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Overview

Differential tt̄ cross sections:

as a function of kinematic event variables (JHEP06 (2018) 002)

differential measurements at parton and particle level in dilepton (JHEP02 (2019) 149)
and e/µ+jets (PRD97 (2018) 112003) channels

multi-differential measurements in dilepton (arXiv:1904.05237 sub. EPJC) and e/µ+jets

multiplicities and properties of jets in tt̄ events (PRD97 (2018) 112003)

with boosted reconstruction in all-jets final state (TOP-16-013)
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Measurement kinematic event variables in e/µ+jets

Measurements of variables that do not need reconstruction of top quarks.

Measurement based on “stable” particles (>30 ns) within experimental acceptance
→ avoid theory extrapolations.
Objects use Rivet definitions see CERN-CMS-NOTE-2017-004. plugin available I1662081

Selection: exactly 1 e/µ, at least 4 jets, at least 2 b-tagged jets.
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Systematic uncertainties

Modeling uncertainties represent baseline for all
recent CMS top quark measurements.

Shower scales have large impact on
predictions. They also contribute as a
dominant uncertainty in the
measurement.
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Powheg+Herwig++ and
Powheg/MG5(MLM)+Pythia8 predict
higher jet multiplicity

HT and ST (pT sum of all objects) are
softer than predicted by most MCs.
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Lepton related variables

e/µ pT softer and η less
central.

also observed for pmiss
T .

χ2-tests considering theory
uncertainties
(Powheg+Pythia8) show
compatibility between
measurements and expectations.
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Differential tt̄ cross sections

e/µ+jets
36 fb−1, 13 TeV, PRD97 (2018) 112003

Selection: exactly 1 e/µ, at least 4 jets,
at least 2 b-tagged.

Based on lepton and pmiss
T use mass

constraints of mt, mW on leptonic side to
obtain pz -component of neutrino
momentum, and correct b-jet.

Calculate likelihood λ according to 2D
mass distributions of reconstructed
mt–mW on hadronic side and
compatibility of b-jet on leptonic side.

dilepton
36 fb−1, 13 TeV, JHEP02 (2019) 149

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

In same flavor channels exclude Z-Peak
and require pmiss

T > 40 GeV

– Neutrino momenta calculated using mt,
mW based on leptons and pmiss

T testing
all permutation of jets (b jets preferred).
Solution with lowest M(tt̄) selected.
– Object momenta smeared according to
resolution. 100 smeared events summed
weighted according to expected M(``bb).
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Measurements at particle level

Define proxy of top quark based on measurable objects (leptons, jets) in experimental
acceptance:
→ clean definition of “top quark” observable.
→ avoid theoretical extrapolations.

Definition of particle-level top quarks (CERN-CMS-NOTE-2017-004)
Events with exactly 1 electron/muon, 2 b jets, in total at least 4 jets
Sum momenta of all neutrinos pN and find the permutation of jets that minimizes:

K2 = (M(pN + p` + pb1
)−mt)2 + (M(pj1 + pj2 )−mW)2 + (M(pj1 + pj2 + pb2

)−mt)2
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Analysis uses Rivet for particle level level definitions. plugin available I1663958.

Otto Hindrichs (UR) top cross sections 15.05.2019 8 / 25

36 fb−1, 13 TeV, PRD97 (2018) 112003



Parton level
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Better pT(t) agreement with NNLO QCD + NLO EW [JHEP10 (2017) 186] calculation
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Parton level
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e/µ+jets and dilepton
channels show similar
deviations from predictions

Softer M(tt̄) compared to
Powheg/MG5(FxFx)+Pythia8
and Sherpa.

Powheg+Herwig++ too
soft at particle level, while
better at parton level.

In general: χ2-tests (see
backup) considering theory
uncertainties
(Powheg+Pythia8 and
Sherpa) show reasonable
compatibility between
measurements and SM
predictions.

Normalized and absolute cross sections for all distributions available.
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EFT interpretations

Chromomagnetic dipole moment
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anomalous CMDM introduced
by EFT operator (OGt)
introducing a ggtt̄ vertex

experimentally mostly visible in
angle between leptons.

Global EFT interpretations (JHEP04 (2019) 100)

high M(tt̄) makes important
contribution to the combined
EFT interpretations of all top
quark production related
measurements at the LHC
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Double-Differential tt̄ cross sections measurements

Results unfolded in 2 dim.
→correction for migrations
among all bins.
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corners of phase space.
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pT(t) in bins of jet multiplicity (pT(jet) > 30 GeV)
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2 dim. unfolding in pT(t) and
number of additional jets.

The slope disappears for
events with higher jet
multiplicity.

Herwig++ does not
follow the trend.
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y(tt̄) in different M(tt̄) regions

Here at particle level, but
all distributions not
including additional jets
also available at parton
level.

Some tendency to
overestimate the cross
section at higher M(tt̄)
and |y(tt̄)|
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Multi-Differential tt̄ cross sections in the dilepton channel
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Uses same reconstruction as
single differential measurement
in dilepton channel.

Results show similar behavior as
in e/µ+jets.
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Interpretations of multi-Differential tt̄ cross sections
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M(tt̄) vs y(tt̄) in bins of jet

multiplicity is sensitive to mpole
t and

αs

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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mpole
t and αs are extracted

from comparisons with fixed
order NLO cross section.

taking into account scale and
PDF uncertainties in the
theoretical prediction.

