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• Heaviest SM particle (172.5 GeV) 

• Role in EW symmetry breaking, vacuum stability 

• Background to exotic searches, Higgs measurements 

• Decays before hadronisation (𝜏 < 10-24 s) 

• We can study a ‘bare’ quark 

• Allows precision QCD measurements 

• Window into new physics 

• Understanding tt production is crucial for BSM physics

Why study the top quark?
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tt cross-sections — motivation

• Cross sections are measured inclusively and 
differentially 

• Theoretical motivation: constraining EFTs, gluon 
PDF at high x, test predictions at highest 
precision 

• Major background to ttH(bb), exotic, SUSY 
searches 

• Top modelling / MC tuning 

• Top pT has been poorly described by some generators 

• A range of final states separate our analyses
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τ+τ   1%
τ+µ   2%

τ+e   2%

µ+µ   1%

µ+e   2
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e+e   
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e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%
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tt cross sections — analysis channels
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The Analyses

Dilepton: 2 of these
Reconstruct tt̄ system with neutrino weighting

z }| {
All-Hadronic: 2 of these
Reduce combinatorics by targeting boosted
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Lepton+Jets Resolved Lepton+Jets Boosted
Utilise both reconstruction techniques in same paper

Unfold also in bins of Njets (resolved only)

Dilepton , L+Jets Resolved + Boosted , L+Jets Resolved in N(Jets) using 3.2fb�1 from 2015
All-Hadronic using 36fb�1 from 2015+2016

Share common unfolding to fiducial volume

I’ve chosen to focus today on pT distributions, where the most interesting
results1 are: many more available in the papers!

1In my opinion!
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• Top quark decays t→Wb
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tt cross sections — analysis channels
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• Top quark decays t→Wb
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tt inclusive cross-section

• ATLAS has performed measurements at √s = 7, 8, 13 TeV
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tt̄ cross-section: ATLAS

ATLAS has measured the t̄t cross-section at three center-of-mass
energies,

p
s = �, � and �� TeV �
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tt inclusive cross-section

• Combination of Tevatron, ATLAS, CMS measurements over 2–13 TeV
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tt̄ cross-section: all
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The t̄t cross-section has been measured over nearly an order of
magnitude
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tt differential cross sections — overview

• All analyses share common unfolding                                                    
strategy to fiducial volume at particle level 
• Some also unfold to parton level 
• 2D unfolding increasingly possible 

• Systematics dominate uncertainties: top modelling (matrix element, parton 
shower), jet energy scale/resolution
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Unfolding	Unfolding	from	reconstruction	to	particle	

configured for the `+jets tt̄ system and optimised for this measurement, with b-tagged reconstructed jets
being fixed into the KLFitter b-jet positions, and allowing a total of five reconstructed jets to enter the
permutations. The top-quark mass was fixed at the MC mass of mtop = 172.5GeV. If a reconstructed b-
tagged jet is mapped to the KLFitter leptonic b-jet position then the SMT muon is considered to be same-
top-like, whereas if the b-tagged jet is mapped to the KLFitter hadronic b-jet position then the SMT muon
is considered to be di↵erent-top-like. In the case of events where both b-hadrons decay semileptonically
and are both experimentally tagged, one SMT muon is considered same-top-like and the other di↵erent-
top-like, and both SMT muons contribute to the charge asymmetries. A misassignment probability of
21% is achieved. No additional systematic uncertainty is associated with the KLFitter as the algorithm is
solely dependent on the four-momenta of the reconstructed objects, which are well described and covered
by the existing systematic uncertainties. A consistent KLFitter performance is achieved across all possible
charge and same- or di↵erent-top configurations, as determined in simulated tt̄ events.

The yield of SMT muons, shown for each charge combination, that are designated as same-top-like is
shown in Figure 3 while those designated as di↵erent-top-like is shown in Figure 4. As stated in Section 1,
for di↵erent-top-like SMT muons, the sign of the W-boson lepton has been flipped in order to consistently
represent the charge of the b-quark at production in both the same- and di↵erent-top scenarios. The
observed data are then combined and unfolded to the particle level via:

Ni =
1
✏i
·

X

j

M
�1
i j · f j

acc · (N j
data � N j

bkg), (26)

where i, j =
�
N++,N��,N+�,N�+

 
and index i runs over the particle level while index j runs over the

reconstruction level. N j
data and N j

bkg are the number of SMT muons observed in data and the estimated

background, respectively. An acceptance term, f j
acc, is applied bin-by-bin to correct for SMT muons that

are present at the reconstruction level, but not at the fiducial level. The acceptance term also includes
backgrounds within the tt̄ sample itself, such as muons originating from light-flavour, pile-up, c ! µ,
initial- and final-state radiation and dilepton tt̄ events. The response matrix,Mi j, is populated exclusively
by SMT muons which are matched between the reconstruction and particle level. Finally, an e�ciency
term, ✏i, is applied bin-by-bin to the unfolded data to correct for SMT muons that are present at the
particle level, but not at the reconstruction level.

The response matrix, Mi j, is a discrete 4 ⇥ 4 matrix, shown in Table 3, where non-zero o↵-diagonal
terms can only occur via charge misidentification or via the misassignment of the same- or di↵erent-top
SMT muon classification. Charge misidentification was found to be negligible. Mi j is inverted using
unregularised matrix inversion, as implemented by the RooUnfold [91] program, and is found to show no
bias when artificial asymmetries are injected.

The observed charge asymmetries are given in Equations (27) and (28) and are found to be compatible
with zero:

Ass = �0.007 ± 0.006 (stat.) +0.002
�0.002

�
expt.

�
± 0.005 (model) , (27)

Aos = 0.0041 ± 0.0035 (stat.) +0.0013
�0.0011

�
expt.

