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Motivation

T. Strebler – EPS-HEP 2023

• In SM, top-Higgs coupling (yt) very large wrt other 
fermions: good opportunity to study Higgs Yukawa 
couplings to fermions

• Access to κt=yt/yt(SM) with ggF +  H➔𝜸𝜸 decay

• Model-dependent constraints on κt, assuming no 
BSM particles in the loop

• Small cross-section for ttH (0.5 fb, ~1% ggF)

• Single top + Higgs cross-section even one 
order of magnitude lower than ttH: very 
challenging SM process to observe... 

• ttH + tH => direct 
probes to study yt



3

Motivation

T. Strebler – EPS-HEP 2023

• Single-top + Higgs production 
involves interfering diagrams with top-
Higgs and W-Higgs couplings 
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• In SM destructive interference but if 
κ t=-1 tH cross-section can be 
enhanced by one order of magnitude 

• CP-structure of top-Higgs coupling (mixing angle 
𝛂) can also be probed
=> impact both cross-section + kinematics

• Combined analysis of ttH + tH processes can be 
used to constrain κt and 𝛂

Eur. Phys. J. C 75 (2015) 6, 267 
arXiv:1504.00611  [hep-ex] 

• For more Higgs CP-
related measurements 
see C. Grefe's talk 

https://arxiv.org/abs/1504.00611
https://indico.desy.de/event/34916/timetable/?view=standard#140-higgs-boson-cp-property-me
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Strategy

T. Strebler – EPS-HEP 2023

• Target as many decay modes as possible for top + Higgs to maximise sensitivity

Higgs BR

Top pair BR
• ttH + tH H→𝜸𝜸 channel

Very clean signature, possible to reconstruct all Higgs decay products
Good S/B
Low branching ratio

• ttH + tH H→bb channel
Largest branching ratio
Low S/B + combinatorics
Large theoretical uncertainties on irreducible tt+bb background

• ttH + tH H→WW / ZZ / 𝜏𝜏 multilepton channels
Clean final state with leptons
Low irreducible backgrounds (S/B~1)
Challenging reducible backgrounds w/ non-prompt leptons + jets faking 𝜏h

• Other subdominant channels also covered in other 
analyses: H→ZZ→4l,  H→ 𝜏h𝜏h…



5

Cross-section and
STXS measurements

T. Strebler – LHCP 2023
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ttH H→bb

T. Strebler – EPS-HEP 2023

• Dilepton + single lepton 
r e s o l v e d + b o o s t e d 
channels: dominated by 
tt+heavy flavour background

H I G G - 2 0 2 0 - 2 3 
JHEP 06 (2022) 97 
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• BDTs + DNN used for:
- jet-parton assignment
- signal extraction

• tt+bb background modelled 
with 4FS NLO simulation with 
extra b-jets from ME + free-
floating normalisation

k(tt+bb)=1.26 ± 0.09
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• Ad-hoc uncertainty derived 
from inclusive signal region 
used to cover for reco pT(H) 
mismodelling in background

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/
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ttH H→bb

T. Strebler – EPS-HEP 2023
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Combined

• Good post-fit agreement 
o b s e r v e d , w i t h 
uncertainty dominated 
b y t t + h f m o d e l l i n g 
systematics 

• Sensitivity beyond pT=300 GeV thanks to 
boosted categories 

• Sensitivity: 1.0σ observed 
(2.7σ expected) 

H I G G - 2 0 2 0 - 2 3 
JHEP 06 (2022) 97 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/
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ttH multilepton

T. Strebler – EPS-HEP 2023

ATLAS-CONF-2019-045  

• Targets final-state with several leptons + 𝜏h

• Main sources of background:
- irreducible: ttV, di-boson
- reducible: non-prompt leptons, fake 𝜏h, photon 

conversions, charge mis-ID

• MVA selections used to separate prompt leptons (from W/Z/𝛕 
decays) from non-prompt leptons (b decays, light hadrons) 
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• Subcategories based on lepton charge + 
flavour + b-jet multiplicity 

• Background modelling:
- simulation for shape
- control regions for normalisation

• BDTs used for signal extraction:  
multi-dimensional binning w/ binary classifiers 
or multi-classifiers

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/
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ttH multilepton
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ATLAS-CONF-2019-045  

