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Motivation



Motiviation for t t̄ j

} LHC it a top factory!

} At large Et and pT additional gluon radiation likely→ t t̄ j
} How often does this occur?

NLO on-shell t t̄ and t t̄ j production for mt � 173.2 GeV at LHC13 with CT14

σ(t t̄) � 715.58 pb

t t̄ j contribution in inclusive t t̄ sample

pcut

T [GeV] σ(t t̄ j) [pb] σ(t t̄ j)/σ(t t̄) [%]
40 296.97 ± 0.29 41

60 207.88 ± 0.19 29

80 152.89 ± 0.13 21

100 115.60 ± 0.14 16

120 89.05 ± 0.10 12

[HELAC-NLO, Bevilacqua et al. 2013]
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Background for Beyond the SM physics

} Background to top flavour violating resonances: pp → Mt̃ → t t̄ j
[Gresham, Kim, Zurek ’11]
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} Background to any BSM signal with charged leptons, missing energy, jets

} Dominant background to VBF Higgs production
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off-shell t t̄ j production



Theoretical predictions for t t̄ j

Fixed-order

} NLO QCD – on-shell t t̄ j production
[Dittmaier, Uwer, Weinzierl ’07’09]

} NLO QCD – on-shell t t̄ j production with LO decays

[Melnikov, Schulze ’10]

} NLO QCD – on-shell t t̄ j production with NLO decays

[Melnikov, Scharf, Schulze ’12]

} NLO QCD – off-shell t t̄ j production with leptonic decays

[Bevilacqua, Hartanto, MK, Worek ’15’16]

Matched to parton shower

} Powheg + Pythia→ no spin correlations

[Kardos, Papadopoulos, Trocsanyi ’11]

} Powheg + Pythia/Herwig→ spin correlations at LO

[Alioli, Moch, Uwer ’12]

} MC@NLO + Deductor→without decays

[Czakon, Hartanto, MK, Worek ’15]
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pp → e+νeµ−ν̄µb ¯b j + X
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Inter f erence

} QCD corrections to 2→ 5 process (WWb ¯b j)
} Calculation performed with HELAC-NLO

[Bevilacqua, Hartanto, MK, Worek, Phys.Rev.Lett. 116, 052003]

[Bevilacqua, Hartanto, MK, Worek, JHEP 1611 (2016) 098]
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pp → e+νeµ−ν̄µb ¯b j + X

Narrow width approximation:

lim

Γt/mt→0

���M
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2
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2

⊗Br(t →Wb) ⊗Br(t̄ →W ¯b)

+
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2

⊗ Br(t →Wbj) ⊗Br(t̄ →W ¯b)
+

���M
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2

⊗ Br(t →Wb) ⊗Br(t̄ →W ¯bj) + O

(
Γt

mt

)
︸  ︷︷  ︸
≈1%

} on-shell tops and W

} Calculation provided by M. Schulze

[Melnikov, Scharf, Schulze ’12]

Off-shell effects:

} differences of O(1 − 2%) for σtot

} Larger effects on diff. distributions
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Setup for LHC 13 TeV

} Different lepton families: pp → e+νeµ− ν̄µb ¯b j + X
◦ γ∗ → `±`∓ interference effects: 0.1% at LO

} Light quarks (also bottom) and leptons are massless

} Bottom induced channels are neglected < 0.1% at LO

} Top quark: mt � 173.2 GeV

} Final state: exactly 2 b-jets, ≥ 1 light jet,

2 charged leptons, missing pT

} Jets: partons with |η| < 5, anti-kT , ∆R � 0.5

} Cuts:

pT ` > 30 GeV , pT j > 40 GeV , /pT > 40 GeV ,

∆R j j > 0.5 , ∆R`` > 0.4 , ∆R` j > 0.4 ,

|y` | < 2.5 , |y j | < 2.5 ,
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Scale uncertainties
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[Bevilacqua, Hartanto, MK, Worek, JHEP 1611 (2016) 098]
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PDF uncertainties
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Scales ∼ 10%, PDF CT14 ∼ 5%

[Bevilacqua, Hartanto, MK, Worek, JHEP 1611 (2016) 098]
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off-shell effects - I [Bevilacqua, Hartanto, MK, Schulze, Worek, in preparation]

Total cross section: off-shell effects are 1% at LO and 2% at NLO

σ
t t̄ j
full NWA

� 1.245 · σ
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t→bW LO
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} corrections to decay alter shape at endpoint by O(15%)
} off-shell effects O(60%) for Mbe+ > 150 GeV
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off-shell effects - II [Bevilacqua, Hartanto, MK, Schulze, Worek, in preparation]

