centre-of-mass energies. The inclusive cross-section results were
used to determine the top quark pole mass via the dependence of the theoretically predicted cross-
section on mpole

t giving a result of mpole

t = 172.9+2.5
�2.6GeV. By looking for an excess of tt̄ production

with respect to the QCD prediction, the results were also used to place limits on the pair-production
of supersymmetric top squarks t̃

1

with masses close to the top quark mass, decaying via t̃
1

! t�̃0

1

to predominantly right-handed top quarks and a light neutralino �̃0

1

, the lightest supersymmetric par-
ticle. Top squarks with masses between the top quark mass and 177GeV are excluded at the 95 %
confidence level.

c� 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Measurement of the tt̄ production cross-section using eµ
events with b-tagged jets in pp collisions at

p
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The ATLAS Collaboration

Abstract

The inclusive top quark pair (tt̄) production cross-section �t¯t has been measured in proton–proton
collisions at

p
s = 7TeV and

p
s = 8TeV with the ATLAS experiment at the LHC, using tt̄ events with

an opposite-charge eµ pair in the final state. The measurement was performed with the 2011 7TeV
dataset corresponding to an integrated luminosity of 4.6 fb�1 and the 2012 8TeV dataset of 20.3 fb�1.
The numbers of events with exactly one and exactly two b-tagged jets were counted and used to
simultaneously determine �t¯t and the efficiency to reconstruct and b-tag a jet from a top quark decay,
thereby minimising the associated systematic uncertainties. The cross-section was measured to be:

�t¯t = 182.9± 3.1± 4.2± 3.6± 3.3 pb (
p
s = 7TeV) and

�t¯t = 242.4± 1.7± 5.5± 7.5± 4.2 pb (
p
s = 8TeV),

where the four uncertainties arise from data statistics, experimental and theoretical systematic effects,
knowledge of the integrated luminosity and of the LHC beam energy. The results are consistent with
recent theoretical QCD calculations at next-to-next-to-leading order. Fiducial measurements corre-
sponding to the experimental acceptance of the leptons are also reported, together with the ratio of
cross-sections measured at the two centre-of-mass energies. The inclusive cross-section results were
used to determine the top quark pole mass via the dependence of the theoretically predicted cross-
section on mpole

t giving a result of mpole

t = 172.9+2.5
�2.6GeV. By looking for an excess of tt̄ production

with respect to the QCD prediction, the results were also used to place limits on the pair-production
of supersymmetric top squarks t̃

1

with masses close to the top quark mass, decaying via t̃
1

! t�̃0

1

to predominantly right-handed top quarks and a light neutralino �̃0

1

, the lightest supersymmetric par-
ticle. Top squarks with masses between the top quark mass and 177GeV are excluded at the 95 %
confidence level.

c� 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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EPJC 74 (2014) 3109

tt̄ e±µ⌥

for mt̃ = 175GeV,

�t̃t̃⇤ (8TeV) = 40 pb

includes uncertainty due to 
±1 GeV variation in mtop 

7 TeV and 8 TeV     cross sections measured in            events

Reduced systematic uncertainties due to simultaneous fit and 
extraction of b-tagging efficiency

Also constrains  
“stealth” stop pair  
production 

results sensitive to top 
polarization in stop decays

Precise tt Cross Sections
_
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Top—antitop spin correlation 
extracted from dilepton     events 
using ∆Φ(ℓ+,ℓ−)

Analysis sensitive to changes in 
yield and shape → can detect 
admixture of 

26
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ℓ+ ∆Φ ℓ−
tt Spin Correlation

tt̄+ t̃t̃⇤

tt̄
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ℓ+ ∆Φ ℓ−
tt Spin Correlation

tt̄+ t̃t̃⇤

tt̄

3

Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(m
t̃1
= 180 GeV, m

�̃

0
1
= 1 GeV)

TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normalization
free with a fixed background normalization. The tt̄ nor-
malization obtained by the fit agrees with the theoretical
prediction of the production cross section [94]. Negative
values of fSM correspond to an anti-correlation of the top
and antitop quark spins. A value of fSM = 0 implies that
the spins are uncorrelated and values of fSM > 1 indicate
a degree of tt̄ spin correlation larger than predicted by the
SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [97].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated uncer-
tainty is estimated by varying the relative normalizations
of simulated b-jet, c-jet and light-jet samples. The uncer-
tainty due the choice of generator is determined by compar-
ing the default tt̄ sample generated by MC@NLO inter-
faced with HERWIG to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [94, 95] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1
= 1 GeV) normalized to the

NLO cross section including next-to-leading-logarithm correc-
tions [96] plus SM tt̄ production plus background is also shown
(solid green histogram). The lower plot shows those distributions
(except for background only) divided by the SM tt̄ plus back-
ground prediction.

events, showered with PYTHIA, with varied amounts of
initial- and final-state radiation. As in Ref. [42], the size of
the variation is compatible with the recent measurements
of additional jet activity in tt̄ events [98]. The Wt nor-
malization is varied within the theoretical uncertainties of
the cross-section calculation [79], and the sensitivity to
the interference between Wt production and tt̄ produc-
tion at NLO is studied by comparing the predictions of
POWHEG-BOX with the diagram-removal (baseline) and
diagram-subtraction schemes [78, 99]. As in Ref. [42], the
uncertainty due to the top quark mass is not included in
the systematic uncertainties, but would have no significant
impact on the results.

