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Introduction

Inclusive tt̄ production cross sections
A huge variety of measurements at different collision energies and in various decay channels
have been performed at the LHC:
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Differential tt̄ cross sections:
have been measured in dilepton, e/µ+jets, and all-hadronic events
in resolved and boosted regimes

These measurements provide:
precision tests of standard model top quark pair production
measurements used for: EFT interpretations, PDF constraints, extractions of mt, αs ...
usually full covariance matrices of uncertainties provided �facilitates quantitative
comparisons to theory predictions and reinterpretations

Will concentrate on recent and most precise results
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New: inclusive tt̄ cross sections at 5 TeV
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304 pb−1, 5.02,TeV, TOP-20-004 (2021) new

perform high purity tt̄ selection with eµ +
2 b-jets

dominant DY background (via leptonic τ)
estimated from data using same flavor as
sideband
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combined using BLUE with e/µ+jets results
[JHEP 03 (2018) 115]:

σtt̄ = 62.6 ± 5.0 pb
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eµ, ee, µµ events selected

use categories of 1 and 2 b-jets (for ee
and µµ also m(ll)-bins) for extraction of
cross section and background constraints
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σtt̄ = 66.0 ± 4.5(stat) ± 1.6(sys) ± 1.2(lumi) ±
0.2(beam) pb

Measurements in good agreement with standard model 68+5.2
−5.3 pb (NNLO+NNLL).
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Full spectrum differential tt̄ cross sections measurements in e/µ+jets events

Analysis uses combination of resolved and boosted reconstructions:

resolved: 1 isolated e/µ and at least 4 jets (2 categories with tight and relaxed b-tagging
requirement)

boosted tl: 1 non-isolated lepton within ∆R < 0.6 of a b-jet. Selection using NN based
on isolation and kinematic variables (selection LNN > 0.7).

boosted th: 1 anti-kT (size=0.8) jet with pT > 400 GeV. Identified using deep neural
networks with information based on subjets (HNN fitted for background subtraction).
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Perform χ2-fit to extract the cross sections:
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m measured distribution of events with the covariance matrix C ; per year y , reconstruction
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b(να) non tt̄ background.

– No regularization condition is used
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Goodness of fits

) h
(t

Tp

) l
(t

Tp

)
hi

gh
(t

Tp

)
lo

w
(t

Tp

T
S )| h

|y
(t

)| l
|y

(t

| tt/
|y∆

| tt/y∆|

)t
m

(t

)t
(t

Tp

)|t
|y

(t

tt/φ *)θ
co

s(

)| h
) 

vs
. |

y(
t

h
(t

Tp

)|t
) 

vs
. |

y(
t

t
m

(t

*)θ
) 

vs
. c

os
(

t
m

(t

) h
(t

T
) 

vs
. p

t
m

(t

) h
(t

T
) 

vs
. p

t
(t

Tp

)t
| v

s.
 m

(t
tt/y∆|

| tt/
|y∆

) 
vs

. 
t

m
(t

)|t
|y

(t
)|

 v
s.

 |y
(

0

0.2

0.4

0.6

0.8

1

1.2

p-
va

lu
e

Parton level
+jetsµe/CMS

 (13 TeV) -1137 fb

) h
(t

Tp

) l
(t

Tp
)

hi
gh

(t
Tp

)
lo

w
(t

Tp

T
S )| h

|y
(t

)| l
|y

(t
| tt/

|y∆
| tt/y∆|

)t
m

(t
)t

(t
Tp

)|t
|y

(t

tt/φ *)θ
co

s(
)| h

) 
vs

. |
y(

t
h

(t
Tp

)|t
) 

vs
. |

y(
t

t
m

(t

*)θ
) 

vs
. c

os
(

t
m

(t
) h

(t
T

) 
vs

. p
t

m
(t

) h
(t

T
) 

vs
. p

t
(t

Tp
)t

| v
s.

 m
(t

tt/y∆|
| tt/

|y∆
) 

vs
. 

t
m

(t

)|t
|y

(t
)|

 v
s.

 |y
( (l)
Tp

A
dd

. j
et

s T
H ev

t
m

)t
A

dd
. j

et
s 

vs
. m

(t
)t

(t
T

A
dd

. j
et

s 
vs

. p
) h

(t
T

A
dd

. j
et

s 
vs

. p

0

0.2

0.4

0.6

0.8

1

1.2

p-
va

lu
e

Particle level
+jetsµe/CMS

 (13 TeV) -1137 fb

Uncertainties

0 200 400 600 800 1000 1200 1400 1600
) [GeV]

h
(t

T
p

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

R
el

at
iv

e 
un

ce
rt

ai
nt

y

Combined Stat. Jet energy
Other

F
µ, 

R
µScales Int. luminosity

Sim. event count Lepton b tagging
CR model Background

 (13 TeV) -1137 fb

CMS
Parton level

+jetsµe/

0 200 400 600 800 1000 1200

) [GeV]t(t
T

p

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

R
el

at
iv

e 
un

ce
rt

ai
nt

y

Combined Stat. Jet energy
b tagging Other Sim. event count
Background Int. luminosity CR model

