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LHC: Great tool to probe fundamental interactions at high energies

pp→ t?t̄? → (W? → νµµ
−) (W? → jj) bb̄

Mathieu PELLEN Production of off-shell top pairs in the lepton+jets channel at NLO QCD 2 / 24



 [p
b]

σ
P

ro
du

ct
io

n 
C

ro
ss

 S
ec

tio
n,

  

4−10

3−10

2−10

1−10

1

10

210

310

410

510

CMS PreliminaryJuly 2018

All results at: http://cern.ch/go/pNj7

W

n jet(s)≥

Z

n jet(s)≥

γW γZ WW WZ ZZ
µll, l=e,→, Zνl→EW: W

qqW
EW 

qqZ
EW

WW
→γγ

γqqW
EW

ssWW
 EW

γqqZ
EW

qqWZ
EW

qqZZ
EW γWV γγZ γγW tt

=n jet(s)

t-cht tW s-cht γtt tZq ttZ γt ttW tttt
σ∆ in exp. Hσ∆Th. 

ggH qqH
VBF VH WH ZH ttH tH HH

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 35.9 fb≤13 TeV CMS measurement (L 

Theory prediction

→ High experimental precision for t̄t production
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At this level of experimental precision ...
... many (small) theoretical effects become relevant

QCD effects
→ See René Poncelet’s talk for NNLO QCD
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[Gütschow, Lindert, Schönherr; 1803.00950]

Definition of observables between theory and experiment

Off-shell/non-resonant contributions
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Need for precise theoretical predictions:

NLO QCD [Melnikov, Schulze; 0907.3090], [Bevilacqua et al.; 1012.4230],

[Denner et al.; 1012.3975, 1207.5018], [Frederix; 1311.4893], [Cascioli et al.; 1312.0546],

[Campbell et al.; 1204.1513, 1608.03356], ...

NLO EW [Bernreuther et al.; hep-ph/0610335, 0804.1237, 0808.1142], [Kühn et al.;

hep-ph/0508092, hep-ph/0610335], [Hollik, Kollar; 0708.1697], [Pagani et al.; 1606.01915]

NNLO QCD [Moch et al.; 1203.6282], [Czakon et al.; 1303.6254, 1601.05375, 1606.03350],

[Abelof et al.; 1506.04037], [Gao, Papanastasiou; 1705.08903]

→ Combination with NLO EW [Czakon et al.; 1705.04105]

Resummation [Beneke et al.; 0907.1443], [Czakon et al.; 0907.1790, 1803.07623],

[Ahrens et al.; 1003.5827], [Kidonakis; 0903.2561, 1009.4935], ...

NLO QCD matched to PS [Frixione et al.; hep-ph/0305252, 0707.3088], [Höche et

al.; 1402.6293], [Garzelli et al.; 1405.5859], [Campbell et al.; 1412.1828], [Ježo et al.; 1607.04538]

Focus of the presentation:
NLO QCD corrections and off-shell effects
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Final states dominated by a production process

Example: final state e+νeµ
−ν̄µbb̄ dominated by

pp→ t?t̄? → (W? → νµµ
−) (W? → e+νe) bb̄

On-shell Off-shell

pT

dσ/dpT

On-shell region dominated by resonant production

Off-shell region receives large non-resonant contributions

Only e+νeµ
−ν̄µbb̄ is measured in experiments

→ During run II, the tail of the distributions will be probed
→ New physics contributions?
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[Denner, MP; 1607.05571]

→ Off-shell effects can be significant for exclusive observables
Similar to WW production [Biedermann et al.; 1605.03419]
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Off-shell computations

NLO QCD to fully-leptonic channel tt̄
[Denner et al.; 1012.3975, 1207.5018], [Bevilacqua et al.; 1012.4230], [Frederix; 1311.4893],

[Cascioli et al.; 1312.0546]

→ Matching to QCD PS [Ježo et al.; 1607.04538]

→ Top mass determination [Heinrich et al.; 1312.6659, 1709.08615],

[Bevilacqua et al.; 1710.07515], [Ferrario Ravasio et al.; 1801.03944]

→ For the ILC [Chokoufé Nejad et al.; 1609.03390], [Bach et al.; 1712.02220]

NLO EW to fully-leptonic channel tt̄ [Denner, MP; 1607.05571]

NLO QCD to semi-leptonic channel tt̄ [Denner, MP; 1711.10359]

NLO QCD to fully-leptonic channel tt̄H [Denner, Feger; 1506.07448]

→ For the ILC [Chokoufé Nejad et al.; 1609.03390]

NLO EW to fully-leptonic channel tt̄H
[Denner, Lang, MP, Uccirati; 1612.07138]

NLO QCD to fully-leptonic channel tt̄j
[Bevilacqua et al.; 1509.09242, 1609.01659 ]

NLO QCD to fully-leptonic channel tt̄γ [Bevilacqua et al.; 1803.09916]
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pp→ µ−ν̄µbb̄jj at NLO QCD

Mathieu PELLEN Production of off-shell top pairs in the lepton+jets channel at NLO QCD 9 / 24



Tools / Techniques

→ Tree and one-loop matrix element:
Recola [Actis, Denner, Hofer, Lang, Scharf, Uccirati] + Collier [Denner, Dittmaier, Hofer]

Provides arbitrary one-loop matrix element in the SM

→ In-house Monte Carlo - MoCaNLO [Feger, Pellen]

Multi-purpose Monte Carlo to compute NLO (QCD and EW) corrections

→ Dipole subtraction method [Catani, Seymour], [Dittmaier]

Supplemented with phase-space restriction [Nagy, Trócsányi; hep-ph/9806317]

→ Complex-mass scheme [Denner, Dittmaier et al.]

