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Physics
Going	differential!

• LHC	is	a	top	quark	factory:	at	13	TeV	about	2	tops	every	second!	

• plenty	of	statistics	to	make	precision	measurements	

• Studying	top	production	is	crucial	to	the	LHC	programme:		

• 	Detailed	measurements	of	QCD,	EWK	

• 	Probe	couplings	to	Higgs,	W,	Z,	γ	

• 	3rd	generation	models	within	BSM	

• 	Significant	background	to	searches	and	Higgs	

• Looking	at	differential	distributions	of	tt	production	also	allows	to…	

• be	sensitive	to	new	physics	that	would	not	modify	the	inclusive	tt	cross-section	

• including	in	a	model-independent	way	with	Effective	Field	Theory	

• stringent	test	of	NNLO	QCD	calculations	

• improves	the	simulation	to	tt	production:	PDF,	MC	tuning,	etc.
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Physics
Top	anti-top	quark	production

x qq vs gg cross section ± scales ± pdf
Tev 1.96 TeV 0.18 90% vs 10% 7.164 pb ~2% ~2%
LHC 7 TeV 0.048 15% vs 85% 172.0 pb ~3% ~3%
LHC 8 TeV 0.043 12% vs 88% 245.8 pb ~3% ~2.5%
LHC 14 TeV 0.025 10% vs 90% 953.6 pb ~3% ~2%

1303.6254NNLO+NNLL

mt=173.3	GeV,	MSTW2008nnlo68cl	

�3

1303.6254

3

PP → tt-+X(8TeV)
mt=173.3 GeV
MSTW2008
µF,R/mt∈{0.5,1,2}

Czakon, Heymes, Mitov (2015)
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FIG. 3: Top-antitop pT distribution in LO, NLO and NNLO
QCD. Error bands from scale variation only.

variation has not been included in these results (or in any
other results shown in this Letter). For clarity, in Figs. 1
and 2 the scale variation is only shown for the NNLO
correction. When computing various perturbative orders
we always use PDFs of matching order.

No overflow events are included in any of the bins
shown in this Letter. The normalizations of the distri-
butions in Figs. 1 and 2 are derived in such a way that
the integral over the bins shown in these figures yields
unity. Because of a slight difference in the bins, we note
a small mismatch with respect to the measurements we
compare to: for the top-quark pT distribution CMS has
one additional bin 400GeV < pT < 500GeV (not shown
in Fig. 1). This bin contributes only around 4 per mil
to the normalization of the data and we neglect it in the
comparison. The yt distribution computed by us extends
to |yt| < 2.6. This last bin differs slightly from the cor-
responding CMS bin which extends to |yt| < 2.5. This
mismatch is shown explicitly in Fig. 2.

We observe that the inclusion of NNLO QCD correc-
tions in the pT,t distribution brings SM predictions closer
to CMS data in all bins. In fact the two agree within er-
rors in all bins but one (recall that the PDF error has not
been included in Fig. 2). The case of the yt distribution
is more intriguing; we observe in Fig. 2 that the NNLO
and NLO central values are essentially identical in the
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FIG. 4: As in Fig. 3 but for the top pair invariant mass.

whole rapidity range (this is partly related to the size of
the bins). Given the size of the data error, it does not
appear that there is any notable tension between NNLO
QCD and data. The apparent stability of this distri-
bution with respect to NNLO radiative corrections will
clearly make comparisons with future high-precision data
very interesting.
We do not compare with the CMS data for the mtt̄

and ytt̄ distributions since the mismatch in binning is
more significant. Instead, in Figs. 4 and 5 we present
the NNLO predictions for the absolute normalizations
of these distributions. We stress that the bin sizes we
present are significantly smaller than the ones in the ex-
isting experimental publications. This should make it
possible to use our results in a variety of future experi-
mental and theoretical analyses. For this reason, in Fig. 3
we also present the absolute prediction for the top-quark
pT distribution with much finer binning compared to the
one in Fig. 1.
In Figs. 3,4, and 5 we show the scale variation for each

computed perturbative order, together with the NLO and
NNLO K factors. In all cases one observes a consistent
reduction in scale variation with successive perturbative
orders. Importantly, we also conclude that our scale vari-
ation procedure is reliable, since NNLO QCD corrections
are typically contained within the NLO error bands (and
to a lesser degree for NLO with respect to LO). We also
notice that the NNLO corrections do not affect the shape
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Physics
How	the	top	quark	decays

(not inc. τ) BR background
dilepton ~5% low
lepton + jets ~30% moderate
all hadronic ~44% high

Jets

Leptons

b-jets

ET
missing
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Physics
From	experiment...

