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with the ATLAS detector
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Production & Decay
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Figure 4: Maximum single heavy quark production cross sections at the LHC with 8 TeV

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

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

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

L ≃ 20 fb−1 collected.

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

its single production isY øbj → W−bøbj, which may be distinguished from the production

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

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

The resulting signalW+bøbj should be visible over theW+ jets background; in the Zt

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

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

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

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

to singleT production have been given in [73Ð75].

7 Effects in top couplings

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

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

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

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

compatible with precision electroweak data needs to be checked for each model of this kind.
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Search for VLT at ATLAS
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Search for VLB at ATLAS
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1.  TT → Ht+X ��
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B→Wt (8 TeV) ����

b⇤ B
Pre-fit [%] Post-fit [%] Pre-fit [%] Post-fit [%]

Jet uncertainties 14.0 6.5 12.0 6.2
b-tagging uncertainties 3.3 3.0 2.8 2.5
Lepton uncertainties 1.6 1.5 1.6 1.6
Fake-lepton uncertainties 2.6 2.4 2.9 2.6
Theory uncertainties

• Top-quark pair 3.2 1.8 9.4 3.4
• W+jets 9.1 3.6 9.6 4.9
• Single top 0.0 0.0 0.1 0.1
• Diboson 0.5 0.5 0.2 0.2
• Z+jets 0.5 0.5 0.7 0.7
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2.  TT → Wb+X
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TT/BB → Zt/b+X ����

 Wt)!BR (B 

0 0.2 0.4 0.6 0.8 1

 H
b)

!
B

R
 (

B
 

0

0.2

0.4

0.6

0.8

1

 li
m

it 
[G

eV
]

B
O

bs
er

ve
d 

95
%

 C
L 

m

350

400

450

500

550

600

650

700

750

800

850
ATLAS

 = 8 TeVs
-1

 L dt = 20.3 fb"
Zb/t + X

Combination

Dilep. + Trilep.

 Wb)!BR (T 

0 0.2 0.4 0.6 0.8 1

 H
t)

!
B

R
 (

T
 

0

0.2

0.4

0.6

0.8

1

 li
m

it 
[G

eV
]

T
E

xp
ec

te
d 

95
%

 C
L 

m

350

400

450

500

550

600

650

700

750

800

850
ATLAS

 = 8 TeVs
-1

 L dt = 20.3 fb"
Zb/t + X

Combination

Dilep. + Trilep.

 Wb)!BR (T 

0 0.2 0.4 0.6 0.8 1
 H

t)
!

B
R

 (
T

 
0

0.2

0.4

0.6

0.8

1

 li
m

it 
[G

eV
]

T
O

bs
er

ve
d 

95
%

 C
L 

m

350

400

450

500

550

600

650

700

750

800

850
ATLAS

 = 8 TeVs
-1

 L dt = 20.3 fb"
Zb/t + X

Combination

Dilep. + Trilep.

 Wt)!BR (B 

0 0.2 0.4 0.6 0.8 1

 H
b)

!
B

R
 (

B
 

0

0.2

0.4

0.6

0.8

1

 li
m

it 
[G

eV
]

B
E

xp
ec

te
d 

95
%

 C
L 

m

350

400

450

500

550

600

650

700

750

800

850
ATLAS

 = 8 TeVs
-1

 L dt = 20.3 fb"
Zb/t + X

Combination

Dilep. + Trilep.

Singlet mass limit [GeV] Doublet mass limit [GeV]
Hypothesis Dilepton Trilepton Comb. Dilepton Trilepton Comb.