• Challenging modelling of ttW background: 
- severa l uncor re la ted f ree- f loa t ing 

normalisations factors
- theoretical uncertainties
- ad hoc extrapolation uncertainties for 

charge asymmetry + b-jet multiplicity 
=> recent dedicated ttW measurements will 
help improving those (see R. Ospanov's 
talk)
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• Systematic uncertainties getting larger than 
stat. uncertainty: dominated by ttW modelling + jet 
energy scale

• Sensitivity: 1.8σ observed (3.1σ expected)

• Observed excess in ttW taking into account state-
of-the-art QCD and EW corrections (σ(ttW)=727 fb)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/
https://indico.desy.de/event/34916/timetable/?view=standard#76-new-results-on-tbartw-and-4
https://indico.desy.de/event/34916/timetable/?view=standard#76-new-results-on-tbartw-and-4
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ttH + tH H→ɣɣ

T. Strebler – EPS-HEP 2023

H I G G - 2 0 2 0 - 1 6 
JHEP 07 (2023) 088 

• Part of inclusive H->ɣɣ STXS measurements:
- STXS bin assignment handled w/ multi-

classifier BDT
- subcategories with increasing purity defined 

with signal vs background BDT
=> fit of m(ɣɣ) for signal extraction

• STXS measurements performed + κt measurement:
κt<0 excluded at 2.2σ with effective κg and κɣ, 
sensitivity from tH categories

• tH categories split between categories optimised for 
tHW / tHq κt =1 (SM) / tHq κt=-1 (BSM)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-16/


0 10 200
pHT  [GeV]

0

10

20

30

σ 
[p

b]

= 0 jets

0 60 120 200
pHT  [GeV]

0

5

10

σ 
[p

b]

= 1 jet

0 120 200
pHT  [GeV]

−2

0

2

4

σ 
[p

b]

mjj < 350 GeV

0.0

0.5

1.0

1.5

σ 
[p

b]

mjj ≥ 350 GeV

200 300 450 ∞
pHT  [GeV]

101

102

103

σ 
[fb

]

pHT ≥ 200 GeV

−2

0

2

4

σ 
[p

b]

≤ 1 jet

VH-enriched VBF-enriched
0

1

2

3
σ 

[p
b]

mjj < 350 GeV

350 700 1000 1500 ∞
mjj [GeV]

0

500

σ 
[fb

]

pHT < 200 GeV

350 1000 ∞
mjj [GeV]

0

50

100σ 
[fb

]

pHT ≥ 200 GeV

0 75 150 250 400 ∞
pWT  [GeV]

100

101

102

103

σ 
[fb

]

qq'→WH→Hℓν

0 150 250 400 ∞
pZT [GeV]

100

101

102

σ 
[fb

]

pp→ ZH→Hℓℓ

0 60 120 200 300 450 ∞
pHT  [GeV]

0

100

200

σ 
[fb

]
tt̄H

0

250

500

750

1000

σ 
[fb

]

tH

ATLAS Run 2

Data (Total uncertainty)
Syst. uncertainty
SM prediction

≥ 2 jets

pHT < 200 GeV

gg→H

mjj ≥ 350 GeV

≥ 2 jets

qq→qqH

V(ℓℓ, ℓν)H

11

Higgs combination
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H I G G - 2 0 2 1 - 2 3 
Nature 607 (2022) 

• Combination of all Run 2 Higgs analyses: 
inclusive cross-section + STXS measurements
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• Sensitivity to κt from ttH categories (under 
hypothesis with independent effective κg and κɣ)

κt = 0.94 ± 0.11 under Binv=Bu=0 hypothesis

• Combined ttH + tH sensitivity 6.4σ (exp. 6.6σ)

• Complementary between different channels 
exploited for STXS measurement

• Separate tH measurement possible 
thanks to tH, H→ɣɣ categories
σ(tH) < 15x SM @ 95% CL (7x exp.)

