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Introduction
• The associated W can only be radiated off an initial-state 

quark via  at LO,  at NLO and  at NNLO


• Sizeable difference between  and  production 
rate 


• Foundation for charge asymmetry and differential 
measurements


• Large corrections from the EW production diagrams at NLO


• Cross section measured at the LHC are higher than 
theoretical prediction  more investigation


• Dominant irreducible background to several LHC searches 
(eg.  and )
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Analysis strategy
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Same sign dilepton
Trilepton
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• Exactly 2 leptons (electron or muon) with same charge

•  2 jets

•  1 medium (~82% eff.) bjet or  2 loose (~91% eff.) bjets

• Categorisation: Charge and flavour of leptons

• Neural network with 4 classes: , ,  and nonprompt

≥
≥ ≥

tt̄W tt̄H/Z tt̄γ

• Exactly 3 leptons (electron or muon)

•  2 jets

•  1 medium (~82% eff.) b jet

• Categorisation: Charge of leptons, numbers of jets 

and bjets

•  is used as a discriminant

≥
≥

m(3ℓ)

Main backgrounds: Nonprompt lepton, charge misID (2SSL only), ,  and diboson.tt̄H tt̄Z/γ *



Analysis strategy

0

1000

2000

E
ve

n
ts

 /
 1

0
 G

e
V

Data Diboson
Wtt Conversions

Other Charge misID
Htt Nonprompt

*γZ/tt Total unc.

 (13 TeV)-1138 fb

CMS
Prefit
ℓ
±

ℓ
±

20 40 60 80 100 120 140 160 180 200

 [GeV]
T

pLeading lepton 

0.5

1

1.5

D
a

ta
 /

 P
re

d
. 0

1000

2000

3000

E
ve

n
ts

 /
 2

5
 G

e
V

Data Diboson
Wtt Conversions

Other Charge misID
Htt Nonprompt

*γZ/tt Total unc.

 (13 TeV)-1138 fb

CMS
Prefit
ℓ
±

ℓ
±

50 100 150 200 250

 [GeV]
T

pLeading jet 

0.5

1

1.5

D
a

ta
 /

 P
re

d
. 0

2000

4000

E
ve

n
ts

Data Diboson
Wtt Conversions

Other Charge misID
Htt Nonprompt

*γZ/tt Total unc.

 (13 TeV)-1138 fb

CMS
Prefit
ℓ
±

ℓ
±

2 3 4 5 6 7≥

Number of jets

0.6
0.8

1
1.2
1.4

D
a

ta
 /

 P
re

d
.

Good agreement between observed and predicted events in important NN input variables 
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Result
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• Binned profile likelihood fit to NN (in 2SSL) and  (in 3 ) distributions (simultaneously)m(3ℓ) ℓ

Inclusive cross section of 

Observed: 




Theoretical:

NLO+NNLL:         [1]


NLO+FxFx:            [2]


tt̄W

868 ± 40 (stat) ± 51 (syst) fb

592+155
−97  fb

722+71
−78 fb

[1] EPJC 80 (202) 428, A. Kuleszaa et al.

[2] JHEP 11 (2021) 029, R. Frederix, I. Tsinikos


https://doi.org/10.1140/epjc/s10052-020-7987-6
https://doi.org/10.1007/JHEP11(2021)029
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The most precise result 
up to date 

• Binned profile likelihood fit to NN (in 2SSL) and  (in 3 ) distributions (simultaneously)m(3ℓ) ℓ

Inclusive cross section of 

Observed: 




Theoretical:

NLO+NNLL:         [1]


NLO+FxFx:            [2]


tt̄W

868 ± 40 (stat) ± 51 (syst) fb

592+155
−97  fb

722+71
−78 fb

https://doi.org/10.1140/epjc/s10052-020-7987-6
https://doi.org/10.1007/JHEP11(2021)029


Result

5

1 1.5 2 2.5 3 3.5
–Wttσ / +Wttσ

0

1

2

3

4

5

6

7

8

 l
n

 L
Δ

-2

Observed

JHEP 11 (2021) 029

68% CL

95% CL

 (13 TeV)-1138 fbCMS

450 500 550 600 650
 [fb]+Wttσ

200

250

300

350

400

450

500

550

 [f
b]

–

Wtt
σ

 (13 TeV)-1138 fbCMS
Best fit

JHEP 11 (2021) 029

68% CL

95% CL
[1] EPJC 80 (202) 428, 
A. Kuleszaa et al.

