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Introduction

Documentation: CMS-PAS-TOP-20-001
high precision measurements of differential and double differential cross sections of tt̄
production using CMS Run 2 data (137 fb−1)
including resolved and boosted reconstruction methods
results at the parton level in full phase space
results at particle level, where similar to the detector-level reconstruction a combination of
resolved and boosted tt̄ events are defined as signal.
precise inclusive tt̄ production cross section

Overview:

1l1t
1 loose b jet 
1 tight b jet
 
resolved 
reconstruction

2t
2 tight b jets

resolved 
reconstruction

RLBH
resolved leptonic 
boosted hadronic

BLBH
boosted leptonic
boosted hadronic

boosted
template fit for
background 
subtraction

combined fit of differential cross section 
in channels:

electron, muon
3 years of data taking (2016-2018)
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Resolved categories

Selection

Exactly 1 isolated electron or muon and at least 4 jets

2 b-tagged jets or 1 loose and 1 medium tagged jet
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Reconstruction
For each permutation of jets calculate M(tl)

2 = (p(bl ) + p(l) + p(ν))2:
pz (ν) is calculated using m2

W = (p(l) + p(ν))2 constraint.

– 0 solutions: find minimal modification of pmiss
T to obtain a single solutions.

– 2 solutions: select with minimum |M(tl)−mtop|.
with m2 and m3 the invariant masses of the jets tested as W and th on hadronic side calculate:

− log(λ) =− log(λm)− log(λν)

λm =Pm(m2,m3)

λν =Pν(M(tl))

�select permutation minimizing − log(λ)
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Two tight b-tagged jets (2t)
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One loose and one tight b-tagged jet (1ltl)
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Boosted tl reconstruction

1 nonisolated µ/e pT > 50 GeV
1 b jet (loose criterion) within ∆R(`, b) = 0.6

Remove lepton from jet if constituent; reconstruct neutrino as in resolved categories

pT(tl = `+ b + ν) > 400 GeV, 100 < M(tl) < 230 GeV

Use artificial neural network (NN) to separate from
background (QCD multijet and W+jets events):

M(`, j) pT(`)/pT(`+ j) M(j)/M(`, j)
Inear/I0 Ifar/I0

where I =
∑
PF

pT(PF)∆Rq(`,PF)

with q = −2, 0, 2 for Inear, I0, and Ifar, respectively.
Particel flow (PF) objects in ∆R < 0.4 around
lepton.
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Require: LNN > 0.7, efficiency 90% in whole pT range
Very efficient in removing multijet events, but W boson background very similar to tt̄
Efficiency measured in tt̄ eµ-events with one isolated and one nonisolated lepton.
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Boosted th reconstruction

Boosted th identified as anti-kT (size =0.8) PUPPI jet with pT > 400 GeV, |η| < 2.4, and
mjet > 120 GeV.

NN used for identification of boosted th.
Boost all constituents into jet center-of-mass frame and cluster with anti-kT (size =0.5)
algorithm. Use 21 input variables for HNN:
two and three sub-jets invariant masses, energies of leading sub-jets,
n-jettiness ratios, sphericity of sub-jets, ... (full list in backup)

4 NN trained in pT regions 400–500–700–1000–2000 GeV
All input variables are well modeled in the pT regions and years.
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3Q: 400 - 600 GeV
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3Q: 600 - 1000 GeV
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3Q: 1000 - 1500 GeV
3Q+2Q: 1000 - 1500 GeV

 (13 TeV) -1137 fb
CMS
Simulation
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3Q: 3 quarks from th decay point towards the candidate (∆R < 0.8).
2Q: 2 quarks from th decay point towards the candidate (∆R < 0.8).

The definitions of 3Q and 2Q are arbitrary. We repeat analysis with (∆R < 0.7/0.9) final cross
sections are the same.
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Event reconstruction and categorization

Resolved:
– − log(λm) < 11(9)
for 2t(1t1l)

BHRL
– 1 iso. µ/e + 1 b jets
(resolved reco.)
– 1 boosted th candidate

BHBL
– 1 boosted tl candidate
– 1 boosted th candidate

– Priority: 2t, BHRL/BHBL, 1t1l
– If there is more than 1 boosted th candidate, distributions are filled for each candidate. The
yields of 2Q and 3Q (never more than one per event) are extracted using HNN fit.
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Background fit in boosted categories

HNN template fit performed in 9 bins of pT(th) vs. variable of interest.
pT(th)-bins: 400, 450, 500, 550, 600, 700, 800, 900, 1000, 1500 GeV (not all bins allways filled)

tt̄ signal: 2Q and 3Q fitted separately ; unconstrained from MC

tt̄ background: one or no quark from th decay ; unconstrained from MC

W/DY background: template from quark enriched jet data ; ±50% MC prediction

multijet background: template from b enriched jet data ; ±50% MC prediction

single top plus W: can contribute th, template from MC ; MC uncertainties (scale, JES, ...)

