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Inclusive & differential cross-section measurements of 
top-quark-pair production with ATLAS and CMS
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𝑡 ̅𝑡 measurements can be used to:

• Assess current level of understanding of the 
SM

• Perform studies to improve MC tuning and 
systematic uncertainty definitions

• Provide inputs to the gluon PDF

• Extract top mass and αS

• Set limits on the existence of new physics.

Why 𝒕�̅� and how?
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Ø All-hadronic final state: very challenging
Ø Semi- and di-leptonic final state: high-precision level can be reached
Ø 5, 7, 8, and 13 TeV measurements were performed*

* = Brief summary of ONLY latest results on 5.02 and 13 TeV LHC data.
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Inclusive 𝜎% ̅% measurements



Ø μμ, ee and eμ channels;

Ø Counting technique: σ extracted counting 
the number of b-tags;

Ø Fit including also mll information for μμ, ee
channels, to constrain also Z+jets
background;

Ø σ extracted at the same time with a 
parameter sensitive to the b-tagging 
efficiency to limit the related uncertainty 
(0.1%);

Ø No requirements applied on the number of 
jets  ⇒ Very small related uncertainties 
(0.03%).

Ø Combination with l+jets channel ongoing

𝝈(𝒕�̅�): dilepton @5 TeV - ATLAS
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5.02 TeV
L = 257 pb-1

𝜎**+, 5 𝑇𝑒𝑉 = 68.2 ± 4.8 𝑃𝐷𝐹 ;<.=
>?.@ 𝛼B 𝑝𝑏

𝝈 = 𝟔𝟔. 𝟎 ± 𝟒. 𝟓 𝒔𝒕𝒂𝒕 ± 𝟏. 𝟔 𝒔𝒚𝒔𝒕 ± 𝟏. 𝟐 𝒍𝒖𝒎𝒊 ± 𝟎. 𝟐 𝒃𝒆𝒂𝒎 𝒑𝒃

Syst dominated by 𝑡 ̅𝑡 and single top modelling

ATLAS-CONF-2021-003

total relative uncertainty of 7.5%

Same technique 
used for 7,8 TeV

NEW

https://cds.cern.ch/record/2754223/files/ATLAS-CONF-2021-003.pdf?version=1


𝝈(𝒕�̅�): dilepton @5 TeV - CMS
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5.02 TeV
L = 304 pb-1

𝜎**+, 5 𝑇𝑒𝑉 = 68.2 ± 4.8 𝑃𝐷𝐹 ;<.=
>?.@ 𝛼B 𝑝𝑏

Ø eμ OS + at least 2 jets

Ø DY SF obtained (under the Z boson 
mass) to a better estimation of the 
background

Ø Counting experiment 𝜎% ̅% =
*;*UVW
X Y Z[ +

Ø Measurement combined together with 
the l+jets (2015, JHEP 03 (2018) 115) 
with the BLUE combination. 𝝈 = 𝟔𝟐. 𝟔 ± 𝟒. 𝟏 𝒔𝒕𝒂𝒕 ± 𝟑. 𝟎 𝒔𝒚𝒔𝒕 + 𝒍𝒖𝒎𝒊 𝒑𝒃

total relative uncertainty of 7.9%
27% for l+jets, 73% for dilepton

TOP-20-004

𝜎 = 60.3 ± 5.0 𝑠𝑡𝑎𝑡 ± 2.8 𝑠𝑦𝑠𝑡) ± 0.9 (𝑙𝑢𝑚𝑖 𝑝𝑏 [only dilepton]

NEW

Dominant syst are the JES (2.2%) and DY (1.8%)

https://link.springer.com/article/10.1007%2FJHEP03%282018%29115
https://cds.cern.ch/record/2758333/files/TOP-20-004-pas.pdf


𝝈(𝒕�̅�): dilepton @13 TeV - ATLAS
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13 TeV
L = 36.1 fb-1

