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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	

• with	2015/16	dataset:	1.1M	tt	events	and	45k	tt	events	with	a	boosted	top!	(ATLAS	l+jets)	

• 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.

�2



Physics
Top	production	and	decay
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The Analyses

Dilepton: 2 of these
Reconstruct tt̄ system with neutrino weighting
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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!
Michael Fenton Di↵erential Top Cross-section and tt̄+X Measurements at ATLAS May 8th, 2018 8 / 18
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Top	production	and	decay
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Physics

Long	history	of	top	differential	measurements

• Outline	

• Unfolding	

• Event	selection	&	reconstruction	

• Extracting	the	differential	cross-section	measurements	

• Systematic	Uncertainties	

• Results	&	interpretation
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Physics
Unfolding	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...
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PDF: Parton Distribution Function

ISR: Initial State Radiation

FSR: Final State Radiation

Multiple Parton Interaction
Underlying Event

Hadronisation

Hard scatter

Parton Showering

QED bremsstrahlung



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

PTMiss	calculated	from	the	sum	of	all	
neutrinos

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

π
K

p

π
π

B
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ATLAS	and	CMS	
differ	in	detailed	

definitions
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Event	Selection	&	Reconstruction
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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

Particle:	Pseudo-Top	reconstruction	

Leptonic	top	 Hadronic	top	

Find	2	non-b-tagged	
jets	closest	to	MW

Neutrino	pZ	from	MW	constraint

ATLAS	l+jets	resolved

27

Leptonic	top:	closest	leptonic	W	and	b-jet

Hadronic	top:	hadronic	W	and	other	b-jet

Parton:	Kinematic	Likelihood	Fitter	reconstruction	
BW	distributions	and	transfer	functions	

best	4	out	of	5	jet	permutations	
Log	L	>	-52	

Events	must	not	
satisfy	boosted	

selection

b-tagged	jets:	2	highest	pT	ones



Physics
Event	Selection	&	Reconstruction
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�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

Trimming:	remove	small-R	
jets	with	pT	<	5%	of	
reclustered	R=1.0	jet	

Top-tagging:	60%	efficiency	

ATLAS	l+jets	boosted

27 350

Reclustered	R=1.0	jet

Top	tag:		
120	GeV	<	mjet	<	220	GeV

Leptonic	top	 Hadronic	top	

from either the leptonic 
top or within reclustered 
R=1.0 jet

Parton	unfolding	into	fiducial	
phase-space:	one	of	the	top	

quark	has	pT	>	350	GeV	
<	2%	of	full	phase-space
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Event	Selection	&	Reconstruction
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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

Sample 2015 2016
Event counts N1 N2 N1 N2
Data 14239 8351 133977 75853
Wt single top 1329 ± 92 261 ± 86 12490 ± 870 2430 ± 810
Z(! ⌧⌧ ! eµ)+jets 123 ± 15 7 ± 2 910 ± 110 37 ± 9
Diboson 42 ± 5 1 ± 0 481 ± 58 21 ± 7
Misidentified leptons 164 ± 54 58 ± 37 1720 ± 520 670 ± 390
Total background 1660 ± 110 327 ± 94 15600 ± 1000 3160 ± 890

Table 1: Observed numbers of opposite-sign eµ events with one (N1) and two (N2) b-tagged jets in 2015 and 2016
data, together with the estimates of backgrounds and associated uncertainties described in Section 5. Uncertainties
shown as zero are less than 0.5 events.

The inclusive cross-section was determined separately from the 2015 and 2016 datasets, and the results were
combined, taking into account correlations in the systematic uncertainties. As the systematic uncertainties
are much larger than the statistical uncertainties, and not fully correlated between the two samples (true in
particular for the uncertainty in the integrated luminosity), this procedure gives a smaller overall uncertainty
than treating the 2015–16 data as a single sample. The selection e�ciency ✏eµ is about 10 % lower in the
2016 data with respect to the 2015 data, due to the lower lepton identification e�ciencies necessitated by
the higher pileup conditions, and the higher-pT trigger thresholds.

4.2 Di�erential cross-sections

The di�erential cross-sections as functions of the lepton and dilepton variables defined in Section 1 were
measured using an extension of Eqs. (1), by counting the number of leptons or events with one (N i

1) or two
(N i

2) b-tagged jets where the lepton(s) fall in bin i of a di�erential distribution at reconstruction level. For
the single-lepton distributions p

`
T and |⌘` |, there are two counts per event, in the two bins corresponding to

the electron and muon. For the dilepton distributions, each event contributes a single count corresponding
to the bin in which the appropriate dilepton variable falls. For each bin of each di�erential distribution,
these counts satisfy the tagging equations:

N
i
1 = L�i

t t̄
G

i
eµ2✏ ib(1 � C

i
b✏

i
b) + N

i,bkg
1 ,

N
i
2 = L�i

t t̄
G

i
eµC

i
b(✏

i
b)