MC template shape uncertainties considered: shower scale, pileup, tune, jet energy, and subjet
energy scale.
Uncertainties are externalized and propagated to the fit of the cross sections.

Fit M(tt̄) distribution integrated over pT bins and added for all categories
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Extracted signal yields
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Common unfolding of all categories

Perform χ2-fit to extract the cross sections:

χ2 =
∑
`

∑
y

∑
r

(myr` − byr`(να)−Myr`(να)σ)T C−1
yr` (myr` − byr`(να)−Myr`(να)σ) + κ(να)

m measured distribution of events with the covariance matrix C ; per year y , reconstruction
r method (res. 1t1l, res. 2t, boosted), and lepton channels ` (18 categories)
σ vector of cross sections (free parameters of interest)
M(να) response matrices that map σ to the tt̄ event yields at detector level.
b(να) non tt̄ background (only unc. in boosted cat., since background already subtr.).
να nuisances representing the uncertainties. These are constrained in κ(να) taking into
account year-by-year correlations.

– No regularization condition is used
Goodness of fits
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Uncertainties

Parton level
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“Sim. stat”: repeat cross section fits 100 times with response matrices and their
uncertainties varied randomly by the statistical uncertainty of the simulation.

“NNLO”: difference in top quark pT between Powheg+P8 and NNLO prediction.

– Dominated by JES and b-tagging uncertainties at both levels
– More diagonal response matrices at particle level reduce stat. effect in unfolding.
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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.

– uncertainty in NNLO calculation (Matrix) is smaller.
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– pT and ST = pT(th) + pT(tl) well described by NNLO calculation.
– trend of harder spectrum in NLO calculations disappears above 600 GeV
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Double differential cross sections

0.2

0.4

0.6

0.8

1

1.2

]
-1

 [p
b 

G
eV

) h
(t

T
)|

 d
p

h
d|

y(
t

σ2 d

) < 80 GeV
h

(t
T

0 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

)|
h

|y(t

0.8

1

1.2

1.4

D
at

a
T

he
or

y

0 0.4 0.8 1.2 1.6 2.5

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

]
-1

 [p
b 

G
eV

) h
(t

T
)|

 d
p

h
d|

y(
t

σ2 d

) < 160 GeV
h

(t
T

80 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

)|
h

|y(t

0.8

1

1.2

1.4

D
at

a
T

he
or

y

0 0.4 0.8 1.2 1.6 2.5

0.1

0.2

0.3

0.4

0.5

0.6

0.7]
-1

 [p
b 

G
eV

) h
(t

T
)|

 d
p

h
d|

y(
t

σ2 d

) < 240 GeV
h

(t
T

160 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

)|
h

|y(t

0.8

1

1.2

1.4

D
at

a
T

he
or

y

0 0.4 0.8 1.2 1.6 2.5

0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
0.22

]
-1

 [p
b 

G
eV

) h
(t

T
)|

 d
p

h
d|

y(
t

σ2 d

) < 320 GeV
h

(t
T

240 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

)|
h

|y(t

0.8

1

1.2

1.4

D
at

a
T

he
or

y

0 0.4 0.8 1.2 1.6 2.5

10

20

30

40

50

60

70

3−10×]
-1

 [p
b 

G
eV

) h
(t

T
)|

 d
p

h
d|

y(
t

σ2 d

) < 400 GeV
h

(t
T

320 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

)|
h

|y(t

0.8

1

1.2

1.4

D
at

a
T

he
or

y

0 0.4 0.8 1.2 1.6 2.5

0.5

1

1.5

2

2.5

3−10×]
-1

 [p
b 

G
eV

) h
(t

T
)|

 d
p

h
d|

y(
t

σ2 d

) < 1500 GeV
h

(t
T

400 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

)|
h

|y(t

0.8

1

1.2

1.4

D
at

a
T

he
or

y

0 0.4 0.8 1.2 1.6 2.5

Well modeled |y(th)| in all pT(th)-bins.