• Large ttH vs tH correlation -56%: 
improved in the future thanks to 
dedicated tH analyses for all channels

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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Top Yukawa CP properties

T. Strebler – LHCP 2023
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HIGG-2019-01 Phys. Rev. 
Lett. 125 (2020) 061802 

• 2D categories based on sig. vs bkg 
BDT + CP-even vs CP-odd signal 
exploiting:

- top reco. BDT for jet assignment
- angular + kinematic variables 

related to reconstructed tops + 
Higgs

ttH + tH H→ɣɣ
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Data
SM ttH + tH

 = 1 ttH + tH
t
κ, ° = 90α

• Results:
- |ɑ|>43° excluded at 95% CL
- Inverted top coupling hypothesis (ɑ=180°) 

excluded at 2.5σ
- Pure CP-odd hypothesis (ɑ=90°) excluded at 

3.9σ

• Measurement of κt cos(ɑ) - κt sin(ɑ) with κg and 
κɣ inputs from Higgs coupling combination w/o ttH 
+ tH channels

• Similar analysis strategy as for SM 
ttH + tH H→ɣɣ analysis

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/
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HIGG-2020-03, Subm. to PLB ttH + tH H→bb

• S i m i l a r a n a l y s i s 
strategy as SM ttH→bb 
measurement for event 
c a t e g o r i s a t i o n + 
background estimation

p1, p2 = 4-momenta 
top quarks
ẑ = beam-axis

• Results:
- Best fit ɑ=11°+52°-73° and κt=0.84+0.30-0.46
- Pure CP-odd hypothesis (ɑ=90°) excluded at 1.2σ

• 2D categories built on top based on sig. vs bkg BDT + 
angular variables b2 / b4

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03/
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Conclusion

• Full Run 2 dataset has allowed to firmly confirm 
observation of ttH production mode
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Nature 607 (2022) 

• Opens the way for more detailed studies beyond 
inclusive cross-section measurements:

- differential STXS measurements
- studies of CP properties of top Yukawa
- search for rare tH process

• Background modelling very challenging for some channels (tt+bb, ttW)
=> ttH analyses prompted studies leading to dedicated measurements, improving their 
predictions

• Some channels still statistically limited + new analysis strategies to explore so large room 
for improvement with Run 3 dataset currently collected

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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• Dilepton BDT distributions
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• Single-lepton BDT distributions
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• ttbar samples + systematics

Process ME generator ME PDF PS Normalisation

Higgs boson

tt̄H PowhegBox v2 NNPDF3.0nlo Pythia 8.230 NLO+NLO (EW) [20]

PowhegBox v2 NNPDF3.0nlo Herwig 7.04 NLO+NLO (EW) [20]

MadGraph5 aMC@NLO 2.6.0 NNPDF3.0nlo Pythia 8.230 NLO+NLO (EW) [20]

tHjb MadGraph5 aMC@NLO 2.6.2 NNPDF3.0nlo nf4 Pythia 8.230 –

tWH MadGraph5 aMC@NLO 2.6.2 [DR] NNPDF3.0nlo Pythia 8.235 –

tt̄+ jets and single-top

tt̄ PowhegBox v2 NNPDF3.0nlo Pythia 8.230 NNLO+NNLL [45,46,47,48,49,50,51]

PowhegBox v2 NNPDF3.0nlo Herwig 7.04 NNLO+NNLL [45,46,47,48,49,50,51]

MadGraph5 aMC@NLO 2.6.0 NNPDF3.0nlo Pythia 8.230 NNLO+NNLL [45,46,47,48,49,50,51]

tt̄+ bb̄ PowhegBoxRes NNPDF3.0nlo nf4 Pythia 8.230 –

Sherpa 2.2.1 NNPDF3.0nnlo nf4 Sherpa –

tW PowhegBox v2 [DR] NNPDF3.0nlo Pythia 8.230 NLO+NNLL [52,53]

PowhegBox v2 [DS] NNPDF3.0nlo Pythia 8.230 NLO+NNLL [52,53]

PowhegBox v2 [DR] NNPDF3.0nlo Herwig 7.04 NLO+NNLL [52,53]

MadGraph5 aMC@NLO 2.6.2 [DR] CT10nlo Pythia 8.230 NLO+NNLL [52,53]

t-channel PowhegBox v2 NNPDF3.0nlo nf4 Pythia 8.230 NLO [54,55]

PowhegBox v2 NNPDF3.0nlo nf4 Herwig 7.04 NLO [54,55]

MadGraph5 aMC@NLO 2.6.2 NNPDF3.0nlo nf4 Pythia 8.230 NLO [54,55]

s-channel PowhegBox v2 NNPDF3.0nlo Pythia 8.230 NLO [54,55]

