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Why do differential measurements of tt̄ processes? [1/2]

The top quark is unique in the SM due to its large mass:

decay before hadronisation

→ only quark that can be studied in isolation
↪→ precision QCD test

same order as V.E.V in SM

→ mt ' 173 GeV, v = 246 GeV
↪→ direct sensitivity to new physics

mt = ytv/
√

2

∆mt
h ∼ −

m2

v 2

Λ

4π2

Top properties at the LHC

Top production & decay
• Top production dominated by QCD production. EW 

production provides direct access to Wtb vertex: 

• In SM top decays to Wb:

4

Michael Fenton Differential Top Cross-section Measurements at ATLAS March 27, 2018 3 / 19



Why do differential measurements of tt̄ processes? [2/2]

Major background to many interesting searches like tt̄H or SUSY

Not always well described in current MC generators
→ Differential measurements crucial input to MC tuning efforts!

Phys. Rev. D93 (2016) 032009

Differential data very useful to theorists:

constraining EFT operators: TopFitter

gluon PDF at large x: Czakon et al

highly sensitive to NNLO effects Czakon et al
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Analysis Strategy

Use 3 fb−1 of
√
s = 13 TeV

recorded by ATLAS in 2015

Utilise lepton+jets decay mode
Top Decay: ∼100% t →Wb

→ Channel determined by decay
of the two W ’s

The goldilocks branching ratio,
backgrounds, trigger efficiency

Reconstruct in both resolved and
boosted topologies

Sensitivity to both low and high
pT in same publication

Publish both absolute and relative
distributions

Compare to many different MC
predictions

Publication Webpage
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Resolved Selection
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Boosted Selection
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Boosted Top Tagger

Preliminary
Scan over combinations of
substructure variables

Best combination over full pT
range and for 50% and 80%
WPs: jet mass and τ32

Define pT dependent cuts for 50%
and 80% WPs

In this measurement, we use the
80% WP
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Unfolding procedure

Using the Iterative Bayesian method in RooUnfold with 4 iterations

Master formula:

dσfid

dX i
≡ 1

L ·∆X i
· f ieff ·

∑
j

M−1
ij · f

j
acc ·

(
N j

reco − N j
bkg

)
(1)

f ieff ≡
(

Npart

Nreco&part

)i

,f jacc ≡
(
Nreco&part

Nreco

)j
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Uncertainties
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Relative cross-section

Small-R jet (resolved) and large-R jet (boosted) dominant

Energy scale/resolution (both), b-tagging (resolved), JSS modelling (boosted)

Generator systematics important in both analyses

e.g. Powheg vs aMC@NLO, Pythia vs Herwig...
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MC predicts harder spectrum than observed in data

Similar slope seen in both regions, as has been observed previously in l+jets
and dilepton by ATLAS and CMS
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Top pT : Comparison of Resolved and Boosted
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pT ranges are complementary

Very similar trend in overlapping region between resolved and boosted
reconstruction techniques
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Top Rapidity
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Good agreement with all generators

Very little sensitivity to extra radiation
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χ2 and p-vals
Resolved
Observable pt,had

T |yt,had| mtt̄ ptt̄T |ytt̄|
χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val

Powheg+Pythia6 23.0/14 0.06 8.1/17 0.96 6.3/10 0.79 7.7/5 0.17 22.5/17 0.17
Powheg+Pythia6 (radHi) 23.8/14 0.05 8.5/17 0.95 7.7/10 0.66 5.1/5 0.41 19.3/17 0.31
Powheg+Pythia6 (radLo) 25.9/14 0.03 7.5/17 0.98 8.2/10 0.61 20.4/5 <0.01 28.0/17 0.04
MadGraph5 aMC@NLO+Herwig++ 24.4/14 0.04 10.8/17 0.87 23.6/10 <0.01 2.6/5 0.76 30.0/17 0.03
Powheg+Herwig++ 24.0/14 0.05 7.4/17 0.98 37.9/10 <0.01 25.0/5 <0.01 32.8/17 0.01
MadGraph5 aMC@NLO+Pythia8 21.8/14 0.08 7.8/17 0.97 6.8/10 0.75 3.3/5 0.66 18.0/17 0.39
Powheg+Pythia8 21.5/14 0.09 9.6/17 0.92 6.5/10 0.77 1.1/5 0.96 14.0/17 0.67
Powheg+Herwig7 15.4/14 0.35 9.3/17 0.93 6.7/10 0.76 5.4/5 0.37 15.1/17 0.59