Otto Hindrichs (UR) tt̄ differential cross sections 19.05.2021 15 / 23



0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

]
-1

 [p
b 

G
eV

)|t
) 

d|
y(

t
t

dM
(t

σ2 d

) < 420 GeVt250 < M(t

 (13 TeV) -1137 fb

particle level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
POWHEG P8 (T4)

)|t|y(t

1

1.5D
at

a
T

he
or

y

0 0.4 0.8 1.5 2.5

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

]
-1

 [p
b 

G
eV

)|t
) 

d|
y(

t
t

dM
(t

σ2 d

) < 520 GeVt420 < M(t

 (13 TeV) -1137 fb

particle level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
POWHEG P8 (T4)

)|t|y(t

1

1.5D
at

a
T

he
or

y

0 0.4 0.8 1.5 2.5

0.05

0.1

0.15

0.2

0.25]
-1

 [p
b 

G
eV

)|t
) 

d|
y(

t
t

dM
(t

σ2 d

) < 620 GeVt520 < M(t

 (13 TeV) -1137 fb

particle level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
POWHEG P8 (T4)

)|t|y(t

1

1.5D
at

a
T

he
or

y

0 0.4 0.8 1.5 2.5

0.02

0.04

0.06

0.08

0.1

]
-1

 [p
b 

G
eV

)|t
) 

d|
y(

t
t

dM
(t

σ2 d

) < 800 GeVt620 < M(t

 (13 TeV) -1137 fb

particle level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
POWHEG P8 (T4)

)|t|y(t

1

1.5D
at

a
T

he
or

y

0 0.4 0.8 1.5 2.5

5

10

15

20

25

30

3−10×]
-1

 [p
b 

G
eV

)|t
) 

d|
y(

t
t

dM
(t

σ2 d
) < 1000 GeVt800 < M(t

 (13 TeV) -1137 fb

particle level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
POWHEG P8 (T4)

)|t|y(t

1

1.5D
at

a
T

he
or

y

0 0.4 0.8 1.5 2.5

0.2

0.4

0.6

0.8

1

1.2

3−10×]
-1

 [p
b 

G
eV

)|t
) 

d|
y(

t
t

dM
(t

σ2 d

) < 3500 GeVt1000 < M(t

 (13 TeV) -1137 fb

particle level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
POWHEG P8 (T4)

)|t|y(t

1

1.5D
at

a
T

he
or

y

0 0.2 0.4 0.6 0.8 1 1.2 2.2

Well modeled |y(tt̄)| in all M(tt̄)-bins, with small overestimation in highest |y(tt̄)|-bins.

Otto Hindrichs (UR) tt̄ differential cross sections 19.05.2021 16 / 23



2
4
6
8

10
12
14
16
18
20
22
24

3−10×]
-2

 [p
b 

G
eV

) h
(t

T
) 

dp
t

(t
T

dp
σ2 d

) < 50 GeVt(t
T

0 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

1

1.5

D
at

a
T

he
or

y

0 100 200 300 400 500 1500

1

2

3

4

5

6

7

8

3−10×]
-2

 [p
b 

G
eV

) h
(t

T
) 

dp
t

(t
T

dp
σ2 d

) < 120 GeVt(t
T

50 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

1

1.5

D
at

a
T

he
or

y

0 100 200 300 400 500 1500

0.5

1

1.5

2

2.5

3−10×]
-2

 [p
b 

G
eV

) h
(t

T
) 

dp
t

(t
T

dp
σ2 d

) < 200 GeVt(t
T

120 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

1

1.5

D
at

a
T

he
or

y

0 100 200 300 400 1500

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

3−10×]
-2

 [p
b 

G
eV

) h
(t

T
) 

dp
t

(t
T

dp
σ2 d

) < 300 GeVt(t
T

200 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

1

1.5

D
at

a
T

he
or

y

0 100 200 300 400 1500

0.05

0.1

0.15

0.2

0.25

3−10×]
-2

 [p
b 

G
eV

) h
(t

T
) 