�
± 0.0027 (model) . (28)

Both the statistical and systematic correlations between Ass and Aos are estimated to be ⇢ss,os = �1.0.
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particle	 reconstructed	

Fiducial	particle	

Reco	Detector	

Mij fjacc	

εi	

All	truth	events	

ε	is	about	28%	

facc	is	about	64%	for	SS	

																									69%	for	OS	

(because	of	tt	background)		

Off-Diagonal	=	Charge	mis-ID	(negligible)	

Diagonal	=	KLFitter	
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tt differential cross sections — overview

• All analyses share common unfolding                                                    
strategy to fiducial volume at particle level 
• Some also unfold to parton level 
• 2D unfolding increasingly possible 

• Systematics dominate uncertainties: top modelling (matrix element, parton 
shower), jet energy scale/resolution
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Unfolding	Unfolding	from	reconstruction	to	particle	

configured for the `+jets tt̄ system and optimised for this measurement, with b-tagged reconstructed jets
being fixed into the KLFitter b-jet positions, and allowing a total of five reconstructed jets to enter the
permutations. The top-quark mass was fixed at the MC mass of mtop = 172.5GeV. If a reconstructed b-
tagged jet is mapped to the KLFitter leptonic b-jet position then the SMT muon is considered to be same-
top-like, whereas if the b-tagged jet is mapped to the KLFitter hadronic b-jet position then the SMT muon
is considered to be di↵erent-top-like. In the case of events where both b-hadrons decay semileptonically
and are both experimentally tagged, one SMT muon is considered same-top-like and the other di↵erent-
top-like, and both SMT muons contribute to the charge asymmetries. A misassignment probability of
21% is achieved. No additional systematic uncertainty is associated with the KLFitter as the algorithm is
solely dependent on the four-momenta of the reconstructed objects, which are well described and covered
by the existing systematic uncertainties. A consistent KLFitter performance is achieved across all possible
charge and same- or di↵erent-top configurations, as determined in simulated tt̄ events.

The yield of SMT muons, shown for each charge combination, that are designated as same-top-like is
shown in Figure 3 while those designated as di↵erent-top-like is shown in Figure 4. As stated in Section 1,
for di↵erent-top-like SMT muons, the sign of the W-boson lepton has been flipped in order to consistently
represent the charge of the b-quark at production in both the same- and di↵erent-top scenarios. The
observed data are then combined and unfolded to the particle level via:

Ni =
1
✏i
·

X

j

M
�1
i j · f j

acc · (N j
data � N j

bkg), (26)

where i, j =
�
N++,N��,N+�,N�+

 
and index i runs over the particle level while index j runs over the

reconstruction level. N j
data and N j

bkg are the number of SMT muons observed in data and the estimated

background, respectively. An acceptance term, f j
acc, is applied bin-by-bin to correct for SMT muons that

are present at the reconstruction level, but not at the fiducial level. The acceptance term also includes
backgrounds within the tt̄ sample itself, such as muons originating from light-flavour, pile-up, c ! µ,
initial- and final-state radiation and dilepton tt̄ events. The response matrix,Mi j, is populated exclusively
by SMT muons which are matched between the reconstruction and particle level. Finally, an e�ciency
term, ✏i, is applied bin-by-bin to the unfolded data to correct for SMT muons that are present at the
particle level, but not at the reconstruction level.

The response matrix, Mi j, is a discrete 4 ⇥ 4 matrix, shown in Table 3, where non-zero o↵-diagonal
terms can only occur via charge misidentification or via the misassignment of the same- or di↵erent-top
SMT muon classification. Charge misidentification was found to be negligible. Mi j is inverted using
unregularised matrix inversion, as implemented by the RooUnfold [91] program, and is found to show no
bias when artificial asymmetries are injected.

The observed charge asymmetries are given in Equations (27) and (28) and are found to be compatible
with zero:

Ass = �0.007 ± 0.006 (stat.) +0.002
�0.002

�
expt.

�
± 0.005 (model) , (27)

Aos = 0.0041 ± 0.0035 (stat.) +0.0013
�0.0011

�
expt.

�
± 0.0027 (model) . (28)

Both the statistical and systematic correlations between Ass and Aos are estimated to be ⇢ss,os = �1.0.
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particle	 reconstructed	

Fiducial	particle	

Reco	Detector	

Mij fjacc	

εi	

All	truth	events	

ε	is	about	28%	

facc	is	about	64%	for	SS	

																									69%	for	OS	

(because	of	tt	background)		

Off-Diagonal	=	Charge	mis-ID	(negligible)	

Diagonal	=	KLFitter	
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tt differential cross-sections from ATLAS at √s = 13 TeV

• https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults 

• Aug ’19: l+jets boosted differential cross-sections 

• Nov ’18: tt+bb inclusive and differential cross-sections 

• Feb ’18: tt+n jets differential cross-sections 

• Jan ’18: tt all-hadronic boosted differential cross-sections 

• Aug ’17: tt l+jets differential cross-sections 

• Dec ’16: tt e+μ differential cross-sections 

�8
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Boosted tt l+jets — strategy

• High pT tops can probe regions of phase space useful for new physics 
• Events with 1 hadronic, 1 leptonic top. Selection: 

• R=1.0 reclustered from R=0.4 jets with anti-kT algorithm 
• Generally low background, dominated by W+jets and single top 
• Unfold to particle and parton level

�9Boosted top measurements with ATLAS

Event selection: lepton+jets

 9

pT > 27 GeV

|⌘| < 2.5
<latexit sha1_base64="kHTy+LY8kZhY8JtBxrLAtXlihsQ="></latexit><latexit sha1_base64="kHTy+LY8kZhY8JtBxrLAtXlihsQ="></latexit><latexit sha1_base64="kHTy+LY8kZhY8JtBxrLAtXlihsQ="></latexit><latexit sha1_base64="kHTy+LY8kZhY8JtBxrLAtXlihsQ="></latexit>

pT > 350 GeV

|⌘| < 2.0

120 < m < 220 GeV
<latexit sha1_base64="XC6nbslG+DzsrvFCsuPqYwnQJzA="></latexit><latexit sha1_base64="XC6nbslG+DzsrvFCsuPqYwnQJzA="></latexit><latexit sha1_base64="XC6nbslG+DzsrvFCsuPqYwnQJzA="></latexit><latexit sha1_base64="XC6nbslG+DzsrvFCsuPqYwnQJzA="></latexit>

At least one jet should be b-tagged

• Boosted hadronic top is identified by re-clustering 0.4 jets 
with anti-kT R=1 algorithm. 
• Re-clustering allows propagation of small-R JES and a 

mass cut is sufficient for background rejection.

Note: possible to have events where the leptonic top is at lower pT.

