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Outline
• Top quark pair production cross sections at the LHC (7, 8 and 13 TeV) 
    - Total inclusive 
    - Differential (resolved and boosted regimes) 

• Associated production of top quarks with a gauge boson 
    - t t+W , t t + Z 

• Single top production 
    - t-channel 
    - Wt channel 
    - s-channel 
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Introduction
20 years after its discovery top quark remains an intriguing particle 

•The most massive elementary particle 
•Decays before hadronising 
•Could play a role in EWSB

With its large top production rates, LHC is a top factory. This makes it 
possible  to carry out a very important Top Physics programme:

• Production and decay processes: test pQCD and EW 
• Probe couplings to H and Z 
• Significant background to Higgs and New Physics searches
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Top pair decays

The leptonic/hadronic decays of the W  
fully characterise the final state signature 
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tt production - pQCD
Test of pQCD 
The total cross section for top pair production process  

                          
is known with very high theoretical precision (NNLO +NNLL)

-

 120

 140

 160

 180

 200

 220

 240

 260

 280

σ
t
o
t
 
[
p
b
]

Scale variation

LO

NLO NNLO

LL
NLLNNLL

LL NLLNNLL

LHC 8 TeV; mtop=173.3 GeV; A=0
MSTW2008 LO; NLO; NNLO

Fixed Order
NLO+res

NNLO+res

Leading order terms:

Gluon-initiated: 90%                     Quark initiated:  10%   (@14 TeV)

PRL 110,252004 (2013)

arXiv:1305.3892

5



tt production - pQCD
Test of pQCD 
The total cross section for top pair production process  

                          
is known with very high theoretical precision (NNLO +NNLL)
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tt

σ 

(*) Superseded by results shown below the line

WGtopLHC Sep 2015

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
 = 172.5 GeVtopm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat

(lumi)±(syst) ±(stat) ± 
tt

σ

Effect of LHC beam energy uncertainty: 3.3 pb 
(not included in the figure)

ATLAS, l+jets -1=0.7 fbintL 7 pb± 9 ± 4 ±179 

ATLAS, dilepton (*) -1=0.7 fbintL pb 7−
 8+   11−

 14+ 6 ±173 

ATLAS, all jets (*) -1=1.0 fbintL 6 pb± 78 ± 18 ±167 

ATLAS combined -1=0.7-1.0 fbintL 7 pb±  7−
 8+ 3 ±177 

CMS, l+jets (*) -1=0.8-1.1 fbintL 7 pb± 12 ± 3 ±164 

CMS, dilepton (*) -1=1.1 fbintL 8 pb± 16 ± 4 ±170 

 (*)µ+hadτCMS, -1=1.1 fbintL 9 pb± 26 ± 24 ±149 

CMS, all jets (*) -1=1.1 fbintL 8 pb± 40 ± 20 ±136 

CMS combined -1=0.8-1.1 fbintL 8 pb± 11 ±  2 ±166 

LHC combined (Sep 2012) -1=0.7-1.1 fbintL 6 pb±  8 ±  2 ±173 

νµX→ATLAS, l+jets, b -1=4.7 fbintL 3 pb± 17 ± 2 ±165 

, b-tagµATLAS, dilepton e -1=4.6 fbintL 3.6 pb± 4.2 ± 3.1 ±182.9 
miss
T-E

jets
, NµATLAS, dilepton e -1=4.6 fbintL 3.3 pb±  9.5−

 9.7+ 2.8 ±181.2 

+jetshadτATLAS, -1=1.7 fbintL 46 pb± 18 ±194 

ATLAS, all jets -1=4.7 fbintL 7 pb±  57−
 60+ 12 ±168 

+lhadτATLAS, -1=4.6 fbintL 3 pb± 23 ± 9 ±183 

CMS, l+jets -1=2.2-2.3 fbintL 4 pb± 10 ± 2 ±158 

µCMS, dilepton e -1=5.0 fbintL 3.8 pb±  4.0−
 4.5+ 2.1 ±174.5 

+lhadτCMS, -1=2.2 fbintL 3 pb± 22 ± 14 ±143 

+jetshadτCMS, -1=3.9 fbintL 3 pb± 32 ± 12 ±152 

CMS, all jets -1=3.5 fbintL 3 pb± 26 ± 10 ±139 

Total inclusive cross sections 
for top pair production  

The ATLAS and CMS collaborations have 
measured the total inclusive cross sections 
for top pair production at 7, 8 and 13 TeV 

All channels (di-lepton, l+jet and full had) 
have been exploited using diverse 
experimental approaches. 