Boosted
pt,hadT |yt,had|

χ2/NDF p-val χ2/NDF p-val

Powheg+Pythia6 10.2/7 0.18 2.9/9 0.97
Powheg+Pythia6 (radHi) 11.3/7 0.12 2.9/9 0.97
Powheg+Pythia6 (radLo) 11.5/7 0.12 2.8/9 0.97
MadGraph5 aMC@NLO+Herwig++ 11.1/7 0.13 4.6/9 0.87
Powheg+Herwig++ 10.7/7 0.15 2.5/9 0.98
MadGraph5 aMC@NLO+Pythia8 10.9/7 0.14 7.2/9 0.62
Powheg+Pythia8 11.3/7 0.13 4.3/9 0.89
Powheg+Herwig7 9.9/7 0.20 3.6/9 0.94

Numerical evaluation of agreement between data and MC

Takes into consideration relative importance of each bin as well as correlations

One must take into consideration the NDF for χ2

Can see more immediately in p-values
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χ2 and p-vals

Resolved
Observable pt,had

T |yt,had| mtt̄ ptt̄T |ytt̄|
χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val

Powheg+Pythia6 23.0/14 0.06 8.1/17 0.96 6.3/10 0.79 7.7/5 0.17 22.5/17 0.17
Powheg+Pythia6 (radHi) 23.8/14 0.05 8.5/17 0.95 7.7/10 0.66 5.1/5 0.41 19.3/17 0.31
Powheg+Pythia6 (radLo) 25.9/14 0.03 7.5/17 0.98 8.2/10 0.61 20.4/5 <0.01 28.0/17 0.04
MadGraph5 aMC@NLO+Herwig++ 24.4/14 0.04 10.8/17 0.87 23.6/10 <0.01 2.6/5 0.76 30.0/17 0.03
Powheg+Herwig++ 24.0/14 0.05 7.4/17 0.98 37.9/10 <0.01 25.0/5 <0.01 32.8/17 0.01
MadGraph5 aMC@NLO+Pythia8 21.8/14 0.08 7.8/17 0.97 6.8/10 0.75 3.3/5 0.66 18.0/17 0.39
Powheg+Pythia8 21.5/14 0.09 9.6/17 0.92 6.5/10 0.77 1.1/5 0.96 14.0/17 0.67
Powheg+Herwig7 15.4/14 0.35 9.3/17 0.93 6.7/10 0.76 5.4/5 0.37 15.1/17 0.59

Boosted
pt,hadT |yt,had|

χ2/NDF p-val χ2/NDF p-val

Powheg+Pythia6 10.2/7 0.18 2.9/9 0.97
Powheg+Pythia6 (radHi) 11.3/7 0.12 2.9/9 0.97
Powheg+Pythia6 (radLo) 11.5/7 0.12 2.8/9 0.97
MadGraph5 aMC@NLO+Herwig++ 11.1/7 0.13 4.6/9 0.87
Powheg+Herwig++ 10.7/7 0.15 2.5/9 0.98
MadGraph5 aMC@NLO+Pythia8 10.9/7 0.14 7.2/9 0.62
Powheg+Pythia8 11.3/7 0.13 4.3/9 0.89
Powheg+Herwig7 9.9/7 0.20 3.6/9 0.94

