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Introduction

Cross sections of 830 pb (920 pb) at 13TeV (13.6TeV) → about 100M tt̄ pairs in Run 2

2 4 6 8 10 12 14
 [TeV]s

10

210

310

 c
ro

ss
 s

ec
tio

n 
[p

b]
t

In
cl

us
iv

e 
t

CMS Preliminary
June 2023

* Preliminary

)-1 8.8 fb≤Tevatron combined 1.96 TeV (L 
)-1CMS l+jets,dilepton 5.02 TeV (L = 27.4 pb

)-1, l+jets 5.02 TeV (L = 27.4-302 pbµCMS combined e
)-1 7 TeV (L = 5 fbµCMS e

)-1CMS l+jets 7 TeV (L = 2.3 fb
)-1CMS all-jets 7 TeV (L = 3.54 fb

)-1 8 TeV (L = 19.7 fbµCMS e
)-1CMS l+jets 8 TeV (L = 19.6 fb
)-1CMS all-jets 8 TeV (L = 18.4 fb

, 50 ns)-1 13 TeV (L = 43 pbµCMS e
)-1 13 TeV (L = 2.2 fbµCMS e

)-1 13 TeV (L = 35.9 fbµCMS e
)-1CMS dilepton 13 TeV (L = 35.9 fb

, 50 ns)-1CMS l+jets* 13 TeV (L = 42 pb
)-1CMS l+jets 13 TeV (L = 2.2 fb
)-1CMS l+jets 13 TeV (L = 137 fb

)-1CMS all-jets* 13 TeV (L = 2.53 fb
)-1 13 TeV (L = 35.9 fbµ+e/τCMS 

)-1CMS dilepton, l+jets 13.6 TeV (L = 1.2 fb

NNLO+NNLL, PDF4LHC21 (pp)

)pNNLO+NNLL, NNPDF3.0 (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

)=0.113]
Z

(Msα+ 0.001 [±) = 0.118 
Z

(Msα = 172.5 GeV, topm

13 13.6

600

800

1000

PDF4LHC21 MMHT14

CT14
+

ABM12

165 170 175 180
 [GeV]tm

0

5

10  0.47 GeV± 0.13 ±172.44 CMS Run 1 legacy
PRD 93 (2016) 072004

 0.70 GeV± 0.38 ±172.62 2015, muon+jets
-1TOP-16-022 (2017), 2.2 fb

 0.62 GeV± 0.08 ±172.25 Lepton+jets
-1EPJC 78 (2018) 891, 35.9 fb

 GeV-0.72 +0.66 0.24 ±172.33 Dilepton
-1EPJC 79 (2019) 368, 35.9 fb

 0.70 GeV± 0.20 ±172.34 All-jets
-1EPJC 79 (2019) 313, 35.9 fb

 0.61 GeV± 0.07 ±172.26 Lepton+jets, all-jets
-1EPJC 79 (2019) 313, 35.9 fb

 2.44 GeV± 0.41 ±172.56 

 > 400 GeV
T

Single Jet, p
PRL 124, 202001 (2020)

 GeV-0.69 +0.71 0.32 ±172.13 Single top
-1TOP-19-009 (2020), 35.9 fb

 0.54 GeV± 0.35 ±174.30 

Tevatron combination
arXiv:1608.01881 (2016)

 0.71 GeV± 0.27 ±173.34 
World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427 (2014)

May 2021

 syst.)± stat. ±(value 

CMS Preliminary

Status and conclusions from (multi) differential cross sections measurements

News from measurements of spin correlations and observation of entanglement

New techniques for mt measurements
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Differential tt̄ cross sections measurements

e/µ+jets 137 fb−1: Phys. Rev. D 104, 092013:

analysis performed using resolved (3 jets)
and boosted (1 fat jet) reconstruction

cross section extracted fitting all
reconstruction categories simultaneously.

dilepton 138 fb−1: Submitted to JHEP

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

find analytic solutions for neutrino
momenta; use solution with lowest m(tt̄).
Repeat procedure 100 times varying
objects within their resolutions.
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Results
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depending on the phase space region
the precision is limited by systematic
or statistical uncertainty.

systematic dominated by
experimental uncertainties like jet
energy calibration and b-tagging.
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measurements show excess of data at the m(tt̄) production threshold.

uncertainties in measurements are large in the first bins. Experimental and modelling
uncertainties contribute.

uncertainties in Powheg+Pythia8 are sizable in this bin (This is the only model shown
with the full set of variations)
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Comparison of measurements to various predictions using χ2-tests
uncertainties in measurements and predictions are take into account.
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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.
but theory uncertainties might be underestimated using fully correlated scale variations

at particle level additional jets vs. kinematic observable are not well described.
depends strongly on PS tuning