PowhegBox v2 NNPDF3.0nlo Herwig 7.04 NLO [54,55]

MadGraph5 aMC@NLO 2.6.2 NNPDF3.0nlo Pythia 8.230 NLO [54,55]

Other

W+ jets Sherpa 2.2.1 (NLO [2j], LO [4j]) NNPDF3.0nnlo Sherpa NNLO [56]

Z+ jets Sherpa 2.2.1 (NLO [2j], LO [4j]) NNPDF3.0nnlo Sherpa NNLO [56]

V V (had.) Sherpa 2.2.1 NNPDF3.0nnlo Sherpa –

V V (lep.) Sherpa 2.2.2 NNPDF3.0nnlo Sherpa –

V V (lep.) + jj Sherpa 2.2.2 (LO [EW]) NNPDF3.0nnlo Sherpa –

tt̄W MadGraph5 aMC@NLO 2.3.3 NNPDF3.0nlo Pythia 8.210 NLO+NLO (EW) [20]

Sherpa 2.0.0 (LO [2j]) NNPDF3.0nnlo Sherpa NLO+NLO (EW) [20]

tt̄`` MadGraph5 aMC@NLO 2.3.3 NNPDF3.0nlo Pythia 8.210 NLO+NLO (EW) [20]

Sherpa 2.0.0 (LO [1j]) NNPDF3.0nnlo Sherpa NLO+NLO (EW) [20]

tt̄Z (qq, ⌫⌫) MadGraph5 aMC@NLO 2.3.3 NNPDF3.0nlo Pythia 8.210 NLO+NLO (EW) [20]

Sherpa 2.0.0 (LO [2j]) NNPDF3.0nnlo Sherpa NLO+NLO (EW) [20]

tt̄tt̄ MadGraph5 aMC@NLO 2.3.3 NNPDF3.1nlo Pythia 8.230 NLO+NLO (EW) [57]

tZq MadGraph5 aMC@NLO 2.3.3 (LO) CTEQ6L1 Pythia 8.212 –

tWZ MadGraph5 aMC@NLO 2.3.3 [DR] NNPDF3.0nlo Pythia 8.230 –

Uncertainty source Description Components

tt̄ cross-section ±6% tt̄+ light

tt̄+�1b normalisation Free-floating tt̄+�1b

tt̄+�1c normalisation ±100% tt̄+�1c

NLO matching MadGraph5 aMC@NLO+Pythia 8 vs PowhegBox+Pythia 8 All

PS & hadronisation PowhegBox+Herwig 7 vs PowhegBox+Pythia 8 All

ISR Varying ↵
ISR
s (PS), µr &µf (ME)

in PowhegBoxRes+Pythia 8 tt̄+�1b

in PowhegBox+Pythia 8 tt̄+�1c, tt̄+ light

FSR Varying ↵
FSR
s (PS)

in PowhegBoxRes+Pythia 8 tt̄+�1b

in PowhegBox+Pythia 8 tt̄+�1c, tt̄+ light

tt̄+�1b fractions PowhegBox+Herwig 7 vs PowhegBox+Pythia 8 tt̄+ 1b, tt̄+�2b

p
bb
T shape Shape mismodelling measured from data tt̄+�1b
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ATLAS-CONF-2019-045  

Channel Selection criteria

Common Njets � 2 and Nb-jets � 1

2`SS Two same-charge (SS) very tight (T*) leptons, pT > 20 GeV

No ⌧had candidates

m(`
+
`
�
) > 12 GeV for all SF pairs

13 categories: enriched with tt̄H, tt̄W , tt̄, mat. conv, int. conv.,

split by lepton flavour, charge, jet and b-jet multiplicity

3` Three loose (L) leptons with pT > 10 GeV; sum of light-lepton charges = ±1

Two SS very tight (T*) leptons, pT > 15 GeV

One OS (w.r.t the SS pair) loose-isolated (L*) lepton, pT > 10 GeV

No ⌧had candidates

m(`
+
`
�
) > 12 GeV and |m(`

+
`
�
)� 91.2 GeV| > 10 GeV for all SFOS pairs

|m(3`)� 91.2 GeV| > 10 GeV

7 categories: enriched with tt̄H, tt̄W , tt̄Z, V V , tt̄, mat. conv, int. conv

4` Four loose-isolated (L*) leptons; sum of light lepton charges = 0

m(`
+
`
�
) > 12 GeV and |m(`

+
`
�
)� 91.2 GeV| > 10 GeV for all SFOS pairs

m(4`) < 115 GeV or m(4`) > 130 GeV

2 categories: Zenr (Z-enriched;1 or 2 SFOS pairs) or Zdep (Z-depleted; 0 SFOS pairs)