Observable definition:
[Alioli, Fernandez, Fuster, Irles, Moch, Uwer, Vos ’13]
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} Corrections in the decay tilt the shape by O(20%) for 0 < ρs < 0.8

} off-shell effects: negligible: 0 < ρs < 0.6 few percent: 0.6 < ρs < 0.8 13



Top quark mass extraction



Template fits

} PseudoData: NLO off-shell + µ0 � HT/2

} Templates: mt � [168.2, 178.7] GeV in steps of 2.5 GeV

◦ NLO off-shell: µ0 � {mt , ET/2, HT/2}
◦ NLO NWA: µ0 � mt

◦ NLO NWAt→bW LO
: µ0 � mt

} Luminosity: Lint � 25 fb
−1

} For now two observables

} Study only Shape!

Disclaimer:

} No parton shower involved!

} mt � mpole
t No ambiguity!
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Observable I: Mbe+

For t t̄ established and well studied observable

} b-jet fragmention effects [Biswas, Melnikov, Schulze’10]

} off-shell QCD effects [Denner, Dittmaier, Kallweit, Pozzorini, 12]

} top quark mass extraction [Heinrich, Maier, Nisius, Schlenk, Winter ’13]

} off-shell QCD+EW effects [Denner, Pellen, ’16]

mt � 172.99 ± 0.41 [stat] ± 0.74 [sys] GeV @ 8 TeV [ATLAS’16]

mt � 172.22 ± 0.18 [stat]+0.89

−0.93
[sys] GeV @ 8 TeV [CMS’17]
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Observable II: R(mt , ρs)
} Alternative method to mt extraction [Alioli, Fernandez, Fuster, Irles, Moch, Uwer, Vos ’13]

} Allows also measurement of running top-quark mass [Fuster, Irles, Melini, Uwer, Vos ’17]

R(mt , ρs) � 1

σt t̄ j

dσt t̄ j

dρs
(mt , ρs)

ρs �
2m0

√st t̄ j

• R(mt , ρs) shape is sensitive to mt

• t t̄ j has higher sensitivity than t t̄

• 7 TeV: mt � (173.7 ± 2.2) GeV [ATLAS ’15]

• 8 TeV: mt � (169.9 ± 3.9) GeV [CMS ’16]
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The fit procedure

Generate N Pseudodata sets

mt

Pseudodata Templates

χ2(mt) � ∑
i
(xd

i − xth
i )2

σ2

i

Estimator:

mout
t �

1

N

N∑
i�1

m i
t , ∆mout

t � 68% CL (stat. unc.)
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Top quark mass extraction: Mbe+

Preliminary
Template Setup mout

t ± ∆mout
t min

t −mout
t (∆mout

t )µ (∆mout
t )PDF
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+0.03

−0.03

+0.01

−0.02

full, NLO, µ0 � ET/2 173.14 ± 0.15 +0.06
−0.01

−0.03

+0.01

−0.03

full, NLO, µ0 � mt 173.19 ± 0.15 +0.01
+0.18

−0.93

+0.01

−0.03

NWA, NLO, µ0 � mt 173.98 ± 0.16 −0.78 – –

NWA, NLOProd, µ0 � mt 172.56 ± 0.18 +0.64 – –

} Consistency check works! X

} NWA vs off-shell: shift of +790 MeV

} NWA vs NWAProd : shift of −1.42 GeV

} shifts due scale variation: dyn. µ0 → O(30 MeV) and µ0 � mt → O(1 GeV)
} different PDF sets shift mt by at most O(30 MeV)

[Bevilacqua, Hartanto, MK, Schulze, Worek, in preparation]
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Top quark mass extraction: R(mt , ρs)

Preliminary
Template Setup mout
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} Consistency check works! X

} NWA vs off-shell: shift of +1.69 GeV

} NWA vs NWAProd : shift of −6.03 GeV

◦ closest to the calculation of [Alioli, Fernandez, Fuster, Irles, Moch, Uwer, Vos ’13]

} shifts due scale variation: dyn. µ0 → O(600 MeV) and µ0 � mt → O(5 GeV)
} different PDF sets shift mt by at most O(400 MeV)

[Bevilacqua, Hartanto, MK, Schulze, Worek, in preparation]
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} shifts due scale variation: dyn. µ0 → O(600 MeV) and µ0 � mt → O(5 GeV)
} different PDF sets shift mt by at most O(400 MeV)

[Bevilacqua, Hartanto, MK, Schulze, Worek, in preparation]
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Conclusions

Something old: [Bevilacqua, Hartanto, MK, Worek, JHEP 1611 (2016) 098]

X Full description of t t̄ j with all resonant and non-resonant contributions

X Comparison of fixed and dynamic scales: mt , ET/2, HT/2

X Scale and PDF uncertainties for σ and various dσ/dX

Something new: [Bevilacqua, Hartanto, MK, Schulze, Worek, in preparation]

X Comparison of off-shell effects for σ and various dσ/dX
◦ 2% for total cross section

◦ Larger effects on diff. distributions

X NLO corrections to decay important!