dp
t

(t
T

dp
σ2 d

) < 400 GeVt(t
T

300 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

1

1.5

D
at

a
T

he
or

y

0 100 200 300 400 1500

2

4

6

8

10

12

14

16

6−10×]
-2

 [p
b 

G
eV

) h
(t

T
) 

dp
t

(t
T

dp
σ2 d

) < 1200 GeVt(t
T

400 < p

 (13 TeV) -1137 fb

parton level
+jetsµe/ CMS

PreliminaryData
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

1

1.5

D
at

a
T

he
or

y

0 100 200 300 400 1500

Mismodeling of spectrum in low pT(tt̄)-bins, while the description at high pT(tt̄) is better.

Otto Hindrichs (UR) tt̄ differential cross sections 19.05.2021 17 / 23



y binning

20

40

60

80

100

120

140

160
]

-1
 [p

b 
G

eV
)|t

d|
y(

t)
| d

|y
(

σ2 d
0 < |y(t)| < 0.5 

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

0 0.5 1 1.5 2 2.5

)|t|y(

1

1.5D
at

a
T

he
or

y

y binning

20

40

60

80

100

120

140

]
-1

 [p
b 

G
eV

)|t
d|

y(
t)

| d
|y

(
σ2 d

0.5 < |y(t)| < 1 

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

0 0.5 1 1.5 2 2.5

)|t|y(

1

1.5D
at

a
T

he
or

y

y binning

20

40

60

80

100

]
-1

 [p
b 

G
eV

)|t
d|

y(
t)

| d
|y

(
σ2 d

1 < |y(t)| < 1.5 

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

0 0.5 1 1.5 2 2.5

)|t|y(

1

1.5D
at

a
T

he
or

y

y binning

10

20

30

40

50

60

70

]
-1

 [p
b 

G
eV

)|t
d|

y(
t)

| d
|y

(
σ2 d

1.5 < |y(t)| < 2 

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

0 0.5 1 1.5 2 2.5

)|t|y(

1

1.5D
at

a
T

he
or

y

y binning

5

10

15

20

25

30

35

40]
-1

 [p
b 

G
eV

)|t
d|

y(
t)

| d
|y

(
σ2 d

2 < |y(t)| < 2.5 

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

0 0.5 1 1.5 2 2.5

)|t|y(

1

1.5D
at

a
T

he
or

y

0 0.5 1 1.5 2 2.5
|y|

0.92

0.94

0.96

0.98

1

1.02(|
y(

t)
|)

σ
)|

)/
t

(|
y(

σ

Data

 stat⊕Sys 

Stat 

POWHEG P8 (CP5)

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary

From the double differential cross section |y(t)| vs |y(t̄)| the ratio |y(t̄)|/|y(t)| is calculated
taking into account bin-by-bin correlations.
Although this ratio can be measured very precisely, no significant observation of a charge
asymmetry is expected and observed.
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Particle level results
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– HT scalar pT sum of the additional jets (pT > 30 GeV)
– Mevt invariant mass of the top quarks and the additional jets
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Only in events without an additional jet we observe a softer pT spectrum.
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Inclusive Cross Section

Obtain inclusive cross section from integration of differential distributions:
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Parton level:

Best (expected) measurement M(tt̄) vs. cos(θ∗): 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 (±0.6(stat)± 21(sys)± 14(lumi) pb)

Particle level:

σparticle = 61.0± 1.8 pb (±0.04(stat)± 1.5(sys)± 1.1(lumi) pb)
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Inclusive cross sections uncertainties

Uncertainties in σtt̄

Source Uncertainty [pb] (%)
Jet energy 10.9 (1.38)
Branching fraction 8.80 (1.11)
Lepton 7.78 (0.98)
NNLO 7.56 (0.96)
b tagging 6.96 (0.88)
Sim. event count 6.46 (0.82)
Background 6.10 (0.77)
CR model 5.45 (0.69)
Jet energy resolution 3.36 (0.43)
Scales µr/µf 3.24 (0.41)
Initial-state PS scale 3.19 (0.40)
Final-state PS scale 2.71 (0.34)
Subjet energy 2.42 (0.31)
b mistagging 2.20 (0.28)
UE tune 2.16 (0.27)
mt 2.08 (0.26)
PDF 1.94 (0.25)
hdamp 1.51 (0.19)
L1 trigger 0.53 (0.07)
Pileup 0.40 (0.05)
Syst 21.1 (2.66)
Stat 0.56 (0.07)
Int. luminosity 13.8 (1.75)