𝜎**+, 13 𝑇𝑒𝑉 = 831.76;<@.<j>?@.kk(𝑠𝑐𝑎𝑙𝑒) ± 35.06 𝑃𝐷𝐹 + 𝛼B 𝑝𝑏

Ø Same technique as for 5.02 TeV
measurement

Ø eμ OS channel

Ø Counting technique: σ extracted counting 
the number of b-tags ⇒ same technique 
used for 5 TeV

Ø Measurement extremely limited by 
luminosity

Ø Small impact of the jet related 
uncertainties

total relative uncertainty of 2.40%

𝝈 = 𝟖𝟐𝟔. 𝟒 ± 𝟑. 𝟔 𝒔𝒕𝒂𝒕 ± 𝟏𝟏. 𝟓 𝒔𝒚𝒔𝒕 ± 𝟏𝟓. 𝟕 𝒍𝒖𝒎𝒊 ± 𝟏. 𝟗 𝒃𝒆𝒂𝒎 𝒑𝒃

Dominant syst are 𝑡 ̅𝑡 modelling (0.67%) and Wt background (0.52%)

Eur. Phys. J. C 80 (2020) 528

https://link.springer.com/article/10.1140/epjc/s10052-020-7907-9


𝝈(𝒕�̅�): dilepton (with τ) @13 TeV - CMS
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13 TeV
L = 35.9 fb-1

𝜎**+, 13 𝑇𝑒𝑉 = 831.76;<@.<j>?@.kk(𝑠𝑐𝑎𝑙𝑒) ± 35.06 𝑃𝐷𝐹 + 𝛼B 𝑝𝑏

Ø First measurement at 13 TeV including τ

Ø μτh, eτh channels with τ decaying 
hadronically

Ø e/μ + at least 3 jets, of which at least 1 is 
b-tagged and one identified as hadronic τ

Ø Invariant mass of the jet triplets used as 
signal-background discriminator

Ø Mis-identified τh constrained in the overall 
fit to the data in the mT distribution. 

𝝈 = 𝟕𝟖𝟏 ± 𝟕 𝒔𝒕𝒂𝒕 ± 𝟔𝟐 𝒔𝒚𝒔𝒕 ± 𝟐𝟎 𝒍𝒖𝒎𝒊 𝒑𝒃

Dominant syst are related to the τ identification (4.5%) and mis-identification (2.3%)

TOP-18-015
JHEP 02 (2020) 191

total relative uncertainty of 8.4%

http://dx.doi.org/10.1007/JHEP02(2020)191
http://dx.doi.org/10.1007/JHEP02(2020)191


Ø 3 signal region (SR) categorised according to the number of jet/b-jet

Ø Profile likelihood to fit 3 distributions (one per each SR)

𝝈(𝒕�̅�): l+jets @13 TeV - ATLAS
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13 TeV
L = 139 fb-1

𝜎**+, 13 𝑇𝑒𝑉 = 831.76;<@.<j>?@.kk(𝑠𝑐𝑎𝑙𝑒) ± 35.06 𝑃𝐷𝐹 + 𝛼B 𝑝𝑏

𝝈 = 𝟖𝟑𝟎 ± 𝟎. 𝟒 𝒔𝒕𝒂𝒕 ± 𝟑𝟔 𝒔𝒚𝒔𝒕 ± 𝟏𝟒 𝒍𝒖𝒎𝒊 𝒑𝒃

Dominant syst are 𝑡 ̅𝑡 modelling (2.9%) and Jet reconstruction (2.6%)

total relative uncertainty of 4.6%

1 b-jet, ≥4 jets

2 b-jets, 4 jets 2 b-jet, ≥5 jets

Phys. Lett. B 810 (2020) 135797

https://www.sciencedirect.com/science/article/pii/S0370269320306006?via=ihub


9

Differential 𝜎% ̅% measurements



Ø Same technique as 
inclusive: counting 
measurement

Ø Measurements as a 
function of several 
lepton kinematic 
variables

𝝈(𝒕�̅�) differential: dilepton @13 TeV - ATLAS
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13 TeV
L = 36.1 fb-1

Eur. Phys. J. C 80 (2020) 528

• NLO+PS predictions give a good
dscription of several
observables

• POWHEG predict a harder
spectrum for lepton pT’s
variables

https://link.springer.com/article/10.1140/epjc/s10052-020-7907-9


Ø μμ, ee and eμ OS channels;

Ø Double and triple differential measurements

Ø The total uncertainties are dominated by the 
systematic uncertainties. Largest systematic
uncertainty is associated with the JES.