The size of the systematic uncertainties in terms of
�fSM are listed in Table II. The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fSM for the combined fit is found

consistent with SM

http://arxiv.org/abs/1412.4742


S. Majewski, University of Oregon Moriond EW 2015

Top—antitop spin correlation 
extracted from dilepton     events 
using ∆Φ(ℓ+,ℓ−)

Analysis sensitive to changes in 
yield and shape → can detect 
admixture of 

28

_

arxiv:1412.4742, accepted by PRL

ℓ+ ∆Φ ℓ−
tt Spin Correlation

tt̄+ t̃t̃⇤

tt̄

limits set on 
“stealth” stops

3

Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(m
t̃1
= 180 GeV, m

�̃

0
1
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TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normalization
free with a fixed background normalization. The tt̄ nor-
malization obtained by the fit agrees with the theoretical
prediction of the production cross section [94]. Negative
values of fSM correspond to an anti-correlation of the top
and antitop quark spins. A value of fSM = 0 implies that
the spins are uncorrelated and values of fSM > 1 indicate
a degree of tt̄ spin correlation larger than predicted by the
SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [97].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated uncer-
tainty is estimated by varying the relative normalizations
of simulated b-jet, c-jet and light-jet samples. The uncer-
tainty due the choice of generator is determined by compar-
ing the default tt̄ sample generated by MC@NLO inter-
faced with HERWIG to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [94, 95] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1
= 1 GeV) normalized to the

NLO cross section including next-to-leading-logarithm correc-
tions [96] plus SM tt̄ production plus background is also shown
(solid green histogram). The lower plot shows those distributions
(except for background only) divided by the SM tt̄ plus back-
ground prediction.

events, showered with PYTHIA, with varied amounts of
initial- and final-state radiation. As in Ref. [42], the size of
the variation is compatible with the recent measurements
of additional jet activity in tt̄ events [98]. The Wt nor-
malization is varied within the theoretical uncertainties of
the cross-section calculation [79], and the sensitivity to
the interference between Wt production and tt̄ produc-
tion at NLO is studied by comparing the predictions of
POWHEG-BOX with the diagram-removal (baseline) and
diagram-subtraction schemes [78, 99]. As in Ref. [42], the
uncertainty due to the top quark mass is not included in
the systematic uncertainties, but would have no significant
impact on the results.

The size of the systematic uncertainties in terms of
�fSM are listed in Table II. The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fSM for the combined fit is found

http://arxiv.org/abs/1412.4742
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Stealth stop 
region (                 ) 
nearly closed by 
precision tt 
measurements!
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SupersymmetryPublicResults see also talk by G. Polesello

http://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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Summary & Outlook
On the 20th anniversary of its 
discovery, the massive top quark 
plays a central role in searching for 
new physics at the LHC

Measurements have improved our 
background estimates and increased 
our sensitivity to new physics in  
challenging regions of phase space

Looking forward to continued 
synergy between measurements and 
searches in Run 2!

topnegative solution 
disfavored at 3.1σ

⌘ Yt

Y SM
t

top
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Top Yukawa Coupling

impact of reweighting Powheg+Pythia based on pT(tt):
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ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

H ! b¯b

t¯t ! `+ jets, dilepton
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Top Yukawa Coupling

full set of signal-rich and background-rich regions:
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ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

H ! b¯b

t¯t ! `+ jets, dilepton
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ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

H ! ��

t¯t ! `+ jets, dilepton,

all-had

ATLAS Collaboration / Physics Letters B 740 (2015) 222–242 225

Table 2
Expected numbers of H → γ γ events (NH ) from an SM Higgs boson with mH = 125.4 GeV after the event selection. These combined yields are normalized to 4.5 fb−1 for 
the 7 TeV data and to 20.3 fb−1 for the 8 TeV data, and are listed in the table along with the percent contribution of each Higgs boson production process with respect to 
the sum of all Higgs boson production processes. The numbers of fitted continuum background events (NB ) for the 7 TeV and 8 TeV data are also shown, where NB is the 
integral of the continuum background in the mγ γ range 120–130 GeV, which is determined by an unbinned signal-plus-background fit to all categories with one common 
scale factor for the H → γ γ normalization. The uncertainty on NB is the statistical uncertainty calculated from δNB = δNtot NB/Ntot , where Ntot is the total number of 
background events in the full mγ γ range 105–160 GeV estimated from an unbinned signal-plus-background likelihood fit, and δN denotes the Poisson uncertainty on N .

Category NH ggF VBF W H Z H tt̄ H t Hqb W t H NB

7 TeV leptonic selection 0.10 0.6 0.1 14.9 4.0 72.6 5.3 2.5 0.5+0.5
−0.3

7 TeV hadronic selection 0.07 10.5 1.3 1.3 1.4 80.9 2.6 1.9 0.5+0.5
−0.3

8 TeV leptonic selection 0.58 1.0 0.2 8.1 2.3 80.3 5.6 2.6 0.9+0.6
−0.4

8 TeV hadronic selection 0.49 7.3 1.0 0.7 1.3 84.2 3.4 2.1 2.7+0.9
−0.7

kept loose enough in order to also allow high selection efficiency 
for t Hqb and W t H production.

In this analysis, we assume that the top quark only decays to 
a W boson and a b-quark. The leptonic selection targets both the 
single-lepton decays of the tt̄ pairs, where one of the W bosons 
decays leptonically and the other one decays hadronically, and the 
dilepton decays of tt̄ pairs, where both W bosons decay lepton-
ically. Events are selected by requiring at least one electron or 
muon, at least one b-tagged jet using the 80% (85%) WP for 8 TeV 
(7 TeV) data and Emiss

T > 20 GeV. The Emiss
T requirement is imposed 

to reduce backgrounds from final states without top quarks and it 
is not used for events with two or more b-tagged jets. Events with 
an electron–photon invariant mass in the range 84–94 GeV are re-
jected in order to reduce the background contribution from Z → ee
events with one electron misidentified as a photon.