Paper in 
preparation

Submitted to EPJC

mailto:adam.bozson@cern.ch
https://arxiv.org/abs/1908.07305


Adam Bozson <adam.bozson@cern.ch> ICNFP 2019

Boosted tt l+jets — results — mtt
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Boosted tt l+jets — results — top pT
 [p

b/
G

eV
]

t T
 / 

dp
tt

σd

4−10

3−10

2−10

1−10

1

10 Data
PWG+PY8
NNLO (NNPDF3.1)
Stat. unc.
Stat.+Syst. unc.
Scale+PDF unc.

ATLAS Preliminary

Full phase-space

-1 = 13 TeV, 36.1 fbs
Boosted

 [GeV]t
T

p
500 1000 1500 2000

  
D

at
a

Pr
ed

ic
tio

n

0.5

1

1.5

350

 [GeV]t
T

p
0 200 400 600 800 1000 1200 1400 1600 1800 2000

 [p
b/

G
eV

]
t T

 / 
dp

σd

5−10

4−10

3−10

2−10

1−10

1

10

210

310
ATLAS Preliminary

-1 = 13 TeV, 36.1 fbs
Full phase-space

Resolved
Stat.+Syst. unc.

Boosted
Stat.+Syst. unc.

Parton level Parton + particle levels

• NNLO improves modelling 
• Slope still present 
• Resolved+boosted covers large pT range
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• First double differential 
cross-sections for boosted 
tops 

• Look at top pT in bins of mtt 

• pT modelled worse in high-
mtt bin 

• ~20% difference in MC 
predictions for low mass 
bin: data discriminates 
between the models
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Boosted tt l+jets — results — double differential cross-sections
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Boosted tt l+jets — results — double differential cross-sections
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• First double differential 
cross-sections for boosted 
tops 

• Look at top pT in bins of mtt 

• pT modelled worse in high-
mtt bin 

• ~20% difference in MC 
predictions for low mass 
bin: data discriminates 
between the models
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• A peek inside the boosted top 

• Number of R=0.4 jets inside R=1.0 
boosted top-tagged jet 

• Even(ish) distribution of           
N=2/3 subjets 

• N=1 from highly boosted events 

• N ≥4 from radiation?

�14

Boosted tt l+jets — results — subjets
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tt+b-jets — strategy

• tt+b-jets challenges QCD calculations with the heavy b quark 

• tt+bb is a large background (and dominant systematic) for ttH(H→bb). MC can 
predict to NLO. Let’s measure it. 

• Analysis done with 36.1 fb-1 @ 13 TeV, dilepton, lepton+jets channels 

• Data-driven template fit to derive correction factors for flavour composition for tt+X 

• Differential cross sections as functions of kinematic variables of b-jet pairs 
• Min ΔR(b,b): expected to be from gluon splitting 
• Highest pT: dominated by top pair production

�15
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tt̄bb̄: tt̄H
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• t̄t + bb̄ is an interesting
process because of
t̄tH(H ! bb̄)

• H ! bb̄ is the dominant decay
of the Higgs

• However, t̄tH(H ! bb̄)
measurements are limited by
our knowledge of the QCD
t̄tbb̄ background
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tt+b-jets — template fit method

• tt+{d,u,s,c} contribute backgrounds from mis-tagging b-jets 

• Use templates from tt, ttH, ttV Monte Carlo predictions 

• Perform binned maximum-likelihood fit to data
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Category eµ lepton + jets

tt̄b ≥3 b-jets ≥3 b-jets

tt̄c < 3 b-jets and ≥ 1 c-jet < 3 b-jets and ≥ 2 c-jets

tt̄l events that do not meet above criteria events that do not meet above criteria

Table 4. Event categorisation (for the definition of the MC templates) based on the particle-level
selections of b-jets, c-jets and light-flavour jets.

a b-jet. In order to separate this background from tt̄+c-jets events, events containing only

one particle-level c-jet are attributed to this background and grouped into a tt̄l class, while

those with two particle-level c-jets are placed into a tt̄c class, as summarised in table 4.

In this sample, 85% of the events with exactly one particle-level c-jet are found to contain

W → cs̄(c̄s) decays, according to tt̄ MC simulation. Templates are created for events in

the different categories described in table 4 using the b-tagging discriminant value of the

jet with the third-highest b-tagging discriminant in the eµ channel, and the two jets with

the third- and fourth-highest b-tagging discriminant values in the lepton + jets channel.

The discriminant values are divided into five b-tagging discriminant bins such that each

bin corresponds to a certain range of b-tagging efficiencies defined by the working points.

The bins range from 1 to 5, corresponding to efficiencies of 100%–85%, 85%–77%, 77%–

70%, 70%–60%, and < 60% respectively. In the eµ channel, one-dimensional templates

with three bins are formed corresponding to b-tagging efficiencies between 77% and 0% for

the jet with the third highest b-tagging discriminant value. In the lepton + jets channel,

two-dimensional templates are created using the b-tagging discriminant values of the two

jets with the third- and fourth-highest b-tagging discriminant values, corresponding to

b-tagging efficiencies between 100% and 0% for the two jets.

In both channels, one template is created from the sum of all backgrounds described in

section 6 and three templates are created from tt̄, tt̄V and tt̄H MC simulations, to account

for tt̄b, tt̄c and tt̄l events, as detailed in table 4. These templates are then fitted to the

data using a binned maximum-likelihood fit, with a Poisson likelihood

L(α⃗|x1, . . . , xn) =
n∏

k

e−νk(α⃗)νk(α⃗)xk

xk!
,

where xk is the number of events in bin k of the data template and νk(α⃗) is the expected

number of events, and depends upon a number of free parameters, α⃗.

In the eµ channel, two free parameters are used, such that the expected number of

events in bin k is

νk(αb,αcl) = αbN
k
tt̄b + αcl

(
Nk

tt̄c +Nk
tt̄l

)
+Nk

non-tt̄ ,

where Nk
tt̄b, N

k
tt̄c, N

k
tt̄l and Nk

non-tt̄ are the numbers of events in bin k of the tt̄b, tt̄c, tt̄l

and non-tt̄ background templates, respectively. The scale factors obtained from the fit are

αb = 1.37± 0.06 and αcl = 1.05± 0.04, where the quoted uncertainties are statistical only.
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Figure 4. The b-tagging distribution of the third-highest b-tagging discriminant-ranked jet for the
(a) eµ channel, and of the third and fourth b-tagging discriminant-ranked jet for the (b) lepton+jets
channel. For clarity, the two-dimensional lepton + jets templates have been flattened into one
dimension. The ratios of total predictions before and after the fit to the data are shown in the
lower panel. The vertical bar in each ratio represents only the statistical uncertainty, and the grey
bands represent the total error including systematic uncertainties from experimental sources. The
extracted scale factors αb,αc,αl,αcl are given considering only statistical uncertainties.