B øB 690 (665) 610 (610) 685 (670) 765 (750) 540 (530) 755 (755)
T øT 620 (585) 620 (620) 655 (625) 705 (665) 700 (700) 735 (720)
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BB → Hb+X
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SS dilepton + bjets
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SS dilepton + bjets ����

Source
VLQ signal region number

0 1 2 3 4 5 6 7
Cross section ± 8.0 ± 13.6 ± 15.1 ± 11.1 ± 12.1 ± 16.8 ± 25.2 ± 23.8

Fake/non-prompt leptons ± 33 ± 18 ± 25 ± 23 ± 26 ± 16 ± 1.5 ± 3.8

Charge misID +5 .9
! 5.7

+9 .3
! 9.1

+5 .4
! 5.1

+7 .4
! 6.7

+5 .0
! 4.6

+8 .7
! 8.1

+9 .0
! 8.5

+11 .0
! 10.1

Jet energy scale +1 .7
! 1.6

+1 .2
! 1.8

+1 .4
! 1.7

+1 .8
! 2.1

+2 .6
! 4.2

+3 .8
! 1.5

+8 .5
! 4.8

+7 .3
! 2.9

b-tagging e!ciency ± 1.0 ± 2.6 +5 .7
! 5.5

+1 .9
! 2.0

+1 .6
! 1.7

+3 .8
! 3.7

+5 .1
! 5.0

+8 .3
! 8.2

Lepton ID e!ciency ± 1.3 ± 1.6 ± 1.6 +2 .1
! 2.0

+2 .1
! 2.0

+2 .2
! 2.1

+2 .8
! 2.2 ± 2.5

Jet energy resolution ± 0.5 ± 0.2 ± 3.1 ± 1.9 ± 0.3 ± 0.9 ± 0.8 ± 3.4

Luminosity ± 0.9 ± 1.1 ± 1.3 ± 1.4 ± 1.5 ± 1.5 ± 2.1 ± 1.9

Source
VLQ signal region number

0 1 2 3 4 5 6 7
Jet energy scale +11 .3

! 9.0
+11 .5
! 6.3

+28 .0
! 17.3

+3 .7
! 2.1

+5 .4
! 2.4

+3 .9
! 2.0

+4 .5
! 6.5

+6 .6
! 3.0

b-tagging e!ciency +2 .5
! 3.0

+6 .3
! 6.1

+16 .4
! 15.9

+3 .1
! 3.7

+3 .4
! 4.0

+7 .4
! 7.2

+7 .6
! 7.4

+12 .1
! 11.9

Lepton ID e!ciency ± 2.9 ± 2.9 ± 2.8 ± 2.9 +3 .2
! 3.1 ± 2.9 +3 .2

! 3.1
+3 .0
! 2.9

Jet energy resolution ± 0.8 ± 2.5 ± 3.9 ± 0.3 ± 0.7 ± 0.7 ± 1.0 ± 0.1

Luminosity ± 2.8 ± 2.8 ± 2.8 ± 2.8 ± 2.8 ± 2.8 ± 2.8 ± 2.8
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SS dilepton + bjets ����
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1.  TT → Ht+X ����
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�-�F�B�E�J�O�H���4�Z�T�U�F�N�B�U�J�D���6�O�D�F�S�U�B�J�O�U�Z

�w���U�U���K�F�U�T���N�P�E�F�M�J�O�H���J�O�D�M�V�E�J�O�H���U�U���)�'

�w �C���U�B�H�H�J�O�H���F$•�D�J�F�O�D�Z

1J, �6j, �4b 1J, �6j, �4b �2J, �6j, 3b �2J, �6j, �4b
LM HM

T T̄ (mT = 800 GeV)
BR(T ! Ht) = 1 5.52± 0.76 10.5± 1.4 12.2± 1.2 19.6± 2.7
(T,B) or (X,T ) doublet 4.18± 0.53 6.00± 0.81 8.90± 0.70 10.0± 1.4
Singlet 1.90± 0.26 3.08± 0.50 4.83± 0.45 4.14± 0.65