X Preliminary results for top quark mass extraction from Mbe+ and R(mt , ρ)
X fixed scale µR,F not suitable for top mass extraction from dσ/dX
X More observables to come: Mt t̄ , M`` , HT

Something for you?

} off-shell calculation based on Ntuple files

⇒ Change: Cuts, observables, scales, PDFs, etc.

} We can investigate any WWb ¯b j observable – Suggestions?
22



Backup
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Comparison of the dynamical scales
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Transverse momentum of hardest light jet

10−1

100

101

d
σ

d
p
T
,
j
1
[f
b
/
G
eV

]

LO (µ = mt)

LO (µ = ET /2)

LO (µ = HT /2)

0 100 200 300 400
0

0.5

1

1.5

pT, j1 [GeV]

R
a
ti
o
to

µ
=

m
t

10−1

100

101

d
σ

d
p
T
,
j
1
[f
b
/
G
eV

]

NLO (µ = mt)

NLO (µ = ET /2)

NLO (µ = HT /2)

0 100 200 300 400
0

0.5

1

1.5

pT, j1 [GeV]

R
a
ti
o
to

µ
=

m
t

25



Top quark mass and width

mt [GeV] ΓLO

t [GeV] ΓLO

tW [GeV] ΓNLO

t [GeV] ΓNLO

tW [GeV]
168.2 1.33273 1.35426 1.21823 1.23792

170.7 1.40449 1.42690 1.28389 1.30438

173.2 1.47834 1.50162 1.35146 1.37276

175.7 1.55429 1.57847 1.42097 1.44309

178.2 1.63237 1.65746 1.49243 1.51538

} Γt – Top quark width including off-shellW boson effects

} ΓtW – Top quark width with on-shellW boson
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Fit quality for Mbe+

Preliminary:

Template Setup mout
t ± ∆mout

t Average χ2/ν p min
t −mout

t
full, NLO, µ0 � HT/2 173.20 ± 0.15 1.06 0.38 +0.00

full, NLO, µ0 � ET/2 173.14 ± 0.15 1.06 0.38 +0.06

full, NLO, µ0 � mt 173.19 ± 0.15 1.83 0.0036 +0.01

NWA, NLO, µ0 � mt 173.98 ± 0.16 2.81 10
−6

−0.78

NWA, NLOProd , µ0 � mt 172.56 ± 0.18 8.39 0 +0.64
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Scale uncertainty on Mbl
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Fit quality for R(mt , ρs)

Preliminary:

Template Setup mout
t ± ∆mout

t Average χ2/ν p min
t −mout

t
full, NLO, µ0 � HT/2 173.39 ± 0.38 1.09 0.38 −0.19

full, NLO, µ0 � ET/2 172.79 ± 0.38 1.19 0.38 +0.41

full, NLO, µ0 � mt 173.98 ± 0.37 1.81 0.0036 −0.78

NWA, NLO, µ0 � mt 175.67 ± 0.30 3.04 10
−8

−2.46

NWA, NLOProd , µ0 � mt 169.64 ± 0.31 2.93 10
−7 +3.56
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Large scale uncertainty in ρ

-0.5

 0

 0.5

 1

 1.5

 2

 2.5

 3

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

HT/4
HT/2

HT
mt/2

mt
2mt

30



Helac-Nlo – Ntuple

Event samples for pp → e+νeµ− ν̄µb ¯b j + X for mt � 173.2 GeV used for reweighting

Contribution Nr. of Events Nr. of files (avg) events/file Size

Born 21 · 10
6

60 350 · 10
3

38 GB

Born + Virtual 33 · 10
6

380 87 · 10
3

72 GB

Int. dipoles 80 · 10
6

450 178 · 10
3

160 GB

Real subtracted 626 · 10
6

18000 35 · 10
3

1250 GB

Total: 760 · 10
6

18890 40 · 10
3

1520 GB
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