Figure 4a shows the distributions of the templates before and after scaling the templates

by these scale factors.

In the lepton + jets channel, three free parameters, αb, αc and αl, are used in the

maximum-likelihood fit, such that the expected number of events in bin k is

νk(αb,αc,αl) = αbN
k
tt̄b + αcN

k
tt̄c + αlN

k
tt̄l +Nk

non-tt̄ . (7.1)

The best-fit values of the free parameters are αb = 1.11 ± 0.02, αc = 1.59 ± 0.06 and

αl = 0.962±0.003 where the quoted uncertainties are statistical only. Including systematic

uncertainties, the values of αb extracted in the eµ and lepton + jets channels are found

to be compatible at a level better than 1.5 standard deviations. Some of the dominant

common systematic uncertainties have small correlations between the two channels, while

the uncertainty in αb due to the modelling of the tt̄c template in the eµ channel, as discussed

in section 8.3 is uncorrelated between the two channels. Taking only this uncertainty as

uncorrelated, the values of αb extracted from the two channels are found be compatible

at a level better than 1.7 standard deviations. Figure 4b shows the distribution of the b-

tagging discriminant before and after the fit. For clarity, the two-dimensional lepton+ jets

templates are flattened into a single dimension. Figures 5 and 6 show the comparison of

data and predictions for the b-tagged jet multiplicity and the leading b-tagged jet pT in

the eµ and lepton + jets channels after the tt̄b signal, and the tt̄c and tt̄l backgrounds, are
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tt̄c < 3 b-jets and ≥ 1 c-jet < 3 b-jets and ≥ 2 c-jets
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Table 4. Event categorisation (for the definition of the MC templates) based on the particle-level
selections of b-jets, c-jets and light-flavour jets.

a b-jet. In order to separate this background from tt̄+c-jets events, events containing only

one particle-level c-jet are attributed to this background and grouped into a tt̄l class, while

those with two particle-level c-jets are placed into a tt̄c class, as summarised in table 4.

In this sample, 85% of the events with exactly one particle-level c-jet are found to contain

W → cs̄(c̄s) decays, according to tt̄ MC simulation. Templates are created for events in

the different categories described in table 4 using the b-tagging discriminant value of the

jet with the third-highest b-tagging discriminant in the eµ channel, and the two jets with

the third- and fourth-highest b-tagging discriminant values in the lepton + jets channel.

The discriminant values are divided into five b-tagging discriminant bins such that each

bin corresponds to a certain range of b-tagging efficiencies defined by the working points.

The bins range from 1 to 5, corresponding to efficiencies of 100%–85%, 85%–77%, 77%–

70%, 70%–60%, and < 60% respectively. In the eµ channel, one-dimensional templates

with three bins are formed corresponding to b-tagging efficiencies between 77% and 0% for

the jet with the third highest b-tagging discriminant value. In the lepton + jets channel,

two-dimensional templates are created using the b-tagging discriminant values of the two

jets with the third- and fourth-highest b-tagging discriminant values, corresponding to

b-tagging efficiencies between 100% and 0% for the two jets.

In both channels, one template is created from the sum of all backgrounds described in

section 6 and three templates are created from tt̄, tt̄V and tt̄H MC simulations, to account

for tt̄b, tt̄c and tt̄l events, as detailed in table 4. These templates are then fitted to the

data using a binned maximum-likelihood fit, with a Poisson likelihood

L(α⃗|x1, . . . , xn) =
n∏

k

e−νk(α⃗)νk(α⃗)xk

xk!
,

where xk is the number of events in bin k of the data template and νk(α⃗) is the expected

number of events, and depends upon a number of free parameters, α⃗.

In the eµ channel, two free parameters are used, such that the expected number of

events in bin k is

νk(αb,αcl) = αbN
k
tt̄b + αcl

(
Nk

tt̄c +Nk
tt̄l

)
+Nk

non-tt̄ ,

where Nk
tt̄b, N

k
tt̄c, N

k
tt̄l and Nk

non-tt̄ are the numbers of events in bin k of the tt̄b, tt̄c, tt̄l

and non-tt̄ background templates, respectively. The scale factors obtained from the fit are

αb = 1.37± 0.06 and αcl = 1.05± 0.04, where the quoted uncertainties are statistical only.
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tt+bb — template fit results
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Figure 4. The b-tagging distribution of the third-highest b-tagging discriminant-ranked jet for the
(a) eµ channel, and of the third and fourth b-tagging discriminant-ranked jet for the (b) lepton+jets
channel. For clarity, the two-dimensional lepton + jets templates have been flattened into one
dimension. The ratios of total predictions before and after the fit to the data are shown in the
lower panel. The vertical bar in each ratio represents only the statistical uncertainty, and the grey
bands represent the total error including systematic uncertainties from experimental sources. The
extracted scale factors αb,αc,αl,αcl are given considering only statistical uncertainties.

Figure 4a shows the distributions of the templates before and after scaling the templates

by these scale factors.

In the lepton + jets channel, three free parameters, αb, αc and αl, are used in the

maximum-likelihood fit, such that the expected number of events in bin k is

νk(αb,αc,αl) = αbN
k
tt̄b + αcN

k
tt̄c + αlN

k
tt̄l +Nk

non-tt̄ . (7.1)

The best-fit values of the free parameters are αb = 1.11 ± 0.02, αc = 1.59 ± 0.06 and

αl = 0.962±0.003 where the quoted uncertainties are statistical only. Including systematic

uncertainties, the values of αb extracted in the eµ and lepton + jets channels are found

to be compatible at a level better than 1.5 standard deviations. Some of the dominant

common systematic uncertainties have small correlations between the two channels, while

the uncertainty in αb due to the modelling of the tt̄c template in the eµ channel, as discussed

in section 8.3 is uncorrelated between the two channels. Taking only this uncertainty as

uncorrelated, the values of αb extracted from the two channels are found be compatible

at a level better than 1.7 standard deviations. Figure 4b shows the distribution of the b-

tagging discriminant before and after the fit. For clarity, the two-dimensional lepton+ jets

templates are flattened into a single dimension. Figures 5 and 6 show the comparison of

data and predictions for the b-tagged jet multiplicity and the leading b-tagged jet pT in

the eµ and lepton + jets channels after the tt̄b signal, and the tt̄c and tt̄l backgrounds, are
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tt̄bb̄: Fiducial cross-section results JHEP �� (����) ���
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Measured cross-sections generally slightly higher than predicted
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tt+bb — inclusive fiducial cross section results