200 400 600 800 1000 1200 1400
 [pb]

tt
σ

ATLAS+CMS Preliminary
 = 13 TeV   s summary, 

tt
σ WGtopLHC April 2021

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

Z
(Msα = 172.5 GeV, topm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat

 (lumi)± (syst) ± (stat) ± 
tt

σ

* 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/τCMS, dilepton 
, 25 ns-1 = 35.9 fb

int
JHEP 02 (2020) 191,  L

µ+e/τCMS, 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 fb

int
CMS-PAS TOP-16-013,  L

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

CMS, l+jets *
, 25 ns-1 = 137 fb

int
CMS-PAS TOP-20-001,  L

CMS, l+jets *  14 pb± 21 ± 0.6 ±791 

ABM12
) = 0.113

Z
(msα

   PRD 89 (2015) 054028

CT14   PRD 93 (2016) 033006

MMHT14   EPJC 75 (2015) 5

NNPDF3.0   JHEP 04 (2015) 040

With 3.2% uncertainty one of the most precise tt̄ cross section measurements.
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high precision measurements of differential and double differential
cross sections of tt̄ production

first combination of resolved and boosted reconstruction �full
spectrum measurement

combined fit of cross sections in several categories reduces
systematic uncertainties

results at parton and particle levels

precise (3.2% unc.) inclusive tt̄ production cross sections:

σtt̄ = 791± 25 pb (±0.6(stat)± 21(sys)± 14(lumi) pb)
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BACKUP
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Definition of particle level

Objects:

exactly one dressed muons or electrons, not from hardron decay with pT > 30 GeV and
|η| < 2.4

pν : pmiss
T taken as sum of all ν. Calculated using detector level algorithm

jets are clustered with a distance parameter of 0.4. Jets with pT > 25 GeV and |η| < 2.4
are selected if there is no lepton within ∆R = 0.4

b jets are jets containing a b hadron (ghost matching)

boosted tl are b jets with a selected lepton within ∆R < 0.4, pT(`) > 50 GeV. The
momentum is calculated as sum of jet, lepton, and pν . pT > 380 GeV, |η| < 2.4, and
100 < M(tl) < 240 GeV are required

boosted th are b jets with a distance parameter of 0.8, Mjet > 120 GeV, pT > 380 GeV,
and |η| < 2.4

tt̄ event reconstruction (by priority):

1 boosted tl + boosted th

2 minimize:

[M(pν+p`+pb` )−mt]2 +[M(pjW1
+pjW2

)−mW]2 +[M(pjW1
+pjW2

+pbh
)−mt]2

[M(pν + p` + pb` )−mt]2 + [Mjet −mt]2

100 < M(th) < 240 GeV required. If both possible, select reconstruction with M(th)
closer to mt
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Parton vs. Particle levels
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Particle level shows strong correlation with parton level top quarks.
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HNN inputs

From all combinations of two subjets calculate the invariant mass and use as input variables the three masses with
highest values.

The number of combinations of two subjets with invariant masses exceeding 40 GeV.

From all combinations of three subjets calculate the invariant mass and use the two masses with highest values.

The ratio of the highest invariant mass of three subjets over the invariant mass of all constituents.

The ratios of N-jettinessτ2/τ1, τ3/τ2, τ4/τ3, and τ5/τ4 with τN =
∑
k

min(q1 · pk , q2 · pk , ..., qN · pk ), where qi

with 1 ≤ i ≤ N are the momenta of the N leading subjets and pk are the momenta of all constituents in the rest frame.

The energy of the four most energetic subjets.

The value of |(p1 × p2) · p3|, where p1, p2, and p3 are the three momenta of the most energetic subjets normalized to
unity.

The sphericity s of all subjets, where s = 3
2

(λ2 + λ3) with λ2 and λ3 the second and third highest eigenvalues of the

tensor Sαβ =

∑
i

pαi p
β
i
/|pi |∑

i
|pi |

, where pi are the momenta of the subjets in the rest frame and α, β are the spatial

indices.

Boost the three leading subjets back to the laboratory rest frame and calculate their momentum fractions relative to the
AK8 jet.