Table presents a summary of the results at: 
  - 7 TeV Run (based on ~ 2-5 fb-1) 

@7 TeV
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 [pb]ttσ

100 150 200 250 300 350 400

ATLAS+CMS Preliminary  = 8 TeV   s summary, 
tt

σ WGtopLHC Sep 2015

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
 = 172.5 GeVtopm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat

(lumi)±(syst) ±(stat) ± ttσ

Effect of LHC beam energy uncertainty: 4.2 pb 
(not included in the figure)

ATLAS, lepton+jets
PRD 91 (2015) 112013, -1=20.3 fbintL

 8 pb±  23−
 22+ 1 ±260 

CMS prel., lepton+jets
CMS-PAS TOP-12-006, -1=2.8 fbintL

 10 pb±  26−

 29+ 9 ±228 

hτCMS, lepton+
PLB 739 (2014) 23, -1=19.6 fbintL

 7 pb± 24 ± 3 ±257 

µATLAS, dilepton e
EPJ C74 (2014) 3109, -1=20.3 fbintL

 7.5 pb± 5.5 ± 1.7 ±242.4 

)µ, eµµCMS, dilepton (ee, 
JHEP 02 (2014) 024, -1=5.3 fbintL

 6.2 pb± 11.3 ± 2.1 ±239.0 

 (Sep 2014)µLHC combined e
ATLAS-CONF-2014-053, CMS-PAS TOP-14-016, 

-1=5.3-20.3 fbintL

 6.2 pb± 5.7 ± 1.4 ±241.5 

µCMS prel., dilepton e
CMS-PAS TOP-13-004, -1=19.7 fbintL

 6.5 pb±  5.5−

 6.6+ 1.3 ±245.6 

CMS, all jets
CMS TOP-14-018, -1=18.4 fbintL  7.2 pb± 37.8 ± 6.1 ±275.6 

Total inclusive cross sections 
for top pair production  

The ATLAS and CMS collaborations have 
measured the total inclusive cross sections 
for top pair production at 7, 8 and 13 TeV 

All channels (di-lepton, l+jet and full had) 
have been exploited using diverse 
experimental approaches. 

Table presents a summary of the results(*) at: 
  - 7 TeV Run (based on ~ 2-5 fb-1) 
  - 8 TeV Run (based on ~  20 fb-1)  

@8 TeV
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(*)For additional precise CMS results  
presently not included in the tables   

see also CMS TOP-13-004



 [pb]ttσ
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ATLAS+CMS Preliminary  = 13 TeV   s summary, 
tt

σ WGtopLHC Sep 2015

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
 = 172.5 GeVtopm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total   stat

(lumi)±(syst) ±(stat) ± ttσ

* Preliminary

 *µATLAS, dilepton e
ATLAS-CONF-2015-049 -1=78 pbintL

 83 pb± 56 ± 50 ±829 

 *µµATLAS, dilepton ee/
ATLAS-CONF-2015-049 -1=85 pbintL

 74 pb± 79 ± 57 ±749 

ATLAS, l+jets *
ATLAS-CONF-2015-049 -1=85 pbintL

 88 pb± 103 ± 13 ±817 

 *µCMS, dilepton e
CMS-PAS TOP-15-003 -1=42 pbintL

 93 pb± 62 ± 60 ±772 

CMS, l+jets *
CMS-PAS TOP-15-005 -1=42 pbintL

 100 pb± 84 ± 27 ±836 

Total inclusive cross sections 
for top pair production  

The ATLAS and CMS collaborations have 
measured the total inclusive cross sections 
for top pair production at 7, 8 and 13 TeV 

All channels (di-lepton, l+jet and full had) 
have been exploited using diverse 
experimental approaches. 