Agreement for pT is overall pretty poor in both topologies

But surprisingly, resolved has worse p-vals than boosted!
→ Highlights the deficit at low pT , often overlooked due to high pT bins being

bigger and drawing the eye
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χ2 and p-vals

Resolved
Observable pt,had

T |yt,had| mtt̄ ptt̄T |ytt̄|
χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val

Powheg+Pythia6 23.0/14 0.06 8.1/17 0.96 6.3/10 0.79 7.7/5 0.17 22.5/17 0.17
Powheg+Pythia6 (radHi) 23.8/14 0.05 8.5/17 0.95 7.7/10 0.66 5.1/5 0.41 19.3/17 0.31
Powheg+Pythia6 (radLo) 25.9/14 0.03 7.5/17 0.98 8.2/10 0.61 20.4/5 <0.01 28.0/17 0.04
MadGraph5 aMC@NLO+Herwig++ 24.4/14 0.04 10.8/17 0.87 23.6/10 <0.01 2.6/5 0.76 30.0/17 0.03
Powheg+Herwig++ 24.0/14 0.05 7.4/17 0.98 37.9/10 <0.01 25.0/5 <0.01 32.8/17 0.01
MadGraph5 aMC@NLO+Pythia8 21.8/14 0.08 7.8/17 0.97 6.8/10 0.75 3.3/5 0.66 18.0/17 0.39
Powheg+Pythia8 21.5/14 0.09 9.6/17 0.92 6.5/10 0.77 1.1/5 0.96 14.0/17 0.67
Powheg+Herwig7 15.4/14 0.35 9.3/17 0.93 6.7/10 0.76 5.4/5 0.37 15.1/17 0.59

Boosted
pt,hadT |yt,had|

χ2/NDF p-val χ2/NDF p-val

Powheg+Pythia6 10.2/7 0.18 2.9/9 0.97
Powheg+Pythia6 (radHi) 11.3/7 0.12 2.9/9 0.97
Powheg+Pythia6 (radLo) 11.5/7 0.12 2.8/9 0.97
MadGraph5 aMC@NLO+Herwig++ 11.1/7 0.13 4.6/9 0.87
Powheg+Herwig++ 10.7/7 0.15 2.5/9 0.98
MadGraph5 aMC@NLO+Pythia8 10.9/7 0.14 7.2/9 0.62
Powheg+Pythia8 11.3/7 0.13 4.3/9 0.89
Powheg+Herwig7 9.9/7 0.20 3.6/9 0.94

aMC@NLO+Herwig++ with the biggest
∣∣y t,had

∣∣ disagreement in resolved,
also present in boosted

Herwig++ now a legacy generator, and no longer used
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χ2 and p-vals
Resolved
Observable pt,had

T |yt,had| mtt̄ ptt̄T |ytt̄|
χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val χ2/NDF p-val

Powheg+Pythia6 23.0/14 0.06 8.1/17 0.96 6.3/10 0.79 7.7/5 0.17 22.5/17 0.17
Powheg+Pythia6 (radHi) 23.8/14 0.05 8.5/17 0.95 7.7/10 0.66 5.1/5 0.41 19.3/17 0.31
Powheg+Pythia6 (radLo) 25.9/14 0.03 7.5/17 0.98 8.2/10 0.61 20.4/5 <0.01 28.0/17 0.04
MadGraph5 aMC@NLO+Herwig++ 24.4/14 0.04 10.8/17 0.87 23.6/10 <0.01 2.6/5 0.76 30.0/17 0.03
Powheg+Herwig++ 24.0/14 0.05 7.4/17 0.98 37.9/10 <0.01 25.0/5 <0.01 32.8/17 0.01
MadGraph5 aMC@NLO+Pythia8 21.8/14 0.08 7.8/17 0.97 6.8/10 0.75 3.3/5 0.66 18.0/17 0.39
Powheg+Pythia8 21.5/14 0.09 9.6/17 0.92 6.5/10 0.77 1.1/5 0.96 14.0/17 0.67
Powheg+Herwig7 15.4/14 0.35 9.3/17 0.93 6.7/10 0.76 5.4/5 0.37 15.1/17 0.59

