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Single top quark production
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t – channel (tq)

s – channel (tb)tW

tW - cross sections

7 TeV 15.7 ± 1.1 pb

8 TeV 22.4 ± 1.5 pb

13 TeV 71.7 ± 3.8 pb

mt=172.5 GeV

Phys.Rev.D82 (2010) 054018,2010

at NLO + NNLL resummation

tb - cross sections

7 TeV 4.3 ± 0.2 pb

8 TeV 5.2 ± 0.2 pb

13 TeV 10.3 ± 0.4 pb

tq - cross sections

7 TeV 63.9 ± 2.9 pb

8 TeV 84.7 ± 3.8 pb

13 TeV 217 ± 9 pb



Single top quark production
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t – channel (tq)

tW

tW - cross sections

7 TeV 15.7 ± 1.1 pb

8 TeV 22.4 ± 1.5 pb

13 TeV 71.7 ± 3.8 pb

mt=172.5 GeV

Phys.Rev.D82 (2010) 054018,2010

at NLO + NNLL resummation

tZj - cross sections

13 TeV 0.80 ± 0.6 pb

tq - cross sections

7 TeV 63.9 ± 2.9 pb

8 TeV 84.7 ± 3.8 pb

13 TeV 217 ± 9 pb



t-channel @ 8 TeV
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ො𝒔 = 𝟖 TeV    Lint = 20.2 fb-1

Eur. Phys. J. C 77 (2017) 531

𝝈 𝒕𝒒 = 𝟓𝟒. 𝟗 ± 𝟐.3 pb
𝝈 ҧ𝒕𝒒 = 𝟐𝟗. 𝟕 ± 𝟏. 𝟕 pb

Calculated @ NLO



Why study t-channel single top?
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Cross section ∝ |𝑉𝑡𝑏
2 |

→ test of the unitarity of the CKM Matrix

Test of the V-A structure of the  Wtb 
vertex, e.g. using the top polarisation or 
W helicity

Test of the b-quark PDF

The cross-section ratio top-quark/top-
antiquark production is sensitive to 
the u/d-quark ratio in the PDF sets.

Measurement of the top quark mass
• different color structure
• different energy scale



Multivariate Analyses
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+ channel: S/B ≈ 26%
- channel: S/B ≈ 17%

Separated into +  and – lepton charge!

# 
b

-t
ag

s

# jets
Selection: 
• Exactly one isolted lepton (𝑒/𝜇)
• Two jets, including forward ( 𝜂 < 4.5)

calorimeters!
• Identification of  b-quark jets

(including sufficient c-quark suppression)

• Missing transverse momentum
• Multijet veto



Multivariate Analyses
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Fiducial cross section result
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Several uncertainties are reduced 
for the fiducial cross-section w.r.t 
the total cross-section

Total uncertainty: 
𝑡𝑞 : 5.8% !
ҧ𝑡𝑞 : 7.8%



Extrapolated cross section
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Measured cross section extrapolated to full phase space is calculated with:

𝜎𝑡𝑜𝑡 =
1

𝐴𝑓𝑖𝑑
⋅ σ𝑓𝑖𝑑

𝑚𝑒𝑎𝑠

Taking into account in a correlated way theory uncertainties on 𝐴𝑓𝑖𝑑

Measured extrapolated cross section using Powheg+Pythia6:
𝜎𝑡𝑜𝑡 𝑡𝑞 = 56.7 ± 0.9 stat ± 2.7 exp ± 3.0 theo ± 1.1 (lumi) pb

1.6%      4.8%              5.3%            1.9%
𝜎𝑡𝑜𝑡 ҧ𝑡𝑞 = 32.8 ± 0.8 stat ± 2.2 exp ± 1.7 theo ± 0.6 (lumi) pb

2.4%               6.7%              5.2%            1.9%



Cross section ratio
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Using the extrapolated cross section:
𝑅𝑡 = 1.73 ± 0.05 stat ± 0.07 syst

Rt = σ(t) / σ( ҧ𝑡)



Differential cross sections
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Cut on oNN > 0.8

+ channel: S/B ≈ 2.2

- channel: S/B ≈ 1.34



Differential cross sections
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• Use different NN - without |𝜂 𝑗 |
• Predictions are harder than the data



tW production
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ො𝒔 = 𝟏𝟑 TeV    Lint = 3.2 fb-1

JHEP 01 (2018) 63

ො𝒔 = 𝟏𝟑 TeV    Lint = 36 fb-1

Eur. Phys. J. C 78 (2018) 186

SM: 𝝈(𝑾𝒕) = 𝟕𝟏. 𝟕 ± 𝟑. 𝟗 pb 
Calculated @ NLO+NLL



Signal modelling – Traditional approach
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NLO: interference between both processes