Cross section measurements are used: mt and αs extraction, PDF fits, EFT interpretation ...
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Extraction of tt̄ polarization and spin correlation in e/µ+jets events

in the helicity-frame the differential cross section of particles from tt̄ decays can be
parameterized by the polarization vector P and the spin correlation matrix C:

d4σ

dΩdΩ̄
∝ 1 + κP ·Ω+ κ̄P̄ · Ω̄+ κκ̄Ω · CΩ̄

together with an overall normalization factor there are 16 parameters to determine
spin analyzing powers κ depend on the decay particle of the top quark used in the analysis.
Best sensitivity (κ = 1) for charged lepton and down-type quarks from W decays.
e/µ+jets final-state: easy reconstruction of top quark momenta, high branching fraction,
but challenging to identify the down-type quarks.
use ML for identification of top decay products based on kinematic and flavor-tagging
information (half of the time there is a c-jet in the W decay)
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Extraction method
According to the cross section formula each coefficient is proportional to a function depending on
the angles of the two decay products (2 bins in cos(θp/p̄) and 4 bins in ϕp/p̄):
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The blue lines show how the detector affects the theoretical shapes (red) due to acceptance,
resolution, efficiencies ...
→Fit linear combination of the detector-level templates to data.
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Using the SM tt̄ simulation to construct the templates can result into a bias in the measured
coefficients.
→avoided by fitting in bins of tt̄ distributions: m(tt̄) vs cos(θt) or pT(t) vs cos(θt):
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Inclusive results
From the combination of bins, the inclusive polarization and spin correlation are obtained:
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These are in good agreement with the SM expectations; reduction of of uncertainties by about a
factor of two with respect to previous measurement (dilepton, with 36 fb−1, Phys. Rev. D 100
(2019) 072002)
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Differential Results
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the diagonal elements are changing for different m(tt̄) and cos(θt) regions

statistical uncertainties dominant in most bins →room for improvement with more data
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Quantum Entanglement
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↓ Separable states ↓
σ(4.4)3.5 σ(5.6)6.7

σ(4.1)5.4

at the threshold and at high m(tt̄) with low | cos(θt)| tt̄ is expected to be produced in
entangled quantum states

A criterion for entanglement (based on Peres–Horodecki): ∆E = Cnn + |Crr + Ckk | > 1

First observation of the signature of an entangled quantum state at high m(tt̄).
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Entanglement near the threshold in the dilepton final-state

At the tt̄ production threshold, where all diagonal elements of C are positive D = − 1
3
∆E

dσ

d cos(ϕ)
∝ 1− D cos(ϕ)

This allows for the extraction of the entanglement sensitive observable using the single differential
distribution of the opening angle between the two leptons in the helicity-frame.
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Results
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/ /  MC Stat.
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 Entanglement boundary
Data extr. with PH+P8
Data extr. with PH+P8+ηt

observation of signature of entanglement with high significance D < 1/3

uncertainties in the measurement do not allow for a separation between SM hypotheses
with and without toponium. (Simulated as pseudo scalar particle with mass of 343GeV and
a production cross section of 6.4 pb.)
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Search for scalar- and pseudo-scalar Higgs decaying into tt̄

A search for heavy scalar. and pseudo-scalar Higgs is performed in the e/µ+jets and dilepton
final-states

e/µ+jets channel uses the scattering angle cos(θt) to separate based on the spin

138 fb 1, Run 2 (13 TeV)CMSPreliminary ,  4j
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dilepton channel uses chel(same as cos(ϕ), angle between two charged leptons) and chan as
search variables. Can separate scalar and pseudo scalar states

138 fb 1, Run 2 (13 TeV)CMSPreliminary
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both channels observe significant excess at the tt̄ production threshold

data prefer a pseudo scalar contribution for the excess (using the same production cross
section for both, tested here with 365GeV).

fitted cross section for simple toponium model: 7.1 pb with 11% uncertainty.
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Direct measurement of mt (MC parameter) in e/µ+jets events

select events with e/µ and >= 4jets

perform kinematic fitting with constraints of two equal top quark masses and W mass

goodness of fit also used to determine best parton-jet assignment (47% correct)

up to 4 distributions + one control region used to extract mt

100 200 300 400

m fit
t  [GeV]

0.5
1

1.5

D
a
ta

/M
C

5

10

15

20

25

30

35

40

45
3

10×

 E
v
e
n
ts

 /
 5

 G
e
V  correcttt

 wrongtt
 unmatchedtt

Data
Uncertainty

Single t
W+jets
Z+jets
QCD multijet
Diboson

m
gen

t
= 172.5 GeV

Pgof > 0.2

 (13 TeV)136.3 fb

CMS

ℓ + jets

60 80 100 120 140

m reco
W

 [GeV]

0.5
1

1.5

D
a
ta

/M
C

5

10

15

20

25

30

3
10×

 E
v
e
n
ts

 /
 2

 G
e
V  correcttt

 wrongtt
 unmatchedtt

Data
Uncertainty

Single t
W+jets
Z+jets
QCD multijet
Diboson

m
gen

t
= 172.5 GeV

Pgof > 0.2

 (13 TeV)136.3 fb

CMS

ℓ + jets

0 100 200 300

m reco
ℓ b

 [GeV]