Boosted
pt,hadT |yt,had|

χ2/NDF p-val χ2/NDF p-val

Powheg+Pythia6 10.2/7 0.18 2.9/9 0.97
Powheg+Pythia6 (radHi) 11.3/7 0.12 2.9/9 0.97
Powheg+Pythia6 (radLo) 11.5/7 0.12 2.8/9 0.97
MadGraph5 aMC@NLO+Herwig++ 11.1/7 0.13 4.6/9 0.87
Powheg+Herwig++ 10.7/7 0.15 2.5/9 0.98
MadGraph5 aMC@NLO+Pythia8 10.9/7 0.14 7.2/9 0.62
Powheg+Pythia8 11.3/7 0.13 4.3/9 0.89
Powheg+Herwig7 9.9/7 0.20 3.6/9 0.94

Most concerning: Boosted
∣∣y t,had

∣∣ aMC@NLO+Pythia8
With Powheg+Pythia8 the new nominal tt̄ sample, we would use this sample
to evaluate our Matrix Element systematic

→ A perfect example of where we have since used these results to tune and
improve MC
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Summary

Differential cross sections of tt̄ production important in SM and BSM
physics, experiment and theory, both as a signal and a background
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Can use these results to improve
the MC going forward

Modelling of tt̄ process is generally
good otherwise

Publication Webpage
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Run 1 NNLO Comparison
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Resolved 8TeV vs 13TeV
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Boosted 8TeV vs 13TeV
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Object Definitions

Level Detector Particle
Topology Resolved Boosted

Leptons

|d0|/σ(d0) < 5 and |z0 sin θ| < 0.5 mm
Track and calorimeter isolation
|η| < 1.37 or 1.52 < |η| < 2.47 (e), |η| < 2.5 (µ)
ET (e), pT (µ) > 25 GeV

|η| < 2.5
pT > 25 GeV

Small-R jets
|η| < 2.5
pT > 25 GeV
JVT cut (if pT < 60 GeV and |η| < 2.4)

|η| < 2.5
pT > 25 GeV

Num. of small-R jets ≥ 4 jets ≥ 1 jet Same as detector level

Emiss
T , mW

T Emiss
T > 20 GeV, Emiss

T + mW
T > 60 GeV Same as detector level

Leptonic top

Kinematic top-quark
reconstruction
for detector
and particle level

At least one small-R jet
with ∆R(ℓ, small-R jet) < 2.0

Hadronic top

Kinematic top-quark
reconstruction
for detector
and particle level

The leading-pT trimmed large-R jet has:
|η| < 2.0,
300 GeV < pT < 1500 GeV, m > 50 GeV,
Top-tagging at 80% efficiency
∆R(large-R jet, small-R jet associated with
lepton) > 1.5,
∆φ(ℓ, large-R jet) > 1.0

Boosted:
|η| < 2.0
300 < pT < 1500 GeV
Top-tagging:
m > 100 GeV,
τ32 < 0.75

b-tagging At least 2 b-tagged jets

At least one of:
1) the leading-pT small-R jet with
∆R(ℓ, small-R jet) < 2.0 is b-tagged
2) at least one small-R jet with
∆R(large-R jet, small-R jet) < 1.0 is b-tagged

Ghost-matched
b-hadron
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Samples