Table presents a summary of the results at: 
  - 7 TeV Run (based on ~ 2-5 fb-1) 
  - 8 TeV Run (based on ~  20 fb-1) 
  -13 TeV Run 2  (based on 40-80 pb-1) 

Best precision achieved so far on       : 

              -   3.5%  at 7 and 8 TeV     
              - 13.5%  at 13 TeV           

@13 TeV
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Candidate top-pair event at 13 TeV
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Candidate top-pair event at 13 TeV
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Total inclusive cross sections 
for top pair production @ 13 TeV

ATLAS
ATLAS-CONF-2015-033 

78 pb-1 

CMS
CMS PAS TOP-15-003 

42 pb-1 
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- Di-lepton channel (e𝜇)  (gives slightly more precise results w.r.t the lepton+jet channel). 
- Very good description of the 13 TeV data by MC generators.



Total inclusive cross sections 
for top pair production @ 13 TeV
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ATLAS: 

CMS:



Total inclusive cross sections 
for top pair production 
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Measurements, as a function of √s, in excellent agreement  
with NNLO+NNLL pQCD predictions 



Top pair differential cross sections

The measurement of single differential top pair cross sections allows one: 
 - to perform particularly stringent test of pQCD 
 - to improve on the determination of the gluon density  
 - to test MC programs

Will present new results at 8 and 13 TeV  (resolved and boosted regimes) 

Resolved regime: 
   - well separated jets 
   - isolated leptons

Boosted regime: 
   - overlapping decay products 
   - non isolated leptons
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Top pair differential cross sections @8 TeV
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- Full phase-space normalised parton-level cross sections 
  (same binning for CMS and ATLAS). 
- MC predictions, at high top pT, show a harder spectrum than the data 
  (Madgraph gives the worse description for both ATLAS and CMS).
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Top pair differential cross sections @8 TeV

- Full phase-space normalised parton-level cross sections 
  (same binning for CMS and ATLAS). 
- Data/MC comparison show similar trends for both ATLAS and CMS. 
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Top pair differential cross sections @8 TeV

ATLAS: visible (particle level) normalised differential cross sections are   
             measured and compared to predictions based on recent PDF sets.  
                       reduced  extrapolation uncertainties              
CMS:    also measures fiducial normalised cross sections.  
             Results are presented in addition in the di-lepton channel.
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Top pair differential cross sections @13 TeV

- First measurements of the normalised differential cross sections at 13 TeV 
- All MC give a fair description of the measurements  
- Total cross section at 13 TeV: 

    in good agreement with NNLO predictions.
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Top pair differential cross sections 8 TeV 
boosted regime
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As for the results in the resolved regime, the MC predictions, at high-pT  
show a harder spectrum than the data. Both at particle… 
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Top pair differential cross sections 8 TeV 
boosted regime
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As for the results in the resolved regime, the MC predictions, at high-pT  
show a harder spectrum than the data. Both at particle and parton level.

TOPQ-2014-15 CMS PAS-TOP-14-012Parton Level



tt production in association with W or Z @ 8 TeV

• ttW and ttZ small expected cross sections  ( ~200 fb @ 8TeV) 

• ttZ production cross section provide most accessible direct measurement to the 
coupling of the top quark to the Z  

• Both 𝜎(ttW) and 𝜎(ttZ) expected to be altered in new physics models        
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ttW, ttZ cross sections @ 8 TeV
CMS PAS-TOP-14-021
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• 5 mutually exclusive signal channels 
     - at least 1 lepton with pT > 20 GeV 
      - pT > 10 GeV for additional leptons 

• Even after selection final signal categories are 
background dominated 

• Use full reconstruction and linear discriminant to 
   match tt system 

• Match scores and other rec. variables into a  
Boosted Decision Tree (BDT)  

• Cross sections extracted from binned likelihood fit 
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ttW, ttZ cross sections @ 8 TeV
CMS PAS-TOP-14-021
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Source of slight excess in ttW, 
consistent with CMS excess in ttH 
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Cross section measurements:



ttW, ttZ cross sections @ 8 TeV

All signal and control regions are 
combined in a profile likelihood fit  
with 𝜎(ttZ) and 𝜎(ttW) as free parameters.