1`2⌧had One tight (T) lepton, pT > 27 GeV

Two OS ⌧had candidates

At least one tight ⌧had candidate

Njets � 3

2`SS1⌧had 2`SS selection, except: One medium ⌧had candidate

Njets � 4

3`1⌧had 3` selection, except:

One medium ⌧had candidate, of opposite charge to the total charge of the light leptons

Two SS tight (T) leptons

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/
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ATLAS-CONF-2019-045  

• b-jet multiplicity + lepton charge asymmetry 
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ATLAS-CONF-2019-045  

• Signal regions
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ATLAS-CONF-2019-045  

ATLAS Preliminary
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ATLAS-CONF-2019-045  

• BDT outputs
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ATLAS-CONF-2019-045  

• Systematics

Uncertainty source �µ̂

Jet energy scale and resolution +0.13 �0.13
tt̄(Z/�⇤) (high mass) modelling +0.09 �0.09
tt̄W modelling (radiation, generator, PDF) +0.08 �0.08
Fake ⌧had background estimate +0.07 �0.07
tt̄W modelling (extrapolation) +0.05 �0.05
tt̄H cross section +0.05 �0.05
Simulation sample size +0.05 �0.05
tt̄H modelling +0.04 �0.04
Other background modelling +0.04 �0.04
Jet flavour tagging and ⌧had identification +0.04 �0.04
Other experimental uncertainties +0.03 �0.03
Luminosity +0.03 �0.03
Diboson modelling +0.01 �0.01
tt̄�

⇤ (low mass) modelling +0.01 �0.01
Charge misassignment +0.01 �0.01
Template fit (non-prompt leptons) +0.01 �0.01
Total systematic uncertainty +0.25 �0.22

Intrinsic statistical uncertainty +0.23 �0.22
tt̄W normalisation factors +0.10 �0.10
Non-prompt leptons normalisation factors (HF, material conversions) +0.05 �0.05
Total statistical uncertainty +0.26 �0.25

Total uncertainty +0.36 �0.33
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 p≤H, 60 tt
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Signal rejected
Other processes

• ttH STXS BDT multi-classifier 

[W1 , [W2 , ?
WW
T , HWW ,

?
†
T, 9 9 , < 9 9 , and �H, �q, �[ between 91 and 92,

?T,WW 91 , <WW 91 , ?T,WW 9 9†, <WW 9 9

�H, �q between the WW and 9 9 systems,
minimum �' between jets and photons,

invariant mass of the system comprising all jets in the event,
dilepton ?T, di-4 or di-` invariant mass (leptons are required to be oppositely charged),

⇢
miss
T , ?T and transverse mass of the lepton + ⇢

miss
T system,

?T, [, q of top-quark candidates, <C1C2

Number of jets†, of central jets (|[ | < 2.5)†, of 1-jets† and of leptons,
?T of the highest-?T jet, scalar sum of the ?T of all jets,

scalar sum of the transverse energies of all particles (
Õ

⇢T), ⇢miss
T significance,���⇢miss

T � ⇢
miss
T (primary vertex with the highest

Õ
?

2
T,track)

��� > 30 GeV

Top reconstruction BDT of the top-quark candidates,
�'(, , 1) of C2,
[ 9� , <WW 9�

Average number of interactions per bunch crossing.
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STXS classes Variables

Individual
STXS classes from

66 ! �
@@0 ! �@@0

@@ ! �✓a
?? ! �✓✓
?? ! �aā

All multiclass BDT variables,
pWWT projected to the thrust axis of the WW system (?WWTt ),

�[WW , [Zepp = [WW�[ 9 9

2 ,

q⇤WW = tan
⇣
c� |�qWW |

2

⌘ r
1 � tanh2

⇣
�[WW

2

⌘
,

cos \⇤WW =

����� (⇢
W1+?W1

I ) ·(⇢W2�?W2
I )�(⇢W1�?W1

I ) ·(⇢W2+?W2
I )

<WW+
q
<2

WW+(?WW
T )2

�����
Number of electrons and muons.

all CC� and C�,
STXS classes

combined

?T, [, q of W1 and W2,
?T, [, q and 1-tagging scores of the six highest-?T jets,

⇢miss
T , ⇢miss

T significance, ⇢miss
T azimuthal angle,

Top reconstruction BDT scores of the top-quark candidates,
?T, [, q of the two highest-?T leptons.