→ LHAPDF [LHAPDF collaboration]
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→ NLO QCD to off-shell tt production in the lepton+jets channel:

pp→ µ−ν̄µbb̄jj

Realistic final state

Measured experimentally [ATLAS; 1708.00727], [CMS; 1610.04191]

Larger cross section due to W boson branching ratio

Better reconstruction of top quarks (only one neutrino)
→ determination of the top mass

Unexplored final state for tt production

[Anger, Febres Cordero, Ita, Sotnikov; 1712.05721]: Wb̄b + 2j

but different orders at LO: O
(
α4
sα

2
)

vs. O
(
α2
sα

4
)
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Definition (1)

The LO is defined at order O
(
α2
sα

4
)
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→ Inclusion of all double, single, and no top resonant
contributions

For pp→ µ−ν̄µbb̄jj: 32 independent partonic channels
→ Partonic channels featuring two resonant top quarks
(qq̄ and gg) approximate the full cross section within 0.3%
→ Only these retained in the computation
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Definition (2)
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→ Several type of contributions at NLO
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Set-up

Predictions for
√

s = 13TeV at the LHC

→ Event selection for resolved topology [ATLAS; 1708.00727], [CMS; 1610.04191]:

light/b jets: pT,j,b > 25 GeV, |yj,b| < 2.5

charged lepton: pT,` > 25 GeV, |y`| < 2.5

b-jet–b-jet distance:∆Rjj,∆Rjb,∆Rbb > 0.4

→ anti-kT jet algorithm [Cacciari, Salam, Soyez] with R = 0.4
→ Additional cut to ensure a stable definition of the fiducial
volume for top-quark pair production at both LO/NLO

60 GeV < mjj < 100 GeV
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Set-up

At LO, the two quarks from W boson: forced to be separated
→ Configuration with the two quarks recombined in single jet:
forbidden (event selection)

At NLO, extra QCD radiation in the real
→ Configurations with boosted top quarks are not forbidden
any more
→ Huge contributions in high energy/transverse momentum
region

To preserve definition of top pair production at LO and NLO:
→ 60 GeV < mjj < 100 GeV
→ Two jets are most likely originating from a W boson ...
... and thus the decay products of a top quark
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Cross section (1)

Ch. σLO [pb] σNLO [pb] K -factor

gg 12.0257(5) 13.02(7) 1.08
qq̄ 1.3308(3) 0.942(7) 0.71

gq(/q̄) 1.604(5)

pp 13.3565(6) 15.56(7) 1.16

gg dominant over the qq̄ channel (usual at the LHC)

Moderate corrections at the level of the total cross section
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Cross section (2)

σLO = 13.3565(6)+30.68%
−22.09% pb

σNLO = 15.56(7)
+0.9(6)%
−4.6(5)% pb and KNLO = 1.16
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[Denner, MP; 1711.10359]

→ Large corrections toward high transverse momenta
(due to real corrections)

→ Clear effect of the cuts:
p2

T,j2,max ∼ m2
jj,max/∆R2

jj,min = (100)2 / (0.4)2 = (250 GeV)2

→ Scale variation band increase for high transverse momenta
(the NLO predictions become LO accurate)
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[Denner, MP; 1711.10359]

→ Different NLO behaviour between the hadronic and leptonic top
quark
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→ Different NLO behaviour between the hadronic and leptonic top
quark
→ Extreme NLO effect: inclusion of higher-order effects needed

Mathieu PELLEN Production of off-shell top pairs in the lepton+jets channel at NLO QCD 20 / 24



dσ
dM

µ
−

b̄

[
fb G
eV

]

LO
NLO

100

101

102

K
fa

ct
or

Mµ−b̄ [GeV]

1

1.5

2

2.5

3

0 50 100 150 200

[Denner, MP; 1711.10359]

→ Distribution sensitive to top mass value
M2
µ−b̄

= M2
t −M2

W ' (154 GeV)2
[Denner et al.; 1207.5018]

→ Investigated experimentally [CMS; 1701.06228]

→ Transition between on-shell and off-shell regime
→ Large scale uncertainty after threshold
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→ Recent interest in angular distributions in top quark physics
[ATLAS-CONF-2018-027]

→ Important corrections with a steady slope over the whole range
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Conclusion
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Summary

NLO QCD for off-shell pp→ t?t̄? in the lepton+jets channel
→ Importance of definition of fiducial region
→ Different corrections with respect to leptonic channel
→ Different corrections between leptonic and hadronic top
→ Significant impact of off-shell contributions
→ NLO QCD corrections M`b distribution for lepton+jets

JHEP 1802 (2018) 013 [arXiv:1711.10359]
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Back-up slides

BACK-UP
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