•  Final results 
• 15 signal regions and 5 control regions 
         - at least 1 lepton with pT > 20 GeV 
         - pT> 15 or 7 GeV for additional leptons 

• 2 OS leptons: NN used to separate ttW and ttZ 
                          from the background
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ttW, ttZ cross sections @ 8 TeV

Measured cross sections: 

The observed (expected) significance of: 
                 - ttW is  5.0𝜎 (3.2𝜎) 
                 - ttZ  is  4.2𝜎 (4.5𝜎)
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ATLAS, arXiv:1509.05276Post fit results (per region):
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Single top production

• One isolated and high-pT lepton 
• Two b-jets with high-pT 
• Missing transverse energy

• One forward jet 
• One lepton 
• One b-jet 
• Missing transverse energy

• Two oppositely charged leptons 
• One high-pT and central b-jet 
• Missing transverse energy
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t-channel single top @ 8 TeV
• One electron (muon) with pT > 30 GeV (26 GeV) 
• jet pT >  40 GeV 
• ETmiss > 45 GeV , mT(W) > 50 GeV 
• Measure differential cross sections 
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CMS PAS TOP-15-007

CMS PAS TOP-14-004

Fiducial cross section measurement recently released

CMS PAS TOP-15-007



CMS PAS-TOP-15-004
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t-channel single top @ 13 TeV

Measured cross section: 

Theory: 

Observed (expected) significance: 3.5𝜎(2.7𝜎) 
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tW single top @ 8 TeV 
• Di-lepton selection with 1 or 2 jets (0,1 or 2 b-tag) 
• BDT to separate signal from tt 
• Wt inclusive cross section: 

• Wt +tt fiducial cross section measured by fitting  
the sum of the Wt and tt contributions to data in 
the 1-jet 1-tag region:
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s-channel single top 
Selection: 
One lepton + 2 b-jets and ETmiss

Discriminant: 
 - Build Matrix Element discriminant for each selected event 
 - s-channel vs t-channel, tt, W+jets 
 - Template fit in signal and control region

Cross section:

First evidence of the s-channel production at LHC

Observed (expected) significance: 3.2𝜎 (3.9𝜎) 

31

ATLAS-CONF-2015-047

-



Summary of Single top measurements

All the measurements are so far consistent with the SM predictions 
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Summary of |Vtb| determinations at 7 and 8 TeV 

Direct determination of the matrix element |Vtb| : 
• Test the unitary of the CKM Matrix 
• Sensitivity to new physics

Measure |Vtb| assuming left-handed SM-like  
W-t-b coupling    (and  |Vtb| >> |Vts|, |Vtd|): 
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|tbVLV|f
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  from single top quark production
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meas.σ

| =  tbVLV|f
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PRD83 (2011) 091503, PRD82 (2010) 054018,       
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 including top-quark mass uncertainty1 

 including beam energy uncertainty2 (*) Superseeded by results shown below the line

total  theo.

 (theo.)± (meas.) ±| tbVLV|f

t-channel:

Wt:

Wt:

s-channel:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 

ATLAS 8 TeV
 )1−ATLAS-CONF-2014-007  (20.3 fb

 0.02± 0.09 ±0.97 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combined 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142-159  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb

 0.04− 0.13  −
 0.03+ 0.16  +1.01 

ATLAS 8 TeV (*)
 )1−ATLAS-CONF-2013-100  (20.3 fb

 0.03± 0.12 ±1.10 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 

 1,2LHC combined 8 TeV

CMS-PAS-TOP-14-009
ATLAS-CONF-2014-052,

 0.03± 0.11 ±1.06 

 1,2ATLAS 8 TeV
 )1− paper in preparation  (20.3 fb

 0.03± 0.10 ±1.01 

 2ATLAS 8 TeV
 )1−ATLAS-CONF-2015-047  (20.3 fb

 0.04±  0.30−
 0.24+0.93 

with              in the SM.



Summary
• Top quark pair production cross sections at the LHC (7, 8 and 13 TeV) 
    - inclusive cross sections:  
           - new 8 and 13 TeV results from ATLAS and CMS 
           - excellent agreement with pQCD (NNLO+NNLL) 
    - Differential cross sections:  
           - new 8 TeV  (resolved and boosted regimes)  and 13 TeV results 
           - 8 TeV measurements have discriminating power (MC generators, PDFs) 

• Associated production of top quarks with a gauge boson 
   - ttZ and ttW:  improved cross sections measurements  

• Single top production 
    - t-channel:  
           - new 13 TeV result from CMS 
    - Wt channel:  
           - Wt cross sections has been measured with a precision of 23% in CMS   
              and 17% in ATLAS 
           - First Wt + t t fiducial cross section measurement by ATLAS 
    - s-channel: 
           - First evidence of the s-channel by ATLAS 

• …a rich Top Physics Programme ahead of us with the ongoing Run 2 
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