SM tt̄tt̄ 0.26± 0.03 0.27± 0.04 0.40± 0.04 0.30± 0.05
EFT tt̄tt̄ (|C4t|/⇤2 = 4⇡ TeV�2) 25.3± 3.8 36.7± 5.9 65.3± 5.3 45.9± 7.1
2UED/RPP tt̄tt̄+X (mKK = 1 TeV) 4.10± 0.57 10.3± 1.8 78.2± 4.7 60.5± 8.9

tt̄+light-jets 2.7± 1.8 2.0± 1.3 13.2± 5.1 0.52± 0.45
tt̄+�1c 4.9± 3.4 4.2± 3.0 11.5± 7.3 1.5± 1.2
tt̄+�1b 15.5± 8.4 12.1± 6.8 13.0± 7.6 4.4± 3.5
tt̄V 0.68± 0.15 0.36± 0.10 0.98± 0.22 0.22± 0.06
tt̄H 1.06± 0.29 1.39± 0.33 0.99± 0.20 0.44± 0.13
W+jets 0.35± 0.25 0.19± 0.14 0.90± 0.61 0.08± 0.06
Z+jets 0.04± 0.04 0.02± 0.02 0.10± 0.10 < 0.01
Single top 1.03± 0.36 0.86± 0.27 1.74± 0.39 0.24± 0.11
Diboson 0.32± 0.31 0.15± 0.15 0.39± 0.26 0.11± 0.12
Multijet – – – –

Total background 27± 10 21.3± 8.6 43± 14 7.6± 4.0

Data 50 26 55 13



3.  SS dilepton + bjets ����

Source
Signal region

SR0 SR1 SR2 SR3 SR4 SR5 SR6 SR7
Cross section 8 11 26 13 9 27 23 57

Jet energy scale 1 1 3 1 1 3 2 4

Jet energy resolution < 1 2 2 2 < 1 1 < 1 3

b-tagging e!ciency 1 2 5 3 1 2 2 7

Luminosity 1 1 1 1 1 1 1 1

Fake/non-prompt leptons 17 7 15 13 26 13 17 17

Charge misID 8 3 7 5 3 6 5 8

Source
Signal region

SR0 SR1 SR2 SR3 SR4 SR5 SR6 SR7
Jet energy scale 2 12 2 6 4 3 3 3

Jet energy resolution 16 6 7 16 14 11 1 2

b-tagging e!ciency 8 5 5 21 14 15 5 5

Lepton ID e!ciency 1 1 1 4 2 2 2 1

Luminosity 2 2 2 2 2 2 2 2
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3.  SS dilepton + bjets ����
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 [TeV]KKm

0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

) 
[p

b]
ttt t

!
(1

,1
)

A
(1

,1
)

 A
!

(p
p 

"

3#10

2#10

1#10

1

10
Observed limit
Expected limit

" 1 ±
" 2 ±

Theory (LO)

-1 = 13 TeV, 3.2 fbs

SS dilepton / trilepton + b-jets
2UED/RPP model

ATLAS Preliminary

 [TeV]4=1/RKKm

0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

5
/R 4

=
R

!

1

1.2

1.4

1.6

1.8

2

2.2

2.4 Excluded region

Observed

Expected

" 1 ±

" 2 ±

 PreliminaryATLAS
-1 = 13 TeV, 3.2 fbs

2UED/RPP model
SS dilepton / trilepton + b-jets

)=100%t t#
(1,1)

BR(A

JHEP 1510 (2015) 150
SS dilepton / trilepton + b-jets, Run 1

ATLAS-CONF-2016-020
l+jets, Run 2

 [TeV]!