• Generally exceed NLO predictions, but compatible within uncertainties
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Figure 10. Relative differential cross-sections as a function of (a) HT, (b) Hhad
T in events with at

least four b-jets in the lepton+jets channel compared with various MC generators. The tt̄H and tt̄V
contributions are subtracted from data. Four ratio panels are shown, the first three of which show
the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised
differential cross-sections from MadGraph5 aMC@NLO+Pythia 8 including (numerator) and
not including (denominator) the contributions from tt̄V and tt̄H production. Uncertainty bands
represent the statistical and total systematic uncertainties as described in section 8. Events with
HT (Hhad

T ) values outside the axis range are not included in the plot.
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Figure 11. Relative systematic uncertainties from various theoretical and experimental sources
for Hhad

T variable measured in the (a) eµ and (b) lepton + jets channels.

– 32 –

J
H
E
P
0
4
(
2
0
1
9
)
0
4
6

]
-1

 [
G

e
V

T
Hd

b
b

tt
σ

d  
b
b

tt
σ

1

4−10

3−10

2−10

Xtt
D

a
ta

-

M
C

0.6
0.8

1
1.2
1.4

Xtt
D

a
ta

-

M
C

0.6
0.8

1
1.2
1.4

 (4FS)bbttPowheg+Pythia8 

Powheg+Pythia8 (RadHi) Powheg+Pythia8 (RadLo)

Powheg+Pythia8

Xtt
D

a
ta

-

M
C

0.6
0.8

1
1.2
1.4 ttSherpa 2.2  (4FS)bbttSherpa 2.2 

 (5FS)bbttPowHel+Pythia8  (4FS)bbttPowHel+Pythia8 

 [GeV]TH

210×3 310 310×2

Q
C

D b
btt

σd
b

btt
σd  

b
btt

σ

Q
C

D b
btt

σ

0.9

1

1.1

MG5_aMC@NLO+Pythia8

ATLAS lepton+jets channel

-1=13 TeV, 36.1 fbs  4b≥ 6j, ≥

)H,V = X (XttData - 
Powheg+Pythia8
MG5_aMC@NLO+Pythia8
Powheg+Herwig7
Syst.
Stat.

(a)

]
-1

 [
G

e
V

Th
a
d

Hd
b
b

tt
σ

d  
b
b

tt
σ

1

4−10

3−10

2−10

Xtt
D

a
ta

-

M
C

0.6
0.8

1
1.2
1.4

Xtt
D

a
ta

-

M
C

0.6
0.8

1
1.2
1.4

 (4FS)bbttPowheg+Pythia8 

Powheg+Pythia8 (RadHi) Powheg+Pythia8 (RadLo)

Powheg+Pythia8

Xtt
D

a
ta

-

M
C

0.6
0.8

1
1.2
1.4 ttSherpa 2.2  (4FS)bbttSherpa 2.2 

 (5FS)bbttPowHel+Pythia8  (4FS)bbttPowHel+Pythia8 

 [GeV]T
hadH

210×2 310 310×2

Q
C

D b
btt

σd
b

btt
σd  

b
btt

σ

Q
C

D b
btt

σ

0.9

1

1.1

MG5_aMC@NLO+Pythia8

ATLAS lepton+jets channel

-1=13 TeV, 36.1 fbs  4b≥ 6j, ≥

)H,V = X (XttData - 
Powheg+Pythia8
MG5_aMC@NLO+Pythia8
Powheg+Herwig7
Syst.
Stat.

(b)

Figure 10. Relative differential cross-sections as a function of (a) HT, (b) Hhad
T in events with at

least four b-jets in the lepton+jets channel compared with various MC generators. The tt̄H and tt̄V
contributions are subtracted from data. Four ratio panels are shown, the first three of which show
the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised
differential cross-sections from MadGraph5 aMC@NLO+Pythia 8 including (numerator) and
not including (denominator) the contributions from tt̄V and tt̄H production. Uncertainty bands
represent the statistical and total systematic uncertainties as described in section 8. Events with
HT (Hhad

T ) values outside the axis range are not included in the plot.
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T variable measured in the (a) eµ and (b) lepton + jets channels.

– 32 –

tt̄bb̄: Di�erential cross-section results JHEP �� (����) ���

]-1
 [G

eV
T

dH
btt

σd  btt
σ

1

5−10

4−10

3−10

2−10

)V,H = X (XttData - 
Powheg+Pythia8
MG5_aMC@NLO+Pythia8
Powheg+Herwig7
Syst.
Stat.

ATLAS
-1=13 TeV, 36.1 fbs

 channelµe
-jetsb 3 ≥

Xtt
Da

ta
-

M
C

0.5
1

1.5

Xtt
Da

ta
-

M
C

0.5
1

1.5

Powheg+Pythia8

Powheg+Pythia8 (RadHi) Powheg+Pythia8 (RadLo)

 (4FS)bbttPowheg+Pythia8 

Xtt
Da

ta
-

M
C

0.5
1

1.5 ttSherpa 2.2  (4FS)bbttSherpa 2.2 

 (5FS)bbttPowHel+Pythia8  (4FS)bbttPowHel+Pythia8 

 [GeV]TH
200 300 400 1000 2000

Q
CD btt

σd
btt

σd  
btt

σQ
CD btt

σ

0.9
1

1.1

MG5_aMC@NLO+Pythia8

]-1
 [G

eV
T

Hd
bbtt

σd  
bbtt

σ
1

4−10

3−10

2−10

Xtt
Da

ta
-

M
C

0.6
0.8

1
1.2
1.4

Xtt
Da

ta
-

M
C

0.6
0.8

1
1.2
1.4

 (4FS)bbttPowheg+Pythia8 

Powheg+Pythia8 (RadHi) Powheg+Pythia8 (RadLo)

Powheg+Pythia8

Xtt
Da

ta
-

M
C

0.6
0.8

1
1.2
1.4 ttSherpa 2.2  (4FS)bbttSherpa 2.2 

 (5FS)bbttPowHel+Pythia8  (4FS)bbttPowHel+Pythia8 

 [GeV]TH
210×3 310 310×2

Q
CD bbtt

σd
bbtt

σd  bbtt
σ

Q
CD bbtt

σ

0.9
1

1.1

MG5_aMC@NLO+Pythia8

ATLAS lepton+jets channel
-1=13 TeV, 36.1 fbs  4b≥ 6j, ≥

)H,V = X (XttData - 
Powheg+Pythia8
MG5_aMC@NLO+Pythia8
Powheg+Herwig7
Syst.
Stat.