Physics process Event generator Cross-section PDF set for Parton shower Tune
normalisation hard process

tt̄ Nominal Powheg-Box v2 NNLO+NNLL CT10 Pythia 6.428 Perugia2012
tt̄ PS syst. Powheg-Box v2 NNLO+NNLL CT10 Herwig++ v2.7.1 UE-EE-5
tt̄ ME syst. MadGraph5 NNLO+NNLL CT10 Herwig++ v2.7.1 UE-EE-5

aMC@NLO
tt̄ rad. syst. Powheg-Box v2 NNLO+NNLL CT10 Pythia 6.428 ‘radHi/Lo’
Extra tt̄ model Powheg-Box v2 NNLO+NNLL NNPDF3.0NLO Pythia 8.210 A14
Extra tt̄ model Powheg-Box v2 NNLO+NNLL NNPDF3.0NLO Herwig v7.0.1 H7-UE-MMHT
Extra tt̄ model MadGraph5 NNLO+NNLL NNPDF3.0NLO Pythia 8.210 A14

aMC@NLO
Single top t-channel Powheg-Box v1 NLO CT10f4 Pythia 6.428 Perugia2012
Single top s-channel Powheg-Box v2 NLO CT10 Pythia 6.428 Perugia2012
Single top Wt-channel Powheg-Box v2 NLO+NNLL CT10 Pythia 6.428 Perugia2012
W (→ `ν)+ jets Sherpa v2.1.1 NNLO CT10 Sherpa Sherpa
Z(→ `¯̀)+ jets Sherpa v2.1.1 NNLO CT10 Sherpa Sherpa
WW,WZ,ZZ Sherpa v2.1.1 NLO CT10 Sherpa Sherpa
tt̄+W/Z/WW MadGraph5 NLO NNPDF2.3LO Pythia 8.186 A14

aMC@NLO
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Background Estimates

Most backgrounds are estimated from Monte-Carlo samples out of the box, but
we can do slightly better for W+Jets and QCD Multijet

W+Jets

Exploit known charge-asymmetry in
W± production at pp collider to
correct normalisation of MC

Further, use data to correct
poorly-modelled W+(b,c,light)
fractions of MC prediction

Measure in control regions split
by no. of 0.4 jets
Extrapolate to signal region

Process Expected events
Resolved Boosted

tt̄ 123800 ± 10600 7000 ± 1100
Single top 6300 ± 800 500 ± 80
Multijets 5700 ± 3000 300 ± 80
W+jets 3600 +2000

−2400 500 ± 200
Z+jets 1300 ± 700 60 ± 40
tt̄V 400 ± 100 70 ± 10
Diboson 300 ± 200 60 ± 10

Total prediction 142000 +11000
−12000 8300 ± 1300

Data 155593 7368
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Background Estimates

Most backgrounds are estimated from Monte-Carlo samples out of the box, but
we can do slightly better for W+Jets and QCD Multijet
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Resolved Unfolding Distributions
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Uncertainties for Absolute Spectra

 [GeV]t,had

T
p

0 100 200 300 400 500 600 700 800 900 1000

F
ra

ct
io

na
l u

nc
er

ta
in

ty
 [%

]

50−

40−

30−

20−

10−

0

10

20

30

40

50

Stat.+Syst. Unc. Stat. Unc.
Flavour Tagging JES/JER
Backgrounds IFSR, PDF, MC Stat.
Hadronisation Hard Scattering

ATLAS
-1 = 13 TeV, 3.2 fbs

Resolved

Fiducial phase-space

Absolute cross-section

 [GeV]t,had

T
p

400 600 800 1000 1200 1400

F
ra

ct
io

na
l u

nc
er

ta
in

ty
 [%

]
80−

60−

40−

20−

0

20

40

60

80

Stat.+Syst. Unc. Stat. Unc.
Large-R JES, JMS , Small-R jet

T

missLepton, E
Backgrounds IFSR, PDF, MC Stat.
Hadronisation Hard Scattering

ATLAS
-1 = 13 TeV, 3.2 fbs

Boosted

Fiducial phase-space

Absolute cross-section

Michael Fenton Differential Top Cross-section Measurements at ATLAS March 27, 2018 28 / 19



Top pT (Absolute)
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Top Rapidity (Absolute)
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tt̄ kinematics (Absolute)
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