C�@1

?WWT /<WW , [WW ,
?T, invariant mass, BDT score and �'(, , 1) of C1,

?T, [ of C2,
?T, [ of 9� ,

Angular variables: �[WWC1 , �\WWC2 , �\C1 9� , �\C2 9� , �\WW 9�

Invariant mass variables: <WW 9� , <C1 9� , <C2 9� , <WWC1

Number of jets with ?T > 25 GeV, Number of 1-jets with ?T > 25 GeV⇤;
Number of leptons⇤, ⇢miss

T significance⇤

• Signal vs background binary classifier
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ttH + tH H→ɣɣ CP
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ttH + tH H→ɣɣ CP
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ttH + tH H→ɣɣ CP
• Gluon and photon effective Higgs couplings constrained with other H->ɣɣ prod. modes 

• Gluon and photon effective Higgs couplings parametrised vs 𝛋t and 𝛂 
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HIGG-2020-03, Subm. to PLB ttH + tH H→bb CP
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HIGG-2020-03, Subm. to PLB ttH + tH H→bb CP
Uncertainty source �U[�]
Process modelling

Signal modelling +8.8 -14
CC̄ + �11 modelling
CC̄ + �11 4V5 FS +23 -37
CC̄ + �11 NLO matching +22 -33
CC̄ + �11 fractions +14 -21
CC̄ + �11 FSR +5.2 -9.9
CC̄ + �11 PS & hadronisation +16 -24
CC̄ + �11 ?11̄T shape +5.4 -4.6
CC̄ + �11 ISR +14 -24

CC̄ + �12 modelling +6.6 -11
CC̄ + light modelling +2.5 -4.7

1-tagging e�ciency and mis-tag rates
1-tagging e�ciency +8.7 -15
2-mis-tag rates +6.7 -11
;-mis-tag rates +2.3 -2.7

Jet energy scale and resolution
1-jet energy scale +1.6 -3.8
Jet energy scale (flavour) +7.8 -11
Jet energy scale (pileup) +5.2 -7.9
Jet energy scale (remaining) +8.1 -13
Jet energy resolution +5.7 -9.3

Luminosity  ±1
Other sources +4.9 -8

Total systematic uncertainty +41 -54

CC̄ + �11 normalisation +8.2 -13
^0C +17 -33

Total statistical uncertainty +32 -49

Total uncertainty +52 -73

Uncertainty source �^0C

Process modelling
Signal modelling +0.10 -0.10
CC̄ + �11 modelling
CC̄ + �11 4V5 FS +0.08 -0.23
CC̄ + �11 NLO matching +0.15 -0.30
CC̄ + �11 fractions +0.09 -0.21
CC̄ + �11 FSR +0.01 -0.02
CC̄ + �11 PS & hadronisation +0.09 -0.20
CC̄ + �11 ?11̄T shape +0.07 -0.11
CC̄ + �11 ISR +0.07 -0.17

CC̄ + �12 modelling +0.04 -0.10
CC̄ + light modelling +0.00 -0.01

1-tagging e�ciency and mis-tag rates
1-tagging e�ciency +0.06 -0.12
2-mis-tag rates +0.03 -0.07
;-mis-tag rates +0.01 -0.03

Jet energy scale and resolution
1-jet energy scale +0.02 -0.02
Jet energy scale (flavour) +0.01 -0.05
Jet energy scale (pileup) +0.02 -0.05
Jet energy scale (remaining) +0.04 -0.08
Jet energy resolution +0.03 -0.09

Luminosity  ±0.01
Other sources +0.03 -0.07

Total systematic uncertainty +0.29 -0.45

CC̄ + �11 normalisation +0.05 -0.15
U +0.08 -0.07

Total statistical uncertainty +0.09 -0.10

Total uncertainty +0.30 -0.46
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