F
µ, 

R
µScales damph Pileup

tm UE tune

 (13 TeV) -1137 fb

CMS
Parton level

+jetsµe/

|)t|y(t

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

R
el

at
iv

e 
un

ce
rt

ai
nt

y

 1 2

250-420

 1 2

420-520

 1 2

520-620

 1 2

620-800

 1 2

800-1000

 1 2

1000-3500

Combined Stat. Jet energy
Other b tagging Int. luminosity
NNLO Sim. event count CR model

F
µ, 

R
µScales tm PDF

 (13 TeV) -1137 fb

CMS
Parton level

+jetsµe/

) range [GeV]tm(t

Depending on the phase space region the precision is limited by systematics or statistics.
Systematic (dominated by jet energy calibration and b-tagging) uncertainties reduced by
up to 50% using combination of categories.
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Results

Comparison of measurements to various predictions using χ2-tests.
– uncertainties in measurements and predictions are included.
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Most of the predictions are in good agreement with the measurement—with a few exceptions:

m(tt̄) vs. pT(th) and pT(tt̄) vs. pT(th) shows largest disagreements.

At particle level add. jets vs. kinematic observable are difficult to describe.
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– pT well described by NNLO calculation.
– trend of harder spectrum in NLO calculations disappears above 600 GeV
– worst description of pT in events without additional jet.

Otto Hindrichs (UR) tt̄ cross sections 08.09.2021 8 / 17



Double-differential measurement of pT(tt̄) vs. pT(th)
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- pT(th) prediction too hard in low pT(tt̄)-bin. Agreement better at high pT(tt̄).
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Inclusive Cross Section

Obtain inclusive cross section from integration of differential distributions:
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Result of best expected measurement (m(tt̄) vs. cos(θ∗)), also best observed:

σe/µ+jets = 227.6 ± 6.8 pb.

With a branching fraction of 28.77 ± 0.32% to e/µ+jets:

σtt̄ = 791 ± 25 pb (±1(stat) ± 21(sys) ± 14(lumi) pb)

With 3.2% uncertainty, one of the most precise tt̄ cross section measurements.
Dominant uncertainties: jet energy, lepton identification, NNLO reweighting of NLO MC
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Differential cross section in e/µ+jets boosted

Selection

th: 1 anti-kT jet (size=1), pT > 355 GeV, clustered from
anti-kT (s=0.4) jets; contains 1 b-jet;
120 < mjet < 220 GeV.

tl: 1 e/µ, 1 b-jet, Emiss
T > 20GeV

Jet energy calibrated using mt �reduces uncertainty
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Results and interpretation

Inclusive fiducial cross-section [pb]
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tq couplings calculated

limits are shown using different bin-ranges of pT(th).
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Differential tt̄ cross sections in all-hadronic events: boosted

36 fb−1, 13 TeV, PRD 103 (2021) 052008

2 jets (size: 0.8) pT > 400 GeV, soft-drop mass:
120 – 220 GeV, b-tagged

neural network based on n-subjettiness used to
define signal and control region:
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Differential tt̄ cross sections in all-hadronic events: resolved

6 jets pT > 55 GeV, exactly 2 b-tagged

reconstruction:

60% of 6 jets events correctly reconstructed. 130 < mt < 200 GeV
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confirmation of softer pT

spectrum in all-hadronic
channel

but there are other
deviations, also observed in
e/µ+jets and dilepton:

– modulation in pT(tt̄)
(deficit in data for very low
and high pT(tt̄))
but depends on MCs.

– excess at the m(tt̄)
production threshold: due
to off-shell production or
bound-state effects?
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Interpretations of multi-differential tt̄ cross sections in dilepton events

Selection: ee, eµ, µµ at least 2 jets, at least 1 b jet.

The kinematics of the tt̄ system (not of the individual top quarks) are reconstructed
without using mt to avoid a reconstruction bias: pz(νν̄) = pz(`+`−)
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mt and αs are free parameters

comparisons with NLO cross section taking into account scale and PDF uncertainties

combined fit with HERA DIS data, most significant improvement of gluon PDF

extracted: mpole
t = 170.5 ± 0.8 GeV αs(mZ) = 0.1135+0.0021
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Conclusion
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Knowledge of (differential) tt̄ production cross section improved
significantly:

inclusive cross section at new collision energy (5 TeV)

new analysis techniques constraining systematic uncertainties

increased statistics to explorer the boosted regime.

Results for different channels/experiments are consistent

Most of the measurements are well described by standard
model predictions
—but some mismodeling of double-differential distributions

Cross sections are used for limits on EFT couplings or to

extract PDFs and standard model parameters (mpole
t , αs)
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