Jets

Leptons

b-jets

ET
missing

Weight: 
7000 t 44 m 

22 m 

~108 channels (~2 MB/event)!
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Physics
...	to	theory...

PDF: Parton Distribution Function

ISR: Initial State Radiation

FSR: Final State Radiation

Multiple Parton Interaction
Underlying Event

Hadronisation

Hard scatter

Parton Showering

QED bremsstrahlung
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Physics
...	connecting	the	two:

Theory

parton-level	
full	phase	space

Experiment

detector-level	
fiducial	phase	space

Monte	Carlo

particle-level	
HepData

detector	to	parton	unfolding

detector	to	particle	unfoldingparton	to	particle

Theorists	can	use	data	with	
new	models	

Ensures	longevity	and	proper	
exchange	of	results	

Rivet	routines

Fiducial	measurements	reduce	
uncertainties	due	to	extrapolations
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Physics
Particle-level	objects

γ!

l!

Charged	leptons	(not	from	hadrons)	are	dressed	with	
the	energy	from	nearby	photons

K"

π"µ"
ν"

Jets	are	clustered	from	stable	MC	
particles	using	anti-kt	algorithm

ETMiss	calculated	from	the	sum	of	all	other	
neutrinos

b-jets	defined	by	a	jet	containing	a	b-quark	hadron	

π
K

p

π
π

B

�8

ATLAS	and	CMS	
differ	in	detailed	

definitions



Physics
Differential	tt	cross	section	at	8	TeV
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Improvements	seen:	use	NNLO	calculations	or	use	Herwig	6



Physics
Differential	tt	σ	at	13	TeV:	dilepton	channel

�10

t t
W

b

e±

⌫

W

µ⌥

⌫

b

= 1 electron, = 1 muon

� 2 jet, � 1 b-jet

Solution found for ⌫ weight

[1]
Solution found for ⌫ weight

[1]

pT > 25 GeV

|⌘| < 2.5

pT > 25 GeV

|⌘| < 2.5
pT > 25 GeV

|⌘| < 2.5

pT > 25 GeV

|⌘| < 2.47

2

EPJC	77	(2017)	220

No	Top	reconstruction	
unfolding	done	to	particle-level	in	a	fiducial	volume



Physics
Differential	tt	σ	at	13	TeV:	dilepton	channel
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✅
❌

✅

✅
❌

❌

❌

Matching	between	
parton	shower	and	
matrix	element	
calculation	is	important

EPJC	77	(2017)	220



Physics
Differential	tt	σ	at	13	TeV:	dilepton	channel
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t t
W

b

e±

⌫

W

µ⌥

⌫

b

= 1 electron, = 1 muon

� 2 jet, � 1 b-jet

Solution found for ⌫ weight

[1]
Solution found for ⌫ weight

[1]

pT > 25 GeV

|⌘| < 2.5

pT > 25 GeV

|⌘| < 2.5
pT > 25 GeV

|⌘| < 2.5

pT > 25 GeV

|⌘| < 2.47

EPJC	77	(2017)	299

Top	reconstruction	using	neutrino	weighting	technique	
unfolding	done	to	particle-level	in	a	fiducial	volume



Physics
Differential	tt	σ	at	13	TeV:	dilepton	channel

�13

Data	are	consistent	with	NLO	generators	matched	to	Parton	Shower	simulations	
Powheg-Box	+	Herwig++	deviates	from	data	in	top	quark	pT	and	tt	invariant	mass