[2] JHEP 11 (2021) 029, 
R. Frederix, I. Tsinikos

[3] JHEP 08 (2019) 039, 
A. Broggio et al.

Observe agreement with theory within 2 standard deviations
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The measured ttW inclusive cross section is shown in Table 3 with its complete statistical and
systematic uncertainties. A comparison of the measured sttW values obtained from this anal-
ysis using different final states separately is shown in Fig. 10. In addition, two SM predictions
are shown both in Table 3 and Fig. 10. The measured cross section is larger than but consis-
tent with both the SM NLO + NNLL calculation [16] and the SM prediction using NLO plus
an improved FxFx merging procedure [21]. A large measured ttW cross section value when
compared to the SM predictions is consistent with the results on ttW production from ttH and
tttt studies from Refs. [12, 13].

Table 3: Summary of measured and predicted production cross sections of ttW, ttW+,
and ttW� production, as well as of the sttW+/sttW� ratio. The SM predictions quoted at
NLO + NNLL accuracy are taken from Refs. [15, 16]. The SM predictions quoted at NLO accu-
racy and including corrections from an improved FxFx merging procedure (NLO + FxFx) have
been provided by the authors of Ref. [21]. The theoretical uncertainties include scale variations
and PDF uncertainties.

Observable Measurement
SM prediction

NLO + NNLL NLO + FxFx

sttW 868 ± 40 (stat) ± 51 (syst) fb 592 +155
�97 (theo) fb 722 +71

�78 (theo) fb

sttW+ 553 ± 30 (stat) ± 30 (syst) fb 384 +53
�33 (theo) fb 475 +46

�52 (theo) fb

sttW� 343 ± 26 (stat) ± 25 (syst) fb 198 +26
�17 (theo) fb 247 +24

�27 (theo) fb

sttW+/sttW� 1.61 ± 0.15 (stat) +0.07
�0.05 (syst) 1.94 +0.37

�0.24 (theo) 1.92 +0.27
�0.29 (theo)

Figure 10: The measured ttW production cross section for the individual dilepton (ee, eµ, µµ,
and combined) channels and the trilepton channel, as well as their combination. The inner
black bars show the statistical uncertainty, and the outer green bars give the total uncertainty.
The predictions from two SM calculations from Refs. [16, 21] are shown by the black and red
vertical lines, with the associated bands corresponding to the total uncertainty.

[2][1,3]
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2SSL kinematics observables
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Table 2: Sources of systematic uncertainty in the predicted signal and background event yields
with their impact on the measured ttW production cross section, estimated after the fit to the
data. Only systematic uncertainty sources with values greater than 0.1% are included in the
table. The production cross sections of the ttW, WZ, ZZ, and ttZ processes are simultane-
ously constrained in the fit. The second-to-last row refers to the statistical uncertainty in the
simulated event samples.

Source Uncertainty [%]
Experimental uncertainties

Integrated luminosity 1.9
b tagging efficiency 1.6
Trigger efficiency 1.2
Pileup reweighting 1.0
L1 inefficiency 0.7
Jet energy scale 0.6
Jet energy resolution 0.4
Lepton selection efficiency 0.4

Background uncertainties
ttH normalization 2.6
Charge misidentification 1.6
Nonprompt leptons 1.3
VVV normalization 1.2
ttVV normalization 1.2
Conversions normalization 0.7
ttg normalization 0.6
ZZ normalization 0.6
Other normalizations 0.5
ttZ normalization 0.3
WZ normalization 0.2
tZq normalization 0.2
tHq normalization 0.2

Modeling uncertainties
ttW scale 1.8
ttW color reconnection 1.0
ISR & FSR scale for ttW 0.8
ttg scale 0.4
VVV scale 0.3
ttH scale 0.2
Conversions 0.2

Simulation statistical uncertainty 1.8

Total systematic uncertainty 5.8
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