𝝈 𝒕�̅� differential: dilepton @13 TeV - CMS
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13 TeV
L = 35.9 fb-1

TOP-18-004
Eur. Phys. J. C 80 (2020) 658

• best agreement for ‘POW+PYT’ and 
‘POW+HER’, with ‘POW+PYT’ better
describing the measurements probing
Njet and radiation, and ‘POW+HER’ 
better describing the ones involving
probes of the pT distribution.

http://dx.doi.org/10.1140/epjc/s10052-020-7917-7
http://dx.doi.org/10.1140/epjc/s10052-020-7917-7


Ø 4 regions according to the top pT
(boosted [𝑝p ≥ 380 𝐺𝑒𝑉] and resolved) 
and the b-tagging score
• 2t: resolved + 2 tight b-jets
• 1t1l: resolved + 1 tight and 1 

loose b-jet
• BHRL: 1 boosted and 1 resolved
• BHBL: 2 top boosted

Ø Resolved for reconstruction

Ø Boosted categories ⇒ background 
subtracted using fit of top tagging
discriminant

Ø 𝜒< fit to find the cross-section 
considering the migration matrices

Ø Uncertainties are constrained by 𝜒< fit

Ø Inclusive = sum of all bins

𝝈(𝒕�̅�): l+jets @13 TeV - CMS
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13 TeV
L = 137 fb-1

𝜎**+, 13 𝑇𝑒𝑉 = 831.76;<@.<j>?@.kk(𝑠𝑐𝑎𝑙𝑒) ± 35.06 𝑃𝐷𝐹 + 𝛼B 𝑝𝑏

𝝈 = 𝟕𝟗𝟏 ± 𝟏 𝒔𝒕𝒂𝒕 ± 𝟐𝟏 𝒔𝒚𝒔𝒕 ± 𝟏𝟒 𝒍𝒖𝒎𝒊 𝒑𝒃

Dominant syst Jet energy (1.38%), BR (1.11%) and lepton unc (0.98%)

total relative uncertainty of 3.19%

TOP-20-001
Submitted to PRD

NEW

http://arxiv.org/pdf/2108.02803
http://arxiv.org/pdf/2108.02803


𝝈 𝒕�̅� differential: l+jets @13 TeV - CMS
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TOP-20-001
Submitted to PRD

• Most differential distributions are compatible with 
POWHEG+PYTHIA, POWHEG+HERWIG, and MG5 
aMC@NLO+PYTHIA predictions

• Softer top 𝑝𝑇 (and 𝑚% ̅%) in data wrt MC
• POWHEG+HERWIG and aMC@NLO+PYTHIA

predictions are not good to describe jet observables
(and jet multiplicites)

13 TeV
L = 137 fb-1

http://arxiv.org/pdf/2108.02803
http://arxiv.org/pdf/2108.02803


Ø At least one large-R jet (R = 1.0) with pT > 355 GeV containing at least 
one b-tagged jet ⇒ top-jet

Ø One lepton, 2 b-tagged jets and a top-jet

𝝈 𝒕�̅� differential: l+jets boosted @13 TeV - ATLAS
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13 TeV
L = 139 fb-1

Calibration line obtained by shifting JSF 
and register the effect on jet mass
𝑱𝑺𝑭 = 𝟏. 𝟎𝟎𝟎𝟑𝟓 ± 𝟎. 𝟎𝟎𝟎𝟖𝟕

• top pT softer in data
• Reweighting the MC predictions

to the NNLO parton-level
improves the agreement

• The modelling of the additional
radiation events is not good for 
all the tested generators (matrix
elements with up to one
additional jet)