Otto Hindrichs (UR) top cross sections 15.05.2019 17 / 25

36 fb−1, 13 TeV, arXiv:1904.05237 sub. EPJC



Comparison of PDF
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mt and αs are free parameters

PDF parameterization as in
HERAPDF2.0

combined fit with HERA DIS
data

extracted:
mpole

t = 170.5± 0.8 GeV

αs(mZ) = 0.1135+0.0021
−0.0017
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tt̄+jets Production

Jet properties

Measurement of kinematic properties of
jets in tt̄ system (bl , bh, jW1

, jW2
) and up

to four additional jets (j1 ... j4) ordered
by pT.

Correct for effects of resolution and
mis-identification of jets.

                                               

Bins of jet type at particle level
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Jets of the tt̄ system
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Powheg+Pythia8:
describes data, but > 1 jet
from parton shower.

MG5+Pythia8 [FxFx] (tt̄
+ up to 2 jets NLO):
similar to
Powheg+Pythia8.

Sherpa (tt̄ + 0,1 jet NLO,
up to 4 jets LO): some
deviation description of
add. jets.

Powheg+Herwig++:
jets in tt̄ system too soft
(related to soft pT at
particle level).
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Gap fraction (fraction of events without a
jet above a given pT threshold) well
described by Powheg/MG5+Pythia8.

Sherpa and Powheg+Herwig++ show
both differences.

Jet multiplicities for various pT thresholds
show reasonable agreement.
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Minimum separation between a jet
and the jets in tt̄ system

Sensitive to final state PS.

Jets of tt̄ decay closer due to
higher top pT in Simulation.

Powheg+Herwig++ predicts
too many jets close to tt̄ jets.
→reduced momentum of
particle level top quark.

χ2-tests with full set of th.
uncertainties for jet related
distributions:

Powheg+Pythia8: relies on
PS tuning shows reasonable
agreement

Sherpa: with default tune and
LO at high jet multiplicities
shows larger deviations.

Jets of the tt̄ system

y binning

10

20

30

40

50

60

70

 [p
b]

tj
R∆d
σd

 (13 TeV)-135.8 fb

particle level
+jetsµe/CMS Data

 stat⊕Sys 
Stat

 P8OWHEGP
 CSHERPAS
 H++OWHEGP

MG5 P8 [FxFx]

0.5 1 1.5 2 2.5 3 3.5 4 4.5
)

h
(b

t
jR∆

0.8

1

1.2

D
at

a
T

he
or

y

y binning

10

20

30

40

50

60

70 [p
b]

tj
R∆d
σd

 (13 TeV)-135.8 fb

particle level
+jetsµe/CMS Data

 stat⊕Sys 
Stat

 P8OWHEGP
 CSHERPAS
 H++OWHEGP

MG5 P8 [FxFx]

0.5 1 1.5 2 2.5 3 3.5 4 4.5
)

W1
(j

t
jR∆

0.6

0.8

1

1.2

D
at

a
T

he
or

y

Additional Jets

y binning

5

10

15

20

25 [p
b]

tj
R∆d
σd

 (13 TeV)-135.8 fb

particle level
+jetsµe/CMS Data

 stat⊕Sys 
Stat

 P8OWHEGP
 CSHERPAS
 H++OWHEGP

MG5 P8 [FxFx]

0.5 1 1.5 2 2.5 3 3.5 4 4.5
)

1
(j

t
jR∆

0.6

0.8

1

1.2

D
at

a
T

he
or

y

y binning

0.5

1

1.5

2

2.5

3

 [p
b]

tj
R∆d
σd

 (13 TeV)-135.8 fb

particle level
+jetsµe/CMS Data

 stat⊕Sys 
Stat

 P8OWHEGP
 CSHERPAS
 H++OWHEGP

MG5 P8 [FxFx]

0.5 1 1.5 2 2.5 3 3.5 4 4.5
)

3
(j

t
jR∆

0.5

1

D
at

a
T

he
or

y

Otto Hindrichs (UR) top cross sections 15.05.2019 22 / 25

36 fb−1, 13 TeV, PRD97 (2018) 112003



In all-jets final state including boosted reconstruction

Resolved

Selection: at least 6 jets, 2 b tagged.
Perform kinematic fit for tt̄ reconstruction (based on W and top mass constrains)
Accept events with 150 < mfit

t < 200 GeV, and fit probability greater than 0.02.

Boosted

1 jet pT > 200 GeV and 1 jet pT > 450 GeV
each jet: softdrop mass > 50 GeV, b tagged subjet, n-jettiness requirements.

Template Fit: Signal template from MC, background template from data by inverting b tagging.
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σtt̄ = 834 ± 25(stat)+118
−104(syst) ± 23(lumi) pb
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fiducial parton level
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Soft pT(t) confirmed in all-jets channel and persisting in boosted regime.
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Conclusion
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Differential tt̄ cross sections:

Event variables.

1D, 2D differential cross sections of the top quarks.

Differential distributions of jets in tt̄ events.

These measurements provide:

Precision test of the SM top quark production.

Tests of parton shower models
→improved understanding of systematics in other
measurements, e.g., top mass.

PDF constraints, extractions of mt and αs.

Constraints on BSM effective theories

...
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Backup
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Parton level
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Particle level
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With additional jets
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