The shapes of distributions are generally well described

��

tt̄bb̄: Di�erential cross-section results JHEP �� (����) ���

]-1
 [G

eV
T

dH
btt

σd  btt
σ

1

5−10

4−10

3−10

2−10

)V,H = X (XttData - 
Powheg+Pythia8
MG5_aMC@NLO+Pythia8
Powheg+Herwig7
Syst.
Stat.

ATLAS
-1=13 TeV, 36.1 fbs

 channelµe
-jetsb 3 ≥

Xtt
Da

ta
-

M
C

0.5
1

1.5

Xtt
Da

ta
-

M
C

0.5
1

1.5

Powheg+Pythia8

Powheg+Pythia8 (RadHi) Powheg+Pythia8 (RadLo)

 (4FS)bbttPowheg+Pythia8 

Xtt
Da

ta
-

M
C

0.5
1

1.5 ttSherpa 2.2  (4FS)bbttSherpa 2.2 

 (5FS)bbttPowHel+Pythia8  (4FS)bbttPowHel+Pythia8 

 [GeV]TH
200 300 400 1000 2000

Q
CD btt

σd
btt

σd  
btt

σQ
CD btt

σ

0.9
1

1.1

MG5_aMC@NLO+Pythia8

]-1
 [G

eV
T

Hd
bbtt

σd  
bbtt

σ
1

4−10

3−10

2−10

Xtt
Da

ta
-

M
C

0.6
0.8

1
1.2
1.4

Xtt
Da

ta
-

M
C

0.6
0.8

1
1.2
1.4

 (4FS)bbttPowheg+Pythia8 

Powheg+Pythia8 (RadHi) Powheg+Pythia8 (RadLo)

Powheg+Pythia8

Xtt
Da

ta
-

M
C

0.6
0.8

1
1.2
1.4 ttSherpa 2.2  (4FS)bbttSherpa 2.2 

 (5FS)bbttPowHel+Pythia8  (4FS)bbttPowHel+Pythia8 

 [GeV]TH
210×3 310 310×2

Q
CD bbtt

σd
bbtt

σd  bbtt
σ

Q
CD bbtt

σ

0.9
1

1.1

MG5_aMC@NLO+Pythia8

ATLAS lepton+jets channel
-1=13 TeV, 36.1 fbs  4b≥ 6j, ≥

)H,V = X (XttData - 
Powheg+Pythia8
MG5_aMC@NLO+Pythia8
Powheg+Herwig7
Syst.
Stat.

The shapes of distributions are generally well described

��

tt+bb — differential cross section results
• Systematic modelling uncertainties dominate experimental uncertainties
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Summary

• The top quark is interesting and unique. The LHC is a top factory. 

• Provides a laboratory for testing theory predictions and     
performing high-precision measurements 

• Window into BSM physics, possible future directions 

• A significant part of ATLAS research programme 

• Lots of recent activity with interesting results (tt, tt+bb) 

• First double differential boosted top measurements probe the 
details of top kinematics 

• More data brings more results from 2017/18
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tt all-hadronic differential cross sections

• Both large-R jets contain an associated small-R b-tagged jet 

• Multijet background suppressed by top tagging algorithm: uses                                  
jet mass and τ32 (prefers 3-pronged jets) (Link to top tagging note) 

• Remaining background estimated using ABCD method with 16 regions
�22

tt̄ selections
All-hadronic boosted

t t

b

W q

q

b

Wq

q
= 0 leptons, � 2 top-tag

�R (ljet, bjet) < 1.0

pT > 500 GeV

|⌘| < 2.0

m = 172.5 ± 50 GeV

pT > 350 GeV

|⌘| < 2.0

m = 172.5 ± 50 GeV

I Both large-R jets contain an associated small-R b-jet

I Paper: presented at TOP2017, to be submitted to Phys. Rev. D very soon

I Unfolding to particle and parton levels

I Kick-o↵ meeting last Nov for � 80 fb�1 analysis

Adam Bozson (RHUL) Top Cross Sections ATLAS UK 5 Jan 18 8 / 17

Phys. Rev. D (2018) 98

mailto:adam.bozson@cern.ch
https://cds.cern.ch/record/2116351/files/ATL-PHYS-PUB-2015-053.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.012003
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ABCD(EFGHIJKLMNOS) method

• Used in all-hadronic analysis 

• Extends ABCD method to account for correlations in background-
dominated regions

�23

Phys. Rev. D (2018) 98

background is determined using a data-driven technique.
A similar method was used in previous work [22].
A POWHEG+PYTHIA8 tt̄ sample is used to estimate the

number of tt̄ events in the sample that arise from at least
one top quark decaying semileptonically. This includes
contributions from decays resulting in τ leptons, as no
attempt is made to identify τ lepton candidates and reject
them. The rate is estimated to be only ∼4% in the signal
region, primarily due to the top-tagging requirements.
However, this category of tt̄ events contributes to control
and validation regions where the top-tagging and/or
b-tagging requirements are relaxed. Thus, this MC pre-
diction is used to estimate this contamination. Single-
top-quark production in the Wt-channel makes a small
contribution to the signal sample, which is estimated using
the MC predictions described earlier. The t-channel single-
top-quark process is not included, but is partially accounted
for in the multijet background estimate.
The data-driven multijet background estimate is per-

formed using a set of control regions. Sixteen separate
regions are defined by classifying each event in the
preselection sample according to whether the leading and
second-leading jets are top-tagged or b-tagged. Table I
shows the 16 regions that are defined in this way, and
illustrates the proportion of expected tt̄ events in each
region relative to the observed rate. Region S is the signal
region, while the regions with no b-tags (A, C, E, and F)
and the regions with one b-tag and no top-tags (B and I) are
dominated by multijet backgrounds.
After subtracting the estimated contributions of the tt̄

signal and of the other background sources to each of the
control regions, the number of events in region J divided by
the number of events in region A gives an estimate of the
ratio of the number of multijet events in region S to the
number of multijet events in region O.