The hadronic selection targets events where both W bosons, 
from the top quark decays, decay hadronically. No electrons or 
muons may be identified in the event. Events must fulfill require-
ments on the number of jets and the number of b-tagged jets. For 
the 8 TeV dataset three sets of requirements are defined, out of 
which at least one must be satisfied for an event to be considered:

1. At least six jets, out of which at least two must be b-tagged 
using the 80% WP.

2. At least five jets with an increased pT threshold of 30 GeV, out 
of which at least two must be b-tagged using the 70% WP.

3. At least six jets with an increased pT threshold of 30 GeV, out 
of which at least one must be b-tagged using the 60% WP.

These requirements were optimized to suppress in particular the 
contribution from ggF Higgs boson production with H → γ γ to 
the hadronic category, while retaining good sensitivity to tt̄ H pro-
duction. For the 7 TeV dataset only events with at least six jets, at 
least two of which are b-tagged with the 85% WP, are considered.

Table 2 summarizes the expected numbers of events in each 
category for mH = 125.4 GeV, the Higgs boson mass measured by 
the ATLAS Collaboration [68]. The breakdown into the different 
Higgs boson production processes is given. The combined selec-
tion efficiencies in the 7 TeV and 8 TeV data for tt̄ H production at 
mH = 125.4 GeV are approximately 14.6% and 14.8%, respectively. 
For SM t Hqb (W t H) production the combined selection efficien-
cies for 7 TeV and 8 TeV are approximately 6.2% (12.9%) and 6.2% 
(11.9%), respectively.

5. Analysis

In order to separate processes involving H → γ γ decays from 
the continuum background, a localized excess of events is searched 
for in the mγ γ spectrum around mH = 125.4 GeV. Probability 
distribution functions for the H → γ γ resonance and contin-
uum background mγ γ distributions are defined in the range of 
105–160 GeV as described below, and the numbers of Higgs bo-

son and continuum background events are estimated from an un-
binned signal-plus-background likelihood fit to the full mγ γ distri-
butions in the leptonic and hadronic categories. Systematic uncer-
tainties are taken into account as nuisance parameters, which are 
fitted within their external constraints.

The sum of a Crystal Ball function [77] and a Gaussian function 
is used to describe the mγ γ distribution from H → γ γ decays ob-
tained from MC simulations [78]. The Gaussian function accounts 
only for a small fraction of the total H → γ γ resonance signal, 
describing small tails of the shape which cannot be characterized 
by the Crystal Ball function. The parameters of these functions 
are interpolated between the values fitted to a series of MC sam-
ples generated in steps of 5 GeV in mH , in order to allow for the 
evaluation of the resonance shape for intermediate masses includ-
ing mH = 125.4 GeV, where MC samples are not available. The 
relative fraction of the Gaussian component with respect to the 
full H → γ γ resonance shape is not varied as a function of mH . 
Shapes with different parameter values are defined for the 7 TeV 
and 8 TeV data. The mγ γ resolution, which is quantified by half of 
the smallest mγ γ interval containing 68% of the signal events, is 
1.42 GeV for the 7 TeV data and 1.56 GeV for the 8 TeV data in 
the leptonic categories. The values in the hadronic categories are 
consistent with the ones in the leptonic categories within statisti-
cal uncertainties. The small difference in mγ γ resolution between 
7 TeV and 8 TeV is due to a difference in the effective constant 
term for the calorimeter energy resolution and due to the lower 
level of pile-up in the 7 TeV data [68]. The mγ γ resolution is 
dominated by the photon energy resolution. The small change in 
acceptance for tt̄ H production is interpolated using MC samples 
generated with different hypothesized values of mH also. For all 
other Higgs boson production processes, the difference in accep-
tance between mH = 125 GeV and mH = 125.4 GeV is found to be 
negligible.

An exponential function, ea mγ γ , with a ≤ 0 is chosen for both 
categories as a model for the continuum background following the 
method previously used in Ref. [5]. The choice of fit function is 
validated in data control regions obtained by loosening the pho-
ton identification and isolation requirements. These control regions 
are dominated by jets misidentified as photons, and the system-
atic uncertainties derived from these control regions (cf. Section 6) 
are hence only approximate. In both the leptonic and the hadronic 
category, the same continuum background shape is used for 7 TeV 
and 8 TeV data, because the 7 TeV data alone is not expected to 
strongly constrain the parameter a given the expected low number 
of events.

In the range 105 GeV < mγ γ < 160 GeV, 3 (3) events are found 
in the leptonic (hadronic) category in the 7 TeV and 5 (15) events 
are found in the 8 TeV data. The results of the fits for the lep-
tonic and hadronic categories are shown in Fig. 2, separately for 
7 TeV and 8 TeV data. The fitted numbers of continuum back-
ground events in a window of 120–130 GeV are shown in Table 2.

5 candidate events observed in 120 < mγγ < 130 GeV, 
consistent with 1.3 expected from ttH + 4.6 from bkg     

4.6+1.3
-0.9
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Expected and observed yields in each channel

Systematic uncertainties:
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ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

Multi-lepton final states

(including ⌧ s)
Table 2: Expected and observed yields in each channel. Uncertainties shown are the quadrature sum of systematic uncertainties and Monte Carlo
simulation statistical uncertainties. “Non-prompt” includes the misidentified ⌧had background to the 1`2⌧had category. Rare processes (tZ, tt̄WW,
triboson production, tt̄tt̄, tH) are not shown as a separate column but are included in the total expected background estimate.