0.5
1

1.5

D
a
ta

/M
C

5

10

15

20

25

30

35

40

45

3
10×

 E
v
e
n
ts

 /
 5

 G
e
V  correcttt

 wrongtt
 unmatchedtt

Data
Uncertainty

Single t
W+jets
Z+jets
QCD multijet
Diboson

m
gen

t
= 172.5 GeV

Pgof < 0.2

 (13 TeV)136.3 fb

CMS

ℓ + jets

0 0.5 1 1.5

m reco
ℓ b

/m fit
t

0.5
1

1.5

D
a
ta

/M
C

2

4

6

8

10

12

14

16

18

3
10×

 E
v
e
n
ts

 /
 0

.0
2  correcttt

 wrongtt
 unmatchedtt

Data
Uncertainty

Single t
W+jets
Z+jets
QCD multijet
Diboson

m
gen

t
= 172.5 GeV

Pgof > 0.2

 (13 TeV)136.3 fb

CMS

ℓ + jets

0 1 2 3 4

R
reco
bq

0.5
1

1.5
D

a
ta

/M
C

5

10

15

20

25

30

3
10×

 E
v
e
n
ts

 /
 0

.1  correcttt
 wrongtt
 unmatchedtt

Data
Uncertainty

Single t
W+jets
Z+jets
QCD multijet
Diboson

m
gen

t
= 172.5 GeV

Pgof > 0.2

 (13 TeV)136.3 fb

CMS

ℓ + jets

Otto Hindrichs (UR) top quark properties CMS Oct 24, 2024 18 / 22

36 fb−1, 13TeV, Eur. Phys. J. C 83 (2023) 963

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-008/index.html


0.3 0.4 0.5 0.6 0.7
 [GeV]tm∆

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

N
o
rm

a
liz

e
d
 d

is
tr

ib
u
ti
o
n

ℓ + jets 1D > =  0.63 GeVtm∆<

ℓ + jets 2D > =  0.51 GeVtm∆<

ℓ + jets 3D > =  0.46 GeVtm∆<

ℓ + jets 4D > =  0.40 GeVtm∆<

ℓ + jets 5D > =  0.37 GeVtm∆<

 (13 TeV)136.3 fb

CMS

Simulation

170 172 174
 [GeV]tm

ℓ + jets 5D 171.77 ± 0.37
μ + jets 5D 171.98 ± 0.42
e + jets 5D 172.11 ± 0.49

ℓ + jets 4D 171.72 ± 0.39
μ + jets 4D 171.87 ± 0.43
e + jets 4D 172.03 ± 0.52

ℓ + jets 3D 171.84 ± 0.45
μ + jets 3D 171.89 ± 0.46
e + jets 3D 172.40 ± 0.58

ℓ + jets 2D 172.00 ± 0.52
μ + jets 2D 172.03 ± 0.52
e + jets 2D 172.48 ± 0.62

ℓ + jets 1D 172.13 ± 0.62
μ + jets 1D 172.02 ± 0.61
e + jets 1D 172.25 ± 0.72

(value ± tot. unc.)

 (13 TeV)136.3 fb

CMS

0 0.2 0.4 0.6 0.8 1
FSR

ρ

171.2

171.4

171.6

171.8

172

172.2

172.4

172.6

 [G
eV

]
t

m

 (13 TeV)-136.3 fb

CMS

best fitted value mt = 171.77± 0.37GeV

leading uncertainty is final-state PS scales 0.21GeV
in contrast to previous measurements uncorrelated
scales for different branchings (g → qq̄, q → gq ...)
used

modelling very important for this measurement
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mt measurement from boosted hadronically decaying top quarks in e/µ+jets events

Measure mt from unfolded particle-level jet mass

use XCone jet algorithm (r = 1.2) to find 2 jets: the boosted hadronically decay products ;
the lepton and b-jet from the leptonically decay

use XCone (r = 0.4) to identify the three subjets (combined pT > 400GeV , each subjet
pT > 30GeV )

particle-level detector-level
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after excluding the b-subjet the W mass of the remaining two jets is used for the calibration
of the jet energy

from the unfolded jet mass:

mt = 173.06± 0.84GeV

with jet energy and mass calibration being the largest uncertainties.
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This method using boosted top quarks provides complementary measurement compared to
measurements using low pT top quark closer to the threshold, in particular with respect to
theoretical uncertainties.
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Conclusion
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Measurement of (multi) differential cross sections:

performed in many channels; resolved and boosted reconstructions

used to determine: mt, PDFs, EFT limits, MC tunes

Spin correlations:

first measurement of spin correlations in various regions of the tt̄
phase space

first characterization of tt̄ quantum state as entangled

Significant pseudo-scalar-like excess at the tt̄ production threshold
Top quark mass:

new precise and complementary measurements with boosted top
quarks

improved techniques leveraging in-situ constraints for higher
precision
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