Thus one can use these relationships to estimate the
multijet background rate in region S, i.e., S ¼ O × J=A,
whereO, J and A are the number of observed events in each
region, while S is the estimate of the multijet background in
region S.
This “ABCD” estimate assumes that the mistagging

rate of the leading jet does not depend on how the
second-leading jet is tagged. This assumption is avoided
by measuring the correlations in background-dominated
regions, e.g., comparing the ratio of the numbers of events
in regions F and E (giving the leading jet top-tagging rate
when the second-leading jet is top-tagged) with the ratios
of events in regions C and A (giving the leading jet
top-tagging rate when the second leading jet is not top-
tagged). This results in a refined data-driven estimate of the
size of the multijet background given by

S ¼ J × O
A

·
D × A
B × C

·
G × A
E × I

·
F × A
E × C

·
H × A
B × I

¼ J × O × H × F ×D ×G × A3

ðB × E × C × IÞ2
; ð1Þ

where the region name is the number of observed events in
that region. The measured correlations in the tagging of
background jets result in an increase of ð12$ 3Þ% in
the background estimate compared with the estimate
assuming that the tagging rates are independent. This
estimate is also valid when a variable characterizing the
kinematics of the events in all the regions is further
restricted to range between specific values. This provides
a bin-by-bin data-driven background estimate with uncer-
tainties that come from the number of events in the regions
used in Eq. (1).
Regions L and N are estimated to consist of approx-

imately equal numbers of tt̄ signal events and multijet
background events. They are used as validation regions to
verify that the signal and background estimates are robust.
In these cases, the multijet background is estimated using
different combinations of control regions, namely N ¼
H ×D=B and L ¼ H ×G=I.
The number of multijet events in the signal region is

calculated by applying Eq. (1) to the number of events in
the control regions. This results in an estimate of 810$ 50
multijet events in the signal region, where the uncertainty
takes into account the statistical uncertainties as well as the
systematic uncertainties in the tt̄ signal subtraction.
There is good agreement in the validation regions

between the predicted and observed event yields, as well
as in the shape of distributions that are sensitive to the
proportion of tt̄ signal and multijet background. This is
illustrated in Fig. 1, which compares the large-R jet mass
distributions and the highest-pT subjet mass distribution of
the leading jets. A shift between the measured and
predicted jet mass distributions, shown in Figs. 1(a) and
1(b), is consistent with the uncertainties arising from the

TABLE I. Region labels and expected proportion of tt̄
events used for the data-driven background prediction of multijet
events. A top-quark tagged jet is defined by the tagging algorithm
described in the text, and denoted “1t” in the table, while a jet
that is not top-tagged is labeled “0t.” A b-match is defined as
ΔRðJ; bÞ < 1.0, where J represents a large-R jet and “b”
represents a b-tagged jet. The labels “1b” and “0b” represent
large-R jets that either have or do not have a b-match. Regions K,
L, N, and M have an expected contribution from sources
involving one or more top quarks of at least 15% of the observed
yield. In other regions, the expected contribution from signal and
backgrounds involving top quarks is less than 15% of the
observed event rate.

2nd large-R jet

1t1b J (7.6%) K (21%) L (42%) S
0t1b B (2.2%) D (5.8%) H (13%) N (47%)
1t0b E (0.7%) F (2.4%) G (6.4%) M (30%)
0t0b A (0.2%) C (0.8%) I (2.2%) O (11%)

0t0b 1t0b 0t1b 1t1b

Leading large-R jet

MEASUREMENTS OF tt̄ DIFFERENTIAL … PHYS. REV. D 98, 012003 (2018)

012003-5

Boosted top measurements with ATLAS

Multijet estimate in all-hadronic
• Use largely un-correlated b-tagging and top-tagging to 

estimate background: 

• Account for correlations: 

• Uncertainty from limited number of data events and 
subtraction of non-multijet events from control regions.
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tt all-hadronic differential cross sections — results

• Unfolded cross-section in particle level leading top pT and |rapidity|
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Figure 7: Normalized particle-level fiducial phase-space di↵erential cross-sections as a function of (a) transverse
momentum of the leading top-quark jet, (b) transverse momentum of the second-leading top-quark jet, (c) absolute
value of the rapidity of the leading top-quark jet and (d) absolute value of the rapidity of the second-leading top-
quark jet. The gray bands indicate the total uncertainty in the data in each bin. The vertical bars indicate the
statistical uncertainties in the theoretical models. The Powheg+Pythia8 event generator is used as the nominal
prediction. Data points are placed at the center of each bin.
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Figure 7: Normalized particle-level fiducial phase-space di↵erential cross-sections as a function of (a) transverse
momentum of the leading top-quark jet, (b) transverse momentum of the second-leading top-quark jet, (c) absolute
value of the rapidity of the leading top-quark jet and (d) absolute value of the rapidity of the second-leading top-
quark jet. The gray bands indicate the total uncertainty in the data in each bin. The vertical bars indicate the
statistical uncertainties in the theoretical models. The Powheg+Pythia8 event generator is used as the nominal
prediction. Data points are placed at the center of each bin.
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tt all-hadronic differential cross sections — results

• Unfolded cross-section in particle level tt system pT and invariant mass
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Figure 8: Normalized particle-level fiducial phase-space di↵erential cross-sections as a function of (a) transverse
momentum, (b) invariant mass and (c) absolute value of the rapidity of the tt̄ system. The gray bands indicate the
total uncertainty in the data in each bin. The vertical bars indicate the statistical uncertainties in the theoretical
models. The Powheg+Pythia8 event generator is used as the nominal prediction. Data points are placed at the
center of each bin.
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Figure 8: Normalized particle-level fiducial phase-space di↵erential cross-sections as a function of (a) transverse
momentum, (b) invariant mass and (c) absolute value of the rapidity of the tt̄ system. The gray bands indicate the
total uncertainty in the data in each bin. The vertical bars indicate the statistical uncertainties in the theoretical
models. The Powheg+Pythia8 event generator is used as the nominal prediction. Data points are placed at the
center of each bin.
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tt + additional jets (eμ+jets channel)

• Channel (2 b-tags) gives a pure sample of tt 

• Generally more jets in data than predicted by Powheg+Pythia6
�26

eµ+jets Eur. Phys. J. C (����) ��

• Analysis performed
using the eµ channel,
requiring two b-tagged
jets (very pure sample
of t̄t events)

• A general trend of more
additional jets in data
than predicted (from
POWHEG+PYTHIA�)