EPJC	77	(2017)	299



Physics
Differential	tt	σ	at	13	TeV:	l+jets	channel
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t t
W

b

q

q

W

`

⌫

b

= 1 lepton

� 4 R=0.4 jet, � 2 b-jet

No explicit requirement

pT > 25 GeV

|⌘| < 2.5

pT > 25 GeV

|⌘| < 2.5
pT > 25 GeV

|⌘| < 2.5

pT > 25 GeV

|⌘| < 2.5

pT > 25 GeV

|⌘| < 2.5

ATLAS-CONF-2016-040

Pseudo-Top	reconstruction	
unfolding	done	to	particle-
level	in	a	fiducial	volume

Leptonic	top	 Hadronic	top	

Find	2	non-b-tagged	
jets	closest	to	MW

Neutrino	pZ	from	MW	constraint



Physics
Differential	tt	σ	at	13	TeV:	l+jets	channel

�15

• None	of	the	predictions	is	able	to	correctly	describe	all	of	the	
distributions	

• hadronic	pT:	tension	with	data	for	all	predictions	
• tt	pT:	aMC@NLO+Herwig++	doesn't	show	good	agreement	
with	data	

• m(tt):	Powheg+Pythia7/8	show	good	agreement	with	data

ATLAS-CONF-2016-040



Physics
Boosted	top	quarks!

�16

Large	R	(1.0)	jet	containing	3	small	R	(0.4)	jets,	pT	=	600	GeV,	m	=	180	GeV



Physics
Differential	tt	σ	at	13	TeV:	boosted	l+jets	
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t t

b

W q

q

W

`

⌫

b

�R < 2.0

�R > 1.5

��(`, thad) > 1.0

= 1 lepton

� 1 R=1.0 jet, � 1 top tag, � 1 R=0.4 jet, � 1 b-jet

Emiss

T + mW
T > 60 GeV

Emiss

T > 20 GeV

pT > 25 GeV

|⌘| < 2.5

pT > 25 GeV

|⌘| < 2.5

pT > 300 GeV

|⌘| < 2.0

Large	R	jet:	trimming	used	
Top	Tagging	(ε	=	80%):	N-
subjettiness	shape	variable	

used	
unfolding	done	to	particle-
level	in	a	fiducial	volume

ATLAS-PHYS-PUB-2015-053

ATLAS-CONF-2016-040



Physics
Differential	tt	σ	at	13	TeV:	boosted	l+jets	

�18 ATLAS-CONF-2016-040



Physics
Differential	tt	σ	at	13	TeV:	boosted	l+jets	

�19 ATLAS-CONF-2016-040

Similar	conclusions	from	resolved	topology:	at	high	hadronic	top	pT	
some	tension	between	predictions	and	data	



Physics
Differential	tt	σ	at	13	TeV:	boosted	all	had	
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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

ATLAS-CONF-2016-100

Large	R	jet:	trimming	used	
Top	Tagging	(ε	=	50%):	N-
subjettiness	shape	variable	

used	
Multijet	backgrounds	

estimated	from	data-driven	
method	

unfolding	done	to	particle-
level	in	a	fiducial	volume



Physics
Differential	tt	σ	at	13	TeV:	boosted	all	had	

�21

denoted “PWG” in the figures, is employed with two di↵erent parton shower models, Pythia6 [26], and
Herwig++ [30]. SM predictions using the NLO generator Madgraph5_aMC@NLO [29] interfaced with
the Herwig++ and Pythia8 parton shower models are also compared.

The di↵erential cross-section as a function of top-quark pT falls rapidly, as predicted by the SM. This
analysis is sensitive to top quarks produced with pT up to approximately 1 TeV. The top quarks are
produced with a slowly falling rapidity distribution. The tt̄ system is centrally produced with modest
pT and the mtt̄ distribution falls smoothly, in good agreement with the SM predictions up to 2 TeV. The
angular and kinematic variables that have sensitivity to various beyond-the-Standard-Model processes,
such as �tt̄ and ptt̄

out, are in good agreement with the SM predictions.