Category q mis-id Non-prompt tt̄W tt̄Z Diboson Expected Bkg. tt̄H (µ = 1) Observed
ee + � 5 j 1.1 ± 0.5 2.3 ± 1.2 1.4 ± 0.4 0.98 ± 0.32 0.47 ± 0.42 6.5 ± 2.0 0.73 ± 0.11 10
eµ + � 5 j 0.85 ± 0.35 6.7 ± 2.4 4.8 ± 1.4 2.1 ± 0.7 0.38 ± 0.32 15 ± 4 2.13 ± 0.31 22
µµ + � 5 j – 2.9 ± 1.4 3.8 ± 1.1 0.95 ± 0.31 0.69 ± 0.63 8.6 ± 2.5 1.41 ± 0.21 11

ee + 4 j 1.8 ± 0.7 3.4 ± 1.7 2.0 ± 0.4 0.75 ± 0.25 0.74 ± 0.58 9.1 ± 2.3 0.44 ± 0.06 9
eµ + 4 j 1.4 ± 0.6 12 ± 4 6.2 ± 0.9 1.5 ± 0.2 1.9 ± 1.2 24.0 ± 4.5 1.16 ± 0.14 26
µµ + 4 j – 6.3 ± 2.6 4.7 ± 0.9 0.80 ± 0.26 0.53 ± 0.30 12.7 ± 3.0 0.74 ± 0.10 20

3` – 3.2 ± 0.7 2.3 ± 0.9 3.9 ± 0.9 0.86 ± 0.59 11.4 ± 3.1 2.34 ± 0.32 18
2`1⌧had – 0.4 +0.6

�0.4 0.38 ± 0.15 0.37 ± 0.09 0.12 ± 0.15 1.4 ± 0.6 0.47 ± 0.02 1
1`2⌧had – 15 ± 5 0.17 ± 0.07 0.37 ± 0.10 0.41 ± 0.42 16 ± 6 0.68 ± 0.07 10

4` Z-enr. – . 10�3 . 3 ⇥ 10�3 0.43 ± 0.13 0.05 ± 0.02 0.55 ± 0.17 0.17 ± 0.01 1
4` Z-dep. – . 10�4 . 10�3 0.002 ± 0.002 . 2 ⇥ 10�5 0.007 ± 0.005 0.03 ± 0.00 0

13

Table 3: Leading sources of systematic uncertainty and their impact on the measured value of µ.

Source �µ
2`0⌧had non-prompt muon transfer factor +0.38 �0.35
tt̄W acceptance +0.26 �0.21
tt̄H inclusive cross section +0.28 �0.15
Jet energy scale +0.24 �0.18
2`0⌧had non-prompt electron transfer factor +0.26 �0.16
tt̄H acceptance +0.22 �0.15
tt̄Z inclusive cross section +0.19 �0.17
tt̄W inclusive cross section +0.18 �0.15
Muon isolation e�ciency +0.19 �0.14
Luminosity +0.18 �0.14

Table 4: Observed and expected 95% CL limits, derived using the CLs method, on the strength param-
eter µ = �tt̄H,obs/�tt̄H,SM. The last column shows the median expected limit in the presence of a tt̄H
signal of Standard Model strength.

Expected Limit
Channel Observed Limit �2� �1� Median +1� +2� Median (µ = 1)
2`0⌧had 6.7 2.1 2.8 3.9 5.7 8.4 5.0

3` 6.8 2.0 2.7 3.8 5.7 8.5 5.1
2`1⌧had 7.5 4.5 6.1 8.4 13 21 10

4` 18 8.0 11 15 23 39 17
1`2⌧had 13 10 13 18 26 40 19

Combined 4.7 1.3 1.8 2.4 3.6 5.3 3.7

8 Results

The observed yields, and a comparison with the expected backgrounds, are shown in Table 2. The
distributions of the number of jets in the events passing signal region selections are shown in Figure 2.
The best-fit value of the signal strength µ = �tt̄H,obs/�tt̄H,SM is determined using a maximum likelihood
fit to the data yields of the various categories in Table 2, which are treated as independent Poisson terms
in the likelihood. The fit is based on the profile likelihood approach where the systematic uncertainties
are treated as nuisance parameters with prior uncertainties that can be further constrained by the fit
[89]. The µ = 1 hypothesis assumes Standard Model Higgs boson production and decay with mH =

125 GeV; for all other values of µ only the tt̄H production cross section is scaled (the Higgs boson
branching fractions are fixed to their SM values). Systematic uncertainties are allowed to float in the
fit as nuisance parameters and take on their best fit values. The only constraints on nuisance parameter
uncertainties found by the fit are for non-prompt lepton transfer factors and normalization region yields
in the 2`0⌧had categories and the fake ⌧had background yield in the 1`2⌧had category. The former all
have large statistical components and so the additional information from the signal regions is expected
to constrain them. The latter has a very large initial uncertainty which the fit is able to constrain as µ
is required to be the same in all categories. The largest di↵erence between pre- and post-fit nuisance

15
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ttH production

● Main background

● t+X, 2000 �mes higher cross sec�on

● Very challenging fnal state, with high jet and b-tag mul�plicity, large systema�c 

uncertain�es, both theore�cal and experimental

● Search for �H targe�ng the decay H → bb in the lepton+jets and dilepton channels

● Produc�on

● σ(tH) is known at NLO QCD

● suppressed compared to other Higgs 

produc�on modes

● ≈ 2600 events in 20.3 ?-1 at 8 TeV

● Decay

● Targe�ng the decay H → bb

● Highest branching ra�o (58%) but 

large backgrounds 

Combined Results
ATLAS-CONF-2015-007 New!