4 5 6 7 8 9 10 11 12 13

|
4t

|C

0

50

100

150

200

250

300

Excluded

Observed

Expected

" 1 ±

" 2 ±

JHEP 1510 (2015) 150
SS dilepton / trilepton + b-jets, Run 1

ATLAS-CONF-2016-020
l+jets, Run 2

ATLAS Preliminary
-1 = 13 TeV, 3.2 fbs

SS dilepton / trilepton + b-jets

�'�P�S�����U�P�Q�������4�. �������������	�������
���G�C�
�����#�4�. �������������	�����
���G�C

�'�P�S���D�P�O�U�B�D�U���J�O�U�F�S�B�D�U�J�P�O�
���c�$���U�c���ý�� ���������������5�F�7����

�$���U�����D�P�V�Q�M�J�O�H���D�P�O�T�U�B�O�U�
���ý�����#�4�.���Q�I�Z�T�J�D�T���F�O�F�S�H�Z���T�D�B�M�F

�'�P�S�����6�&�%���3�1�1�
���N�,�, ���������������5�F�7���X�J�U�I

�3���������3���������#�3�	�"�� �	���
���
�à�U�U�
��������������



2.  TT → Wb+X ����

Signal tøt Non-tøt Total background

Luminosity ± 2.8 ± 2.8 ± 2.8 ± 2.8
Lepton e!ciencies ± 1.6 ± 1.6 ± 1.5 ± 1.6
Jet energy scale +3.4/ ! 7.2 ± 16 +19/ ! 9 +17/ ! 12
Jet e!ciencies ± 1.5 ± 1.6 ± 1.6 ± 1.6
Jet energy resolution ± 1.1 ± 0.6 ± 2.6 ± 1.8
b-tagging e!ciency ± 5.0 ± 0.7 ± 2.9 ± 2.0
c-tagging e!ciency ± 0.4 ± 1.2 ± 2.3 ± 1.9
Light-jet tagging e!ciency ± 0.2 ± 1.3 ± 1.6 ± 1.4
High-pT tagging e!ciency ± 3.2 ± 1.3 ± 0.8 ± 1.1
Missing transverse momentum Ð ± 2.6 Ð ± 1.0
tøt: reweighting Ð ± 15 Ð ± 5.9
tøt: parton shower Ð ± 9.3 Ð ± 3.6
tøt+HF: normalisation Ð +12.0/ ! 5.5 Ð +4.5/ ! 2.1
tøt+HF: modelling Ð ± 30 Ð ± 11
Theoretical cross sections Ð ± 6.0 ± 33 ± 20
Multijet normalisation Ð Ð ± 2.9 ± 1.8
Non-tøt modelling Ð Ð ± 2.3 ± 1.4

Total +7 .7/ ! 10.0 ± 40 ± 35 ± 29
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4.  T→Wb ����
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Systematic uncertainty Signal Total bkg.
Modelling uncertainties [%]

tøt and W+jets normalisation - 15
tøt modelling - 4.9

W+jets modelling - 2.4
Single top modelling - 6.3

Multijet estimate - 2.6
Parton distribution functions 2.0 7.4

Experimental uncertainties [%]
b-tagging 8.0 1.5

Small-R jets energy resolution 0.7 0.3
Small-R jets energy scale 3.3 3.6

JVF, small-R jets < 0.1 0.2
Large-R jet energy and mass resolution 4.0 6.8

Large-R jet energy scale 7.2 9.7
Lepton id & reco 2.3 0.2

Missing transverse momentum 0.3 0.4
Luminosity 2.8 2.7



QQ → WqWq (8 TeV) ����
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Total bkg. uncert.

ATLAS -1=8 TeV, 20.3 fbs

final selection

Electron Muon
W +jets 5.6 ± 1.5 +1 .5

! 1.2 6.0 ± 1.0 +2 .2
! 1.6

Non-W +jets 1.2 ± 0.5 +1 .0
! 0.4 1.2 ± 0.4 +0 .8

! 1.0

Total background 6.8 ± 1.6 +2 .4
! 1.5 7.2 ± 1.1 +2 .5

! 2.3

Signal (mQ = 700GeV) 7.0 ± 0.6 +1 .1
! 1.3 6.9 ± 0.6 +1 .0

! 1.0
Data 9 11

Signal (mQ = 700GeV) Non-W +jets W +jets
Luminosity +2.8/Ð2.8 +2.8/Ð2.8 +2.8/Ð2.8
Normalization ±15 +2.7/Ð4.4
Lepton identiÞcation +1.6/Ð1.6 +1.5/Ð1.5 +1.4/Ð1.4
Jet energy resolution +0.6/Ð0.6 +12/Ð12 +8.7/Ð8.7
Jet energy scale +6.1/Ð4.3 +33/Ð34 +14/Ð18
b-tagging +0.2/Ð0.2 +5.1/Ð5.3 +0.3/Ð0.3
c-tagging +1.5/Ð1.5 +1.5/Ð1.5 +1.2/Ð1.2
Light-jet tagging +1.0/Ð1.0 +0.9/Ð0.9 +1.0/Ð1.0
ptruthT (V ) re-weighting +5.7/Ð4.2
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