6.5 Fiducial phase-space total cross-section

The cross-section of tt̄ production in the fiducial phase-space defined in this analysis is determined using
the same methodology employed to obtain the unfolded di↵erential cross-sections, with the exception
that all events are grouped into a single bin. The resulting fiducial phase-space total cross-section is

�fid = 374 ± 13 (stat)+111
�92 (syst) fb. (3)

The systematic uncertainties for this measurement are summarized in Table 3. This result is verified by
estimating the fiducial phase-space cross-section, �fid, using the background-subtracted event yield and
the average acceptance and e�ciency for the event selection.

This result is in good agreement with the Powheg +Pythia6 prediction of 392 fb, which has been normal-
ized to the NNLO+NNLL total tt̄ cross-section.

15

vs	392	'	from	Powheg+Pythia	6	
(inclusive	xs	has	been	
renormalized	to	the	NNLO
+NNLL	prediction)

Good	agreement	between	predictions	and	data

ATLAS-CONF-2016-100



Physics
Differential	tt	σ	at	13	TeV:	boosted	all	had	

�22

The	boosted	all	hadronic	top	quarks	topology	is	similar	to	dijet	
measurements	done	at	high	transverse	momentum	

Observables	sensitive	to	the	extra	radiation	present	alongside	
the	tt	system	are	obtained	and	show	good	agreement	
between	predictions	and	data

ATLAS-CONF-2016-100



Physics
Conclusions

• 8	TeV	Differential	measurements	were	used	for	
MC	tuning	within	ATLAS	and	are	currently	being	
used	for	PDF	fitting	and	EFT	interpretation	

• 13	TeV	results	shown	all	unfolded	to	particle-level	
in	a	fiducial	phase-space	

• Results	are	dominated	by	systematic	
uncertainties,	especially	signal	modelling	ones	

• importance	of	those	results	for	tuning	MC!	

• First	measurement	of	all	hadronic	boosted	top	
quark	pairs	

• Uncertainties	are	close	to	offering	
discrimination	of	predictions	

• Effort	currently	underway	to	use	full	2015+2016	
dataset	and	unfold	to	parton	level

�23
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Figure 5: Same as Fig. 4 for the HERAPDF2.0 and ABM12 PDF sets.

ytt̄ measurements with the corresponding NNLO predictions obtained using NNPDF3.0, CT14
and MMHT14. Interestingly, unlike the cases of the ptT and yt distributions, the ATLAS and
CMS ytt̄ measurements are now in good agreement, both at the level of absolute and normalized
distributions, both in the central and forward regions. As we will show, this has the important
consequence that ytt̄ is the only distribution that can be satisfactorily described when ATLAS
and CMS datasets are included together in the same fit. Both for the absolute and the normalized
distributions, the theory predictions for ytt̄ with the three PDF sets in Fig. 8 are consistent at
the one-sigma level (in units of the PDF uncertainty), and are also in reasonable agreement
with the experimental data. As in the case of the yt distribution, for forward rapidities the PDF
uncertainties from NNPDF3.0 are larger than those of the other two sets.

In Fig. 9 we show the corresponding comparison for the ytt̄ distributions, finding a similar
trend as in the yt case in Fig. 7. For the absolute distribution, HERAPDF2.0 is somewhat
lower than NNPDF3.0 (though in agreement at the one-sigma level) and ABM12 is lower by an
amount between 15% and 30% depending on the specific bin. In the normalized distribution,
ABM12 overshoots the predictions of the other two PDF sets and the data for central rapidities
and undershoots them in the forward region.

Finally we consider the di↵erential distribution in the invariant mass of the top-antitop pair,
mtt̄. An accurate theoretical and experimental understanding of this distribution is crucial in
many searches for BSM physics, where new states couple to top quarks. A prime example would
be the case of heavy resonances that decay into a tt̄ pair. Such decays would appear in the data
as an excess in the invariant mass distribution [70,73–75].

In Fig. 10 we show the NNLO predictions for the invariant mass distribution of the top-
antitop pair, mtt̄, using NNPDF3.0, CT14 and MMHT14. The first thing to note is the di↵erence
between the ATLAS and CMS measurements, especially in the absolute distribution and for
intermediate values of mtt̄. The di↵erence in the size of the overall experimental uncertainties is
also significant. For instance, despite being based on the same integrated luminosity, the ATLAS

11
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Physics
Differential	variables
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