negative solution 
disfavored at 3.1σ

⌘ Yt

Y SM
tonly SM particles in loops, no 

invisible or undetected Higgs decays

68%

95%

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-007/
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5 j, 2 b 5 j, 3 b 5 j, �4 b �6 j, 2 b

TT̄ (mT = 600 GeV)
Singlet 52.5 ± 4.2 19.0 ± 2.3 5.8 ± 1.2 123.3 ± 6.2
Doublet 25.8 ± 2.0 14.0 ± 1.4 5.0 ± 1.0 154.1 ± 6.4
�� ! tt̄tt̄ (m� = 800 GeV) 2.0 ± 0.3 1.4 ± 0.3 0.3 ± 0.1 64.8 ± 4.6
tt̄tt̄+X (Tier (1,1), mKK = 800 GeV) 1.0 ± 0.4 0.6 ± 0.3 0.06 ± 0.05 180 ± 29

tt̄+light jets 32400 ± 5300 2930 ± 520 48 ± 12 16200 ± 4000
tt̄ + cc̄ 3800 ± 2100 730 ± 410 42 ± 24 3300 ± 1800
tt̄ + bb̄ 1530 ± 800 800 ± 420 108 ± 58 1300 ± 700
tt̄V 140 ± 46 24.9 ± 8.1 2.9 ± 1.0 172 ± 56
tt̄H 39.2 ± 1.7 20.8 ± 1.6 5.6 ± 0.7 60.2 ± 4.5
W+jets 1600 ± 1000 111 ± 71 5.0 ± 3.4 770 ± 530
Z+jets 360 ± 120 24.8 ± 8.4 1.2 ± 0.5 185 ± 67
Single top 1630 ± 320 169 ± 36 7.0 ± 1.0 730 ± 200
Diboson 85 ± 27 7.3 ± 2.5 0.4 ± 0.2 45 ± 15
Multijet 133 ± 48 33 ± 12 6.9 ± 2.6 56 ± 20

Total background 41700 ± 6400 4840 ± 900 228 ± 69 22800 ± 5200

Data 43319 5309 244 23001

�6 j, 3 b
low Mmin�R

bb

�6 j, 3 b
high Mmin�R

bb

�6 j, �4 b
low Mmin�R

bb

�6 j, �4 b
high Mmin�R

bb

TT̄ (mT = 600 GeV)
Singlet 29.5 ± 2.0 44.0 ± 3.6 17.7 ± 1.9 24.1 ± 3.7
Doublet 50.2 ± 2.5 68.9 ± 4.1 41.0 ± 3.9 53.8 ± 7.3
�� ! tt̄tt̄ (m� = 800 GeV) 22.5 ± 1.6 50.7 ± 3.5 9.3 ± 1.0 16.2 ± 2.6
tt̄tt̄+X (Tier (1,1), mKK = 800 GeV) 33.6 ± 2.8 132.5 ± 5.9 27.7 ± 2.3 75 ± 13

tt̄+light jets 1280 ± 350 440 ± 110 38 ± 14 9.3 ± 3.9
tt̄ + cc̄ 550 ± 320 220 ± 120 53 ± 31 14.7 ± 9.0
tt̄ + bb̄ 620 ± 330 250 ± 140 178 ± 95 46 ± 25
tt̄V 28.7 ± 9.2 12.5 ± 4.2 6.2 ± 2.0 1.5 ± 0.5
tt̄H 24.9 ± 1.9 11.6 ± 1.3 10.6 ± 1.2 4.1 ± 0.6
W+jets 68 ± 46 16 ± 10 6.6 ± 4.8 0.6 ± 0.4
Z+jets 15.7 ± 6.3 3.3 ± 1.3 1.6 ± 0.6 0.3 ± 0.1
Single top 74 ± 22 32 ± 12 7.8 ± 2.2 2.1 ± 1.3
Diboson 4.2 ± 1.6 1.2 ± 0.5 0.4 ± 0.1 0.2 ± 0.1
Multijet 1.9 ± 0.8 4.8 ± 2.1 < 0.01 2.8 ± 1.0

Total background 2670 ± 680 990 ± 260 300 ± 110 81 ± 30

Data 3015 1085 362 84

Table 3: Predicted and observed yields in each of the analysis channels considered by the TT̄ ! Ht+X search. The
background prediction is shown before the combined fit to data. Also shown are the signal predictions for di↵erent
benchmark scenarios considered. The quoted uncertainties are the sum in quadrature of statistical and systematic
uncertainties on the yields.
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Figure 7: TT̄ ! Ht+X search: comparison of the shape of (a) the jet multiplicity distribution after preselection,
and (b) the b-tag multiplicity distribution after the requirement of �6 jets, between the total background and several
signal scenarios considered in this search.