Otto Hindrichs (UR) tt̄ differential cross sections 19.05.2021 27 / 23



thady

20

40

60
80

100

120
140

160

180
200

220

 [p
b]

)| h
d|

y(
tσd

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary
Data

 stat⊕Sys 
Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

0 0.5 1 1.5 2 2.5
)|

h
|y(t

0.9

1

1.1

1.2

D
at

a
T

he
or

y

tlepy

20

40
60

80

100
120

140

160
180

200

220

 [p
b]

)| l
d|

y(
tσd

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary
Data

 stat⊕Sys 
Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

0 0.5 1 1.5 2 2.5
)|
l

|y(t

0.9

1

1.1

1.2D
at

a
T

he
or

y

dy

20
40
60
80

100
120
140
160
180
200
220
240

 [p
b]

|) t
t/

(|
y

∆d
σd

 (13 TeV) -1137 fb

parton level
+jetsµe/ CMS

Preliminary
Data

 stat⊕Sys 
Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5
|
tt/

|y∆

0.9

1

1.1

1.2

1.3

D
at

a
T

he
or

y

ady

20

40

60

80

100

120

140

160

180 [p
b]

| t
t/y∆

d|
σd

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary
Data

 stat⊕Sys 
Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

0 0.5 1 1.5 2 2.5 3 3.5
|
tt/

y∆|

0.8

1

1.2

1.4

D
at

a
T

he
or

y

Otto Hindrichs (UR) tt̄ differential cross sections 19.05.2021 28 / 23



y binning

0.1

0.2

0.3

0.4

0.5

0.6

0.7]
-1

 [p
b 

G
eV

*)θ
) 

dc
os

(
t

dM
(t

σ2 d

) < 420 GeVt250 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

*)θcos(

0.8

1

1.2

1.4

D
at

a
T

he
or

y

y binning

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6]
-1

 [p
b 

G
eV

*)θ
) 

dc
os

(
t

dM
(t

σ2 d

) < 520 GeVt420 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

*)θcos(

0.8

1

1.2

1.4

D
at

a
T

he
or

y

y binning

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

]
-1

 [p
b 

G
eV

*)θ
) 

dc
os

(
t

dM
(t

σ2 d

) < 620 GeVt520 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

*)θcos(

0.8

1

1.2

1.4

D
at

a
T

he
or

y

y binning

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

]
-1

 [p
b 

G
eV

*)θ
) 

dc
os

(
t

dM
(t

σ2 d

) < 800 GeVt620 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

*)θcos(

0.8

1

1.2

1.4

D
at

a
T

he
or

y

y binning

0.02

0.04

0.06

0.08

0.1

0.12

0.14

]
-1

 [p
b 

G
eV

*)θ
) 

dc
os

(
t

dM
(t

σ2 d

) < 1000 GeVt800 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

*)θcos(

0.8

1

1.2

1.4

D
at

a
T

he
or

y

y binning

1

2

3

4

5

6

7

3−10×]
-1

 [p
b 

G
eV

*)θ
) 

dc
os

(
t

dM
(t

σ2 d

) < 3500 GeVt1000 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

*)θcos(

0.8

1

1.2

1.4

D
at

a
T

he
or

y

Otto Hindrichs (UR) tt̄ differential cross sections 19.05.2021 29 / 23



1

2

3

4

5

6

7

8

3−10×]
-2

 [p
b 

G
eV

) h
(t

T
) 

dp
t

dM
(t

σ2 d

) < 420 GeVt250 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

0.5

1

1.5D
at

a
T

he
or

y

0 40 80 120 160 200 600

1

2

3

4

5

6

7

8
3−10×]

-2
 [p

b 
G

eV
) h

(t
T

) 
dp

t
dM

(t
σ2 d

) < 520 GeVt420 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

0.5

1

1.5D
at

a
T

he
or

y

0 100 200 350 800

0.5

1

1.5

2

2.5

3
3−10×]