• Good agreement in shape

Ø Employ a parameter sensitive to the top mass to reduce the JET uncertainties (JSF)

Ø To reduce the impact of jet uncertainties (4.2% ⇒ 0.7%), the 𝑚%wx
yz{ is used together 𝑚%wx

|}z~

• (𝑚%wx
yz{ is fit to find 𝑚%wx

|}z~)

ATLAS-CONF-2021-031

NEW

https://cds.cern.ch/record/2777237/files/ATLAS-CONF-2021-031.pdf?version=1


Ø At least 6 jets (==2 b-jets)

Ø Veto on the leptons

Ø Kinematic requirements on system reconstruction

• 130 < 𝑚%,?, 𝑚%,< < 200 𝐺𝑒𝑉
• Δ𝑅�� > 2
• Δ𝑅�� < 2.2

Ø Data driven method to estimate multi-jet background

𝝈(𝒕�̅�) differential: all-hadronic @13 TeV - ATLAS
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13 TeV
L = 36.1 fb-1

JHEP 01 (2021) 033

• Very good
agreement with 
NLO+PS generator on 
angular variables, pT
of the leading top 
quark and t ̅t system.

Dominant uncertainties from PS/hadronisation modeling, 
multijet background estimate and JES/JER.

https://link.springer.com/article/10.1007/JHEP01(2021)033?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20210117


𝝈 𝒕�̅� differential: all-had and l+jets boosted @13 TeV - CMS
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13 TeV
L = 35.9 fb-1

Ø ALL HAD: At least two 
large-R jet (R = 1.0) 
with pT > 400 GeV 
(with b-tagged jet 
inside) + NN to 
discriminate the bkg

Ø SINGLE LEP: Exactly 
lepton and large-R jet 
+ MET.

TOP-18-013
PRD 103 (2021) 052008

• In both decay
channels the 
observed absolute
cross sections are 
significantly lower
than the predictions
from theory, while
the normalized
differential
measurements are 
well described

http://dx.doi.org/10.1103/PhysRevD.103.052008
http://dx.doi.org/10.1103/PhysRevD.103.052008


Ø Top quark pair production are measured with high precision at both ATLAS and CMS

Ø Presented the results of the inclusive cross-section at 5.02 TeV ⇒ good agreement with predictions NNLO

Ø Presented the results of the inclusive cross-section at 13 TeV ⇒ good agreement with predictions NNLO

Ø Differential measurements performed at 13 TeV in all channels (dilepton, l+jets and all-hadronic) for resolved
and boosted topologies as a function of many observables of t ̅t, jets and leptons kinematics, including double 
and triple differential distributions, at particle and parton level.
• No significant differences with the SM have been observed
• Some tension observed with the NLO predictions, in particular on double-differential distributions and 

variables related to the top pT.

Conclusions
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Thanks for your attention!



18

BACKUP



200 400 600 800 1000 1200 1400
 [pb]tts

ATLAS+CMS Preliminary
 = 13 TeV   s summary, 

tt
s WGtopLHC September 2021

NNLO+NNLL  PRL 110 (2013) 252004
0.001±) = 0.118

Z
(Msa = 172.5 GeV, topm

scale uncertainty
 uncertaintySa Å PDF Åscale 

total  stat
 (lumi)± (syst) ± (stat) ± tts

* Preliminary

 