8. Search for TT̄ ! Ht+X and t t̄ t t̄ production487

This search is focused on TT̄ production where at least one of the T quarks decays into a Higgs boson488

and a top quark resulting from the following processes: TT̄ ! HtHt̄, ZtHt and W bHt. For the domi-489

nant H ! bb̄ decay mode, the final state signature is characterized by high jet and b-tag multiplicities,490

which provide a powerful experimental handle to suppress the backgrounds. Similarly, this search is also491

sensitive to TT̄ ! ZtZt̄ and W bZt, with Z ! bb̄. High jet and b-tag multiplicities are also characteristic492

of tt̄tt̄ events (both within the SM and in BSM extensions), which makes this search also sensitive to this493

process. Figure 7(a) compares the shape of the jet multiplicity distribution after preselection (described494

in Section 4) between the total background and several signal scenarios. Signal events have on average495

higher jet multiplicity than the background. Restricting to events with �6 jets, the higher b-quark content496

of signal events results in a higher b-tag multiplicity than for the background, as illustrated in Fig. 7(b).497

Therefore, after preselection, the final selection requirements are �5 jets of which �2 jets are b-tagged,498

leaving a sample completely dominated by tt̄+jets background. In order to ensure a non-overlapping anal-499

ysis sample and facilitate the combination of results, events accepted by the W b+X search are rejected.500

In order to optimize the sensitivity of the search, the selected events are categorized in di↵erent channels501

depending on the number of jets (5 and �6) and on the number of b-tagged jets (2, 3 and �4). The channel502

with �4 b-tagged jets has the largest signal-to-background ratio and therefore drives the sensitivity of the503

search. The channels with 2 and 3 b-tagged jets have significantly lower signal-to-background ratio,504

and they are particularly useful to calibrate the tt̄+jets background prediction and constrain the related505

systematic uncertainties, which in the �4 b-tags channel are dominated by uncertainties on b-tagging,506

jet energy calibration and physics modeling, including the tt̄+HF content. A detailed discussion of the507

systematic uncertainties considered is given in Section 10. In addition, events with �6 jets and 3 or �4508

b-tagged jets are split in two channels each depending on the value of the invariant mass of the two b-509

tagged jets with lowest �R separation: Mmin�R
bb < 100 GeV and Mmin�R

bb > 100 GeV. For high values of510

mT , the Higgs boson from the T ! Ht decay has high pT, and the bb̄ pair from the Higgs boson decay511

has smaller angular separation than other pairs resulting from combinatorial background. As shown in512
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5 j, 2 b 5 j, 3 b 5 j, �4 b �6 j, 2 b

TT̄ (mT = 600 GeV)
Singlet 52.5 ± 4.2 19.0 ± 2.3 5.8 ± 1.2 123.3 ± 6.2
Doublet 25.8 ± 2.0 14.0 ± 1.4 5.0 ± 1.0 154.1 ± 6.4
�� ! tt̄tt̄ (m� = 800 GeV) 2.0 ± 0.3 1.4 ± 0.3 0.3 ± 0.1 64.8 ± 4.6
tt̄tt̄+X (Tier (1,1), mKK = 800 GeV) 1.0 ± 0.4 0.6 ± 0.3 0.06 ± 0.05 180 ± 29

tt̄+light jets 32400 ± 5300 2930 ± 520 48 ± 12 16200 ± 4000
tt̄ + cc̄ 3800 ± 2100 730 ± 410 42 ± 24 3300 ± 1800
tt̄ + bb̄ 1530 ± 800 800 ± 420 108 ± 58 1300 ± 700
tt̄V 140 ± 46 24.9 ± 8.1 2.9 ± 1.0 172 ± 56
tt̄H 39.2 ± 1.7 20.8 ± 1.6 5.6 ± 0.7 60.2 ± 4.5
W+jets 1600 ± 1000 111 ± 71 5.0 ± 3.4 770 ± 530
Z+jets 360 ± 120 24.8 ± 8.4 1.2 ± 0.5 185 ± 67
Single top 1630 ± 320 169 ± 36 7.0 ± 1.0 730 ± 200
Diboson 85 ± 27 7.3 ± 2.5 0.4 ± 0.2 45 ± 15
Multijet 133 ± 48 33 ± 12 6.9 ± 2.6 56 ± 20

Total background 41700 ± 6400 4840 ± 900 228 ± 69 22800 ± 5200

Data 43319 5309 244 23001

�6 j, 3 b
low Mmin�R

bb

�6 j, 3 b
high Mmin�R

bb

�6 j, �4 b
low Mmin�R

bb

�6 j, �4 b
high Mmin�R

bb

TT̄ (mT = 600 GeV)
Singlet 29.5 ± 2.0 44.0 ± 3.6 17.7 ± 1.9 24.1 ± 3.7
Doublet 50.2 ± 2.5 68.9 ± 4.1 41.0 ± 3.9 53.8 ± 7.3
�� ! tt̄tt̄ (m� = 800 GeV) 22.5 ± 1.6 50.7 ± 3.5 9.3 ± 1.0 16.2 ± 2.6
tt̄tt̄+X (Tier (1,1), mKK = 800 GeV) 33.6 ± 2.8 132.5 ± 5.9 27.7 ± 2.3 75 ± 13

tt̄+light jets 1280 ± 350 440 ± 110 38 ± 14 9.3 ± 3.9
tt̄ + cc̄ 550 ± 320 220 ± 120 53 ± 31 14.7 ± 9.0
tt̄ + bb̄ 620 ± 330 250 ± 140 178 ± 95 46 ± 25
tt̄V 28.7 ± 9.2 12.5 ± 4.2 6.2 ± 2.0 1.5 ± 0.5
tt̄H 24.9 ± 1.9 11.6 ± 1.3 10.6 ± 1.2 4.1 ± 0.6
W+jets 68 ± 46 16 ± 10 6.6 ± 4.8 0.6 ± 0.4
Z+jets 15.7 ± 6.3 3.3 ± 1.3 1.6 ± 0.6 0.3 ± 0.1
Single top 74 ± 22 32 ± 12 7.8 ± 2.2 2.1 ± 1.3
Diboson 4.2 ± 1.6 1.2 ± 0.5 0.4 ± 0.1 0.2 ± 0.1
Multijet 1.9 ± 0.8 4.8 ± 2.1 < 0.01 2.8 ± 1.0

Total background 2670 ± 680 990 ± 260 300 ± 110 81 ± 30

Data 3015 1085 362 84

Table 3: Predicted and observed yields in each of the analysis channels considered by the TT̄ ! Ht+X search. The
background prediction is shown before the combined fit to data. Also shown are the signal predictions for di↵erent
benchmark scenarios considered. The quoted uncertainties are the sum in quadrature of statistical and systematic
uncertainties on the yields.