-2
 [p

b 
G

eV
) h

(t
T

) 
dp

t
dM

(t
σ2 d

) < 620 GeVt520 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

0.5

1

1.5D
at

a
T

he
or

y

0 100 200 300 450 1000

0.2

0.4

0.6

0.8

1

1.2

3−10×]
-2

 [p
b 

G
eV

) h
(t

T
) 

dp
t

dM
(t

σ2 d

) < 800 GeVt620 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

0.5

1

1.5D
at

a
T

he
or

y

0 100 200 300 450 1200

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

3−10×]
-2

 [p
b 

G
eV

) h
(t

T
) 

dp
t

dM
(t

σ2 d
) < 1000 GeVt800 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

0.5

1

1.5D
at

a
T

he
or

y

0 100 200 300 450 1200

1

2

3

4

5

6

7

6−10×]
-2

 [p
b 

G
eV

) h
(t

T
) 

dp
t

dM
(t

σ2 d

) < 3500 GeVt1000 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]
h

(t
T

p

0.5

1

1.5D
at

a
T

he
or

y

0 200 400 600 800 1500

At high M(tt̄) a harder pT spectrum is predicted.
NNLO slightly better, but has softer spectrum at low M(tt̄).

Otto Hindrichs (UR) tt̄ differential cross sections 19.05.2021 30 / 23



0.1

0.2

0.3

0.4

0.5

0.6

]
-1

 [p
b 

G
eV

)t
| d

M
(t

t
t/y∆

d|
σ2 d

| < 0.6 
tt/

y∆0 < |

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]tM(t

0.8

1

1.2

1.4

D
at

a
T

he
or

y

400 800 1200 1500 3500

0.1

0.2

0.3

0.4

0.5

0.6

0.7

]
-1

 [p
b 

G
eV

)t
| d

M
(t

t
t/y∆

d|
σ2 d

| < 1.2 
tt/

y∆0.6 < |

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]tM(t

0.8

1

1.2

1.4

D
at

a
T

he
or

y

400 800 1200 1500 3500

0.05

0.1

0.15

0.2

0.25

0.3

]
-1

 [p
b 

G
eV

)t
| d

M
(t

t
t/y∆

d|
σ2 d

| < 1.8 
tt/

y∆1.2 < |

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]tM(t

0.8

1

1.2

1.4

D
at

a
T

he
or

y

400 800 1200 1500 3500

10

20

30

40

50

60

3−10×]
-1

 [p
b 

G
eV

)t
| d

M
(t

t
t/y∆

d|
σ2 d

| < 3.5 
tt/

y∆1.8 < |

 (13 TeV) -1137 fb

parton level
+jetsµe/CMS

Preliminary Data
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

) [GeV]tM(t

0.8

1

1.2

1.4
D

at
a

T
he

or
y

400 600 800 1000 1200 1500 3500

Otto Hindrichs (UR) tt̄ differential cross sections 19.05.2021 31 / 23



y binning

0.1

0.2

0.3

0.4

0.5

0.6]
-1

 [p
b 

G
eV

(|
y(

t)
|)

∆
) 

d
t

dM
(t

σ2 d

) < 700 GeVt250 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/ CMS

PreliminaryData
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5
|
tt/

|y∆

0.8

1

1.2

1.4

D
at

a
T

he
or

y

y binning

10

20

30

40

50

3−10×]
-1

 [p
b 

G
eV

(|
y(

t)
|)

∆
) 

d
t

dM
(t

σ2 d

) < 1000 GeVt700 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/ CMS

PreliminaryData
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5
|
tt/

|y∆

0.8

1

1.2

1.4

D
at

a
T

he
or

y

y binning

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

3−10×]
-1

 [p
b 

G
eV

(|
y(

t)
|)

∆
) 

d
t

dM
(t

σ2 d

) < 3500 GeVt1000 < M(t

 (13 TeV) -1137 fb

parton level
+jetsµe/ CMS

PreliminaryData
 stat⊕Sys 

Stat
POWHEG P8 (CP5)
POWHEG H7 (CH3)
MG P8 (CP5)
MATRIX

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5
|
tt/

|y∆

0.8

1

1.2

1.4

D
at

a
T

he
or

y

Otto Hindrichs (UR) tt̄ differential cross sections 19.05.2021 32 / 23



Particle level cross sections
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Double differential cross sections
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From the double differential cross section |y(t)| vs |y(t̄)| the ratio |y(t̄)|/|y(t)| is calculated
taking into account bin-by-bin correlations.
Though this ratio can be measured very precisely, no significant observation of a charge
asymmetry is expected and observed.
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Normalized differential cross sections
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Normalized differential cross sections at particle level
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Normalized differential cross sections at particle level
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