µATLAS, dilepton e
-1 = 36.1 fb

int
EPJC 80 (2020) 528,  L

µATLAS, dilepton e  16 pb± 12 ± 4 ±826 

ATLAS, l+jets
-1 = 139 fb

int
PLB 810 (2020) 135797,  L
ATLAS, l+jets  14 pb± 36 ± 0.4 ±830 

µCMS, dilepton e
, 50 ns-1 = 43 pb

int
PRL 116 (2016) 052002,  L

µCMS, dilepton e  36 pb± 53 ± 58 ±746 

µCMS, dilepton e
, 25 ns-1 = 35.9 fb

int
EPJC 79 (2019) 368,  L

µCMS, dilepton e  20 pb± 25 ±  2 ±803 

µ+e/tCMS, dilepton 
, 25 ns-1 = 35.9 fb

int
JHEP 02 (2020) 191,  L

µ+e/tCMS, dilepton  20 pb± 62 ±  7 ±781 

CMS, l+jets
, 25 ns-1 = 2.2 fb

int
JHEP 09 (2017) 051,  L
CMS, l+jets  20 pb± 26 ±  2 ±888 

CMS, all-jets *
, 25 ns-1 = 2.53 fbintCMS-PAS TOP-16-013,  L

CMS, all-jets *  23 pb± 118 ± 25 ±834 

CMS, l+jets 
, 25 ns-1 = 137 fbintarXiv:2108.02803,  L

CMS, l+jets  14 pb± 21 ±  1 ±791 

ABM12
) = 0.113

Z
(msa

   PRD 89 (2015) 054028

CT14   PRD 93 (2016) 033006

MMHT14   EPJC 75 (2015) 5

NNPDF3.0   JHEP 04 (2015) 040

Summary of the 𝝈(𝒕�̅�) measurements at 13 TeV
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𝝈(𝒕�̅�): l+jets @5 TeV - CMS
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5.02 TeV
L = 27.4 pb-1 (l+jets)

L = 304 pb-1

(dilepton)

𝜎**+, 5 𝑇𝑒𝑉 = 68.2 ± 4.8 𝑃𝐷𝐹 ;<.=
>?.@ 𝛼B 𝑝𝑏

Ø l+jets and μμ + eμ channels.

Ø l+jets channel: 6 regions according to 
lepton flavour and number of b-tags (0, 1, 
more);

Ø Δ𝑅|��(𝑗, 𝑗’) variable is used to extract the 
𝑡 ̅𝑡 cross section;

Ø A profile likelihood ratio method is used
with a scale factor for the b-tagging
included as a parameter of interest.

Ø Dilepton channel: 2 lepton + 2 jets;

Ø Counting experiment.

Ø All channels are combined together with 
the BLUE combination.

𝝈 = 𝟔𝟗. 𝟓 ± 𝟔. 𝟏 𝒔𝒕𝒂𝒕 ± 𝟓. 𝟔 𝒔𝒚𝒔𝒕 ± 𝟏. 𝟔 𝒍𝒖𝒎𝒊 𝒑𝒃

total relative uncertainty of 12%

81.8% for l+jets, 13.5% for eμ, 
and 4.7% for μμ channels.

TOP-16-023
JHEP 03 (2018) 115

0 b-tag 1 b-tag ≥2 b-tags

https://link.springer.com/article/10.1007%2FJHEP03%282018%29115
https://link.springer.com/article/10.1007%2FJHEP03%282018%29115


𝝈(𝒕�̅�): dilepton @13 TeV - CMS
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13 TeV
L = 35.9 fb-1

𝜎**+, 13 𝑇𝑒𝑉 = 831.76;<@.<j>?@.kk(𝑠𝑐𝑎𝑙𝑒) ± 35.06 𝑃𝐷𝐹 + 𝛼B 𝑝𝑏

Ø μμ, ee and eμ OS channels;

Ø Template fit on multidimentional
distributions (28 regions);

Ø 3 regions according to the number of b-tags
(1, 2, 0+≥3 only for eμ)

Ø Additional classification based on the jet 
multiplicity (0, 1, 2, ≥3)

Ø Yield and pT of the softer jet used as input of 
the fit.

𝝈 = 𝟖𝟎𝟑 ± 𝟐 𝒔𝒕𝒂𝒕 ± 𝟐𝟓 𝒔𝒚𝒔𝒕 ± 𝟐𝟎 𝒍𝒖𝒎𝒊 𝒑𝒃

Dominant syst are related lepton (2.0%) and PDF (1.1%) or tW background (1.1%) 

TOP-17-001
Eur. Phys. J. C 79 (2019) 368

total relative 
uncertainty of 4.0%

http://dx.doi.org/10.1140/epjc/s10052-019-6863-8
http://dx.doi.org/10.1140/epjc/s10052-019-6863-8