23

Common preselection:
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S. Majewski, University of Oregon Moriond EW 2015

Vector-Like Quarks

38

To take advantage of these properties, it is necessary to identify the hadronically-decaying W boson (Whad)
as well as the b-jets in the event. The candidate b-jets are defined as the two jets with the highest b-tag
discriminant value, although only one of them is explicitly required to be b-tagged in the event selec-
tion. Two types of Whad candidates are defined, W type I

had and W type II
had , depending on the angular separation

between their decay products. W type I
had candidates correspond to boosted W bosons, where the quarks from

the W -boson decay have small angular separation between them and are reconstructed as a single jet.
W type II

had candidates correspond to W bosons where the two quarks from the W boson decay are recon-
structed as separate jets. In the construction of both types of Whad candidates, the two candidate b-jets are
excluded from consideration.

A W type I
had candidate is defined as a single jet with pT > 400 GeV, which is the typical pT above which

the decay products from a W boson would have an angular separation �R  Rcone = 0.4. A W type II
had

candidate is defined as a dijet system with pT > 250 GeV, angular separation �R( j, j) < 0.8 and mass
within the range of 60–120 GeV. The asymmetric window about the W -boson mass value is chosen in
order to increase the acceptance for hadronically-decaying Z bosons from TT̄ ! W bZt events. Any
jets satisfying the W type I

had requirements are excluded from consideration to form W type II
had candidates. The

leptonically-decaying W boson (Wlep) is reconstructed using the lepton and Emiss
T , which is taken as a

measurement of the neutrino pT. Requiring that the invariant mass of the lepton–neutrino system equals
the nominal W boson mass allows reconstruction of the neutrino longitudinal momentum up to a two-
fold ambiguity. If two solutions exist, they are both considered. If no real solution exists, the neutrino
pseudorapidity is set equal to that of the lepton, since in the kinematic regime of interest the decay
products of the W boson tend to be collinear.

Selection Requirements

Preselection One electron or muon
Emiss

T > 20 GeV, Emiss
T + mT > 60 GeV

�4 jets, �1 b-tagged jets

Loose selection Preselection
�1 Whad candidate (type I or type II)
HT > 800 GeV
pT(b1) > 160 GeV, pT(b2) > 110 GeV (type I) or pT(b2) > 80 GeV (type II)
�R(`,⌫) < 0.8 (type I) or �R(`,⌫) < 1.2 (type II)

Tight selection Loose selection
min(�R(`,b1,2)) > 1.4, min(�R(Whad,b1,2)) > 1.4
�R(b1,b2) > 1.0 (type I) or �R(b1,b2) > 0.8 (type II)
�m < 250 GeV (type I)

Table 1: Summary of event selection requirements for the TT̄ ! W b+X analysis (see text for details).

Table 1 summarises the event selection requirements. Two selections, “loose” and “tight”, are defined,
with the latter being more restrictive than the former and representing the final selection. As discussed
below, the loose selection is used to validate the background modelling in a kinematic regime close to
the final selection. The loose selection considers preselected events with at least one W type I

had or W type II
had

candidate. If multiple Whad candidates are found in a given event, the one with the highest pT is chosen.
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only in the lepton identification criteria: a tight sample and a loose sample, the former being a subset406

of the latter. The tight selection employs the final lepton identification criteria used in the analysis. For407

the loose selection the lepton isolation requirements are omitted. The method assumes that the number408

of selected events in each sample (N loose and N tight) can be expressed as a linear combination of the409

numbers of events with real and fake leptons, so that the number of multijet events in the tight sample is410

given by N tight
MJ =

✏fake
✏real�✏fake

(✏ realN loose�N tight) where ✏ real (✏ fake) represents the probability for a real (fake)411

lepton that satisfies the loose criteria to also satisfy the tight ones. Both probabilities are measured in data412

control samples. To measure ✏ real samples enriched in real leptons from W bosons decays are selected413

by requiring high Emiss
T or mW

T . The average ✏ real is ⇠0.75 (⇠0.98) in the electron (muon) channel. To414

measure ✏ fake samples enriched in multijet background are selected by requiring either low Emiss
T (electron415

channel) or high impact parameter significance for the lepton track (muon channel). The average ✏ fake416

value is ⇠0.35 (⇠0.20) in the electron (muon) channel. Dependences of ✏ real and ✏ fake on quantities such as417

lepton pT and ⌘, �R between the lepton and the closest jet, or number of b-tagged jets, are parameterized418

in order to obtain a more accurate estimate.419

7. Search for TT̄ ! Wb+X production420

This search is sensitive to TT̄ production where at least one of the T quarks decays into a W boson and a b421

quark, although it is particularly optimized for TT̄ ! W+bW�b̄ events. After the preselection described422

in Section 4, further background suppression is achieved by applying requirements aimed at exploiting423

the distinct kinematic features of the signal. The large T quark mass results in energetic W bosons and b424

quarks in the final state with large angular separation between them, while the decay products from the425

boosted W bosons have small angular separation. The combination of these properties is very e↵ective in426

distinguishing the dominant tt̄ background since tt̄ events with boosted W boson configurations are rare427

and are typically characterized by a small angular separation between the W boson and the b quark from428

the top quark decay.429

To take advantage of these properties, it is necessary to identify the hadronically-decaying W boson (Whad)430

as well as the b-jets in the event. The candidate b-jets are defined as the two jets with the highest b-tag431

discriminant value, although only one of them is explicitly required to be b-tagged in the event selection.432