• Data are unfolded and
compare with more
predictions
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requiring two b-tagged
jets (very pure sample
of t̄t events)

• A general trend of more
additional jets in data
than predicted (from
POWHEG+PYTHIA�)

• Data are unfolded and
compare with more
predictions
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• Analysis performed
using the eµ channel,
requiring two b-tagged
jets (very pure sample
of t̄t events)

• A general trend of more
additional jets in data
than predicted (from
POWHEG+PYTHIA�)

• Data are unfolded and
compare with more
predictions
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tt + additional jets (l+jets channel)

• Differential cross-sections in n-jet regions. e.g. hadronic top pT 

• Slope in pT: top is softer than predicted (most evident in =4 jets)
�27
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• Data are unfolded and compared to multiple predictions

• Slope most evident in = � jet events

• As in the eµ channel, the POWHEG+PYTHIA� prediction is generally
better than the POWHEG+PYTHIA� prediction
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• Data are unfolded and compared to multiple predictions

• Slope most evident in = � jet events

• As in the eµ channel, the POWHEG+PYTHIA� prediction is generally
better than the POWHEG+PYTHIA� prediction
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• Data are unfolded and compared to multiple predictions

• Slope most evident in = � jet events

• As in the eµ channel, the POWHEG+PYTHIA� prediction is generally
better than the POWHEG+PYTHIA� prediction
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Boosted tt l+jets — uncertainties 

�28

 [GeV]t,had
T

p
400 600 800 1000 1200 1400 1600 1800 2000

Fr
ac

tio
na

l U
nc

er
ta

in
ty

 [%
]

60−

40−

20−

0

20

40

60

Stat.+Syst. Unc. Stat. Unc.
JES/JER Flavour Tagging

T
missLepton, E Backgrounds

Rad., PDF, MC Stat. Hadronisation
Generator

ATLASPreliminary
-1 = 13 TeV, 36.1 fbs

Boosted

Fiducial phase-space
Normalised cross-section

 [GeV]t
T

p
400 600 800 1000 1200 1400 1600 1800 2000

Fr
ac

tio
na

l U
nc

er
ta

in
ty

 [%
]

100−

50−

0

50

100

Stat.+Syst. Unc. Stat. Unc.
JES/JER Flavour Tagging

T
missLepton, E Backgrounds

Rad., PDF, MC Stat. Hadronisation
Generator

ATLASPreliminary
-1 = 13 TeV, 36.1 fbs

Boosted

Full phase-space
Normalised cross-section

• Main sources: JES, tt modelling, b-tagging, backgrounds
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Boosted tt l+jets — double differential cross-section 
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• Double differential cross section in mtt vs top pT at parton level
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PDF fits

• Goal: fit ATLAS W, Z/ɣ* cross sections 

(7 TeV), tt pT+mtt+ytt distributions (8 
TeV), HERA e±p DIS data to produce 
new PDF set ATLASepWZtop18 

• Use full correlation information to 
perform simultaneous fit — increases 
impact of tt data 

• After including tt data gluon PDF is 
slightly harder, lower uncertainty at 
high x
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Figure 9: The gluon and valence PDFs from fitting HERA data, ATLAS W, Z/�⇤ boson data plus the tt̄ dilepton ytt
data and the tt̄ lepton+jets mtt and p

t
T data, compared to the fit to HERA and ATLAS W, Z/�⇤ boson data alone,

including uncertainties from model and parameterisation choices.

in the fit formalism. The model uncertainty includes e�ects due to variations of the charm (1.37 < mc <
1.49 GeV) and beauty (4.25 < mb < 4.75 GeV) quark masses, of the minimum Q

2 cut value on the HERA
data (7.5 < Q

2
min < 12.5 GeV2) and the value of the starting scale (1.6 < Q

2
0 < 2.2 GeV2). The variation

of the heavy quark masses follows the HERAPDF2.0 analysis [2] and is restricted by experimental data
on heavy quark production in deep-inelastic scattering. The variations of mc and Q

2
0 also follow the

HERAPDF2.0 analysis, note that they are coupled since the requirement Q
2
0 < m

2
c must be met. The

parameterisation uncertainty corresponds to the envelope of the results obtained with extra parameters Di,
Ei, Fi added in the functions Pi, in Eq. 1. This can result in somewhat di�erent parton distributions with
similar �2 as for the nominal fit. The parameterisation variation from relaxing the assumption Bs̄ = Bd̄

is also considered. Significant parameterisation variations are the addition of the Dg term to the gluon,
as already considered in Section 5.2, and freeing Bs̄. The addition of both Eg and Fg terms to the gluon
does not bring any additional gluon shape modification. Fig. 9 shows the gluon and valence distributions
with model and parameterisation uncertainties and Fig. 10 focuses on the uncertainties for the gluon and
sea distributions.
An additional model uncertainty comes from the assumed value of the top-quark mass, mt = 173.3 GeV,
this is varied by +1.7/� 1.0 GeV, following reference [33] 2. Changing the top-quark mass has very little

2 FastNLO tables for the mass variation are obtained from the authors.
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Figure 10: The gluon and sea PDFs from fitting HERA data, ATLAS W, Z/�⇤ boson data plus the tt̄ dilepton ytt
data and the tt̄ lepton+jets mtt and p

t
T data, compared to the fit to HERA and ATLAS W, Z/�⇤ boson data alone,

including uncertainties from model and parameterisation choices. The ratio plots underneath the main distributions
show the fractional uncertainties of the PDFs due to various sources. The full line in these ratio plots shows the
ratio of the gluon PDF fitted to HERA data and ATLAS W, Z/�⇤ boson data to the gluon PDF extracted from the
new ATLASepWZtop18 fit to the HERA data, ATLAS W, Z/�⇤ boson data plus the tt̄ dilepton ytt data and the tt̄

lepton+jets mtt and p
t
T data. Note this ratio is taken the other way up in comparison to the previous plots since the

ATLASepWZtop18 fit is now considered as the main fit.
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PDF fits

• Goal: fit ATLAS W, Z/ɣ* cross sections 

(7 TeV), tt pT+mtt+ytt distributions (8 
TeV), HERA e±p DIS data to produce 
new PDF set ATLASepWZtop18 

• Use full correlation information to 
perform simultaneous fit — increases 
impact of tt data 

• After including tt data gluon PDF is 
slightly harder, lower uncertainty at 
high x
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