Different methods to define Wt @ NLO

Diagram removal: 
Remove all double resonant diagrams on 
amplitude level (𝑀𝑑𝑟 = 0)

Diagram removal 2: 
Remove all double resonant diagrams on 

amplitude level squared (|𝑀𝑑𝑟|
2 = 0)

Diagram subtraction:
Modifies the NLO cross-section with 
subtraction terms to cancel locally the 𝑡 ҧ𝑡
contribution



Wt production
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# 
b

-t
ag

s

# jets

In order to separate Wt and 𝑡 ҧ𝑡 BDTs are 
used in the two signal regions

Selection: Exactly two leptons 

1j1b: S/B ≈ 25%
2j1b: S/B ≈ 10%



Wt production
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Measured cross section:
𝜎(𝑊𝑡) = 94 ± 10 stat −22

28 syst pb
SM:  𝜎 = 71.1 ± 3.9 pb

Signal extraction: 
Profile maximum likelihood fit



Differential cross sections
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Measured in a fiducial phase space defined by the 
presence of two charged leptons and exactly one jet
identified as containing b-hadrons. 

Dominant uncertainties
Data statistics, signal 
modelling, and t ¯t 
background modelling. 

Good agreement with 
predictions from several 
MC event generators.



Determination of |Vtb|
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Cross section is proportional to 𝑉𝑡𝑏
2

• In the Standard Model  with 3 quark generation 
one expects 𝑉𝑡𝑏 ∼ 1 (unitarity):

•

Assumptions for the extraction: 
• Independence of 3 quark generations
• Left-handed weak interaction
• Top quark decays only into b quarks:

( 𝑉𝑡𝑑 , 𝑉𝑡𝑠 ≪ 𝑉𝑡𝑏 )
Can be done with all three single top processes

Highest precision for t-channel:
∼ 5%



WbWb production

19LHCP 2019 - Puebla         24.05.2019                        Dominic Hirschbühl           Bergische Universität Wuppertal

ො𝒔 = 𝟏𝟑 TeV    Lint = 36 fb-1

Phys. Rev. Lett. 121 (2018) 152002



Offshell 𝑡 ҧ𝑡 production
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• For direct searches Wt more or less well-defined
• Analysis typically done in non-resonant phase spaces
• SUSY searches do explore interference regions
Solution: WbWb @ NLO



Selection: 
• One electron
• One muon, 
• Exactly 2 b-tagged jets

Sensitive observable: 

At parton level for 𝑡 ҧ𝑡: 

𝑚𝑏𝑙
𝑚𝑖𝑛𝑖𝑚𝑎𝑥 < 𝑚𝑡

2 −𝑚𝑊
2

 high 𝑚𝑏𝑙
𝑚𝑖𝑛𝑖𝑚𝑎𝑥 has high

𝑡𝑊𝑏 fraction

Offshell 𝑡 ҧ𝑡 production
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Two ways of pairing:

𝒎𝒃𝒍
𝒎𝒊𝒏𝒊𝒎𝒂𝒙 = 𝐦𝐢𝐧{𝐦𝐚𝐱 𝒎𝒃𝟏𝒍𝟏,𝒎𝒃𝟐𝒍𝟐 ,𝐦𝐚𝐱 𝒎𝒃𝟏𝒍𝟐,𝒎𝒃𝟐𝒍𝟏 }



Offshell 𝑡 ҧ𝑡 production

22LHCP 2019 - Puebla         24.05.2019                        Dominic Hirschbühl           Bergische Universität Wuppertal



Offshell 𝑡 ҧ𝑡 production
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tZq production
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ො𝒔 = 𝟏𝟑 TeV    Lint = 36 fb-1

Phys. Lett. B 780 (2018) 557

SM: 𝝈(𝒕𝒁𝒒) = 𝟖𝟎𝟎 ± 𝟓𝟗 fb 
Calculated @ NLO



tZq analysis
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Event selection:
• 2 jets, 1 b-tag
• 3 isolated leptons, 2 forming 𝑍 mass
• Validate background predictions 

in data (𝑡 ҧ𝑡 + nonprompt enriched
and 𝑊𝑍 enriched regions)

S/B ≈ 27%



tZq analysis

26LHCP 2019 - Puebla         24.05.2019                        Dominic Hirschbühl           Bergische Universität Wuppertal

Measured cross section:

𝜎 𝑡𝑍 = 600 ± 170 stat ± 140 syst fb
Significance: 4.2 𝜎



Summary I
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Summary II
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• Single top production  measurements 
entered he precision measurment era.

• Differential cross section for main 
channels are available

• New rare processes started to be 
investiagted (and discovered)