Two types of Whad candidates are defined, W type I
had and W type II

had , depending on the angular separation be-433

tween their decay products. W type I
had candidates correspond to boosted W bosons, where the quarks from434

the W boson decay have small angular separation between them and are reconstructed as a single jet.435

W type II
had candidates correspond to W bosons where both quarks from the W boson decay are reconstructed436

as separate jets. In the construction of both types of Whad candidates, the two candidate b-jets are excluded437

from consideration.438

W type I
had is defined as a single jet with pT > 400 GeV, which is the typical pT above which the decay439

products from a W boson would have an angular separation �R  Rcone = 0.4. W type II
had is defined as a440

dijet system with pT > 250 GeV, angular separation �R( j, j) < 0.8 and mass within the range of 60–441

120 GeV. The asymmetric window about the world-average W boson mass value is chosen in order to442

increase the acceptance for hadronically-decaying Z bosons from TT̄ ! W bZt events. Any jets satisfying443

the W type I
had requirements are excluded from consideration to form W type II

had candidates. The leptonically-444

decaying W boson (Wlep) is reconstructed using the lepton and Emiss
T , which is taken as a measurement of445

the neutrino pT. Requiring that the invariant mass of the lepton–neutrino system equals the nominal W446

boson mass allows reconstruction of the neutrino longitudinal momentum up to a two-fold ambiguity. If447
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Loose selection Tight selection

TT̄ (mT = 600 GeV)
Chiral fourth-generation 115± 10 58.9± 5.9
Vector-like singlet 60.3± 5.1 24.5± 2.3

tt̄ 390± 110 10.7± 4.3
tt̄V 6.5± 2.5 0.4± 0.2
W+jets 38± 19 11.4± 6.2
Z+jets 1.5± 1.2 0.4± 0.4
Single top 36± 17 2.2± 1.5
Diboson 5.6± 1.4 1.5± 0.6
Multijet 0.3± 1.6 0.8± 0.7

Total background 480± 120 27.5± 8.6

Data 478 34

Table 2: Number of observed events, integrated over the whole mass spectrum, compared to the SM expectation
after the loose and tight selections in the TT̄ ! W b+X search. The expected signal yields in two di↵erent scenarios,
a chiral fourth-generation T quark and a vector-like singlet T quark, assuming mT = 600 GeV, are also shown. The
quoted uncertainties include both statistical and systematic contributions.
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Same-sign dilepton/trilepton

SR4t3: HT > 700 GeV, Nb-jets = 2, 
ETmiss > 100 GeV 

SR4t4: HT > 700 GeV, Nb-jets >= 3, 
ETmiss > 40 GeV 

2.2σ 2.4σ

6/18 events in common with ttH 
multilepton analysis
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Figure 3: Representative leading-order Feynman diagrams for four-top-quark production within (a) the SM and
several beyond-the-SM scenarios (see text for details): (b) via an e↵ective four-top-quark interaction in an e↵ective
field theory model, (c) via scalar-gluon-pair production, and (d) via cascade decays from Kaluza-Klein excitations
in an universal extra dimensions model with two extra dimensions compactified under the real projective plane.

5.2. Four-top-quark production

The production cross section for four-top-quark events in the SM is very small (�t t̄ t t̄ ' 1 fb at
p

s =
8 TeV) [61, 62], but it can be significantly enhanced in several BSM scenarios. Figure 3 depicts rep-
resentative LO Feynman diagrams for four-top-quark production within the SM and the BSM scenarios
considered in this paper. A class of models involving new heavy vector particles strongly coupled to
the right-handed top quark, such as top quark compositeness [63–65] or Randall-Sundrum extra dimen-
sions [66], can be described via an e↵ective field theory (EFT) involving a four-fermion contact inter-
action [67] (Fig. 3(b)). The Lagrangian assumed is L4t =

|C4t |
⇤2 (t̄R�µtR)(t̄R�µtR), where tR is the

right-handed top quark spinor, �µ are the Dirac matrices, C4t is the coupling constant, and ⇤ is the energy
scale of new physics. Only the contact interaction operator with right-handed top quarks is considered as
left-handed operators are already strongly constrained by electroweak precision data [68].

In addition, two specific models are considered involving new heavy particles: sgluon pair production
and an Universal Extra Dimensions (UED) model. Sgluons are colour-adjoint scalars, denoted as �, that
appear in several extensions of the SM, both supersymmetric [69, 70] and non-supersymmetric [71–74].
The dominant production mode at the LHC is in pairs via the strong interaction, gg ! ��. For sgluon
masses above twice the top-quark mass, the dominant decay mode is into tt̄, giving rise to a four-top-
quark final state (Fig. 3(c)). The UED model considered has two extra dimensions that are compactified
under the real projective plane (2UED/RPP) [75], leading to a discretisation of the momenta along their
directions. A tier of Kaluza-Klein towers is labelled by two integers, k and `, referred to as “tier (k,`)”.

8

SM σtttt ~ 1 fb @ 8 TeV

Same channels as vector-like quark 
searches: Ht+X, ss dilepton/trilepton

Ht+X limit: 23 fb (obs), 32 fb (exp)

ss dilepton/trilepton limit:  
27 fb (exp)