2 + N
i,bkg
2 ,

(2)

where �i
t t̄

is the absolute fiducial di�erential cross-section in bin i. The reconstruction e�ciency G
i
eµ

represents the ratio of the number of reconstructed eµ events (or leptons for p
`
T and |⌘` |) in bin i defined

using the reconstructed lepton(s), to the number of true eµ events (or leptons) in the same bin i at particle
level, evaluated using tt̄ simulation. The true electron and muon were required to have pT > 20 GeV and
|⌘ | < 2.5, but no requirements were made on reconstructed or particle-level jets. The e�ciency G

i
eµ

corrects for both the lepton reconstruction e�ciency and for the e�ects of event migration, where events in
bin j at particle level appear in a di�erent bin i , j at reconstruction level. The integral of any dilepton
di�erential cross-section is equal to the fiducial cross-section �fid

t t̄
defined in Section 4.1, and the integrals

of the single-lepton p
`
T and |⌘` | distributions are equal to 2�fid

t t̄
. The correlation coe�cient C

i
b depends on

the event counts in bin i analogously to the inclusive Cb appearing in Eqs. (1). The values of G
i
eµ were

taken from tt̄ simulation, and are generally around 0.5–0.6. The corresponding values of C
i
b are always

within 1–2 % of unity, even at the edges of the di�erential distribution. The background term N
i,bkg
1 varies
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pT>20	GeV	25	(20)	GeV

|η|<2.5	2.4

pT>20	GeV	25	(20)	GeV

|η|<2.5	2.4eμ	
ee,	μμ,	eμ

pT>25	GeV	30	GeV

|η|<2.5	2.4

pT>25	GeV	30	GeV

|η|<2.5	2.4

70%	80-90% 70%	80-90%

Dilepton

CMS:	
m(ll)>	20	GeV	
|mZ-m(ll)|	>	15	GeV	
pTmiss	>	40	GeV	

ATLAS:

Reconstruction:	
2	neutrinos:	solution	with	smallest	m(� )	
kinematic	smearing	done	and	solutions	
ranked	based	on	presence	of	b-jets	
90%	kinematic	reconstruction	eff	
Fot	� 	system:	“loose	reco”	

tt̄

tt̄



Physics
Measuring	differential	cross-section	

• ATLAS	DIL:	bin-by-bin	correction	factor	

• ATLAS	L+jets:	Iterative	Bayesian	from	RooUnfold	
(Expectation	Maximization	from	D’Agostini)	

• CMS	DIL	TOP-2018-004	:	TUnfold	and	Tickonov	
regularisation	

• CMS	DIL	TOP-2018-006:	TUnfold	(incl.	regularisation)
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8 Cross-section extraction

The underlying di�erential cross-section distributions are obtained from the detector-level events using an
unfolding technique that corrects for detector e�ects. The iterative Bayesian method [111] as implemented
in RooUnfold [112] is used.

Once the detector-level distributions are unfolded, the single- and double-di�erential cross-sections are
extracted using the following equations:

d�
dXi

⌘
1

L · �Xi
· Nunf

i

d2�

dXidYj
⌘

1
L · �Xi�Yj

· Nunf
i j

where the index i ( j) iterates over bins of X (Y ) at generator level, �Xi (�Yj) is the bin width, L is the
integrated luminosity and Nunf represents the unfolded distribution, obtained as described in the following
sections. Overflow and underflow events are never considered when evaluating Nunf , with the exception of
the distributions as a function of jet multiplicities.

The unfolding procedure described in the following is applied to both the single- and double-di�erential
distributions, the only di�erence being the creation of concatenated distributions in the double-di�erential
case. In particular, Nunf is derived by introducing a new vector of size m =

ÕnX
i=1 nY,i, where nX is the

number of bins of the variable X and nY,i is the number of bins of the variable Y in the i-th bin of the variable
X . The vector is constructed by concatenating all the bins of the original two-dimensional distribution.

The total cross-section is obtained by integrating the unfolded di�erential cross-section over the kinematic
bins, and its value is used to compute the normalised di�erential cross-section 1/� · d�/dX i.

8.1 Particle level in the fiducial phase-space

The unfolding procedure aimed to evaluate the particle-level distributions starts from the detector-level
event distribution (Ndetector), from which the expected number of background events (Nbkg) is subtracted.
Next, the bin-wise acceptance correction facc, defined as

facc =
Nparticle^detector

Ndetector
,

with Nparticle^detector being the number of detector-level events that satisfy the particle-level selection,
corrects for events that are generated outside the fiducial phase-space but satisfy the detector-level
selection.

In the resolved topology, to separate resolution and combinatorial e�ects, distributions evaluated using a
MC simulation are corrected to the level where detector- and particle-level objects forming the pseudo-top
quarks are angularly well matched. The matching is performed using geometrical criteria based on the
distance �R. Each particle-level e (µ) is required to be matched to the detector-level e (µ) within �R = 0.02.
Particle-level jets forming the particle-level hadronic top are required to be matched to the jets from
the detector-level hadronic top within �R = 0.4. The same procedure is applied to the particle- and
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detector-level b-jet from the leptonically decaying top quark. If a detector-level jet is not matched to a
particle-level jet, it is assumed to be either from pile-up or from matching ine�ciency and is ignored.
If two jets are reconstructed with a �R < 0.4 from a single particle-level jet, the detector-level jet with
smaller �R is matched to the particle-level jet and the other detector-level jet is unmatched. The matching
correction fmatch, which accounts for the corresponding e�ciency, is defined as:

fmatch =
Nparticle^detector^match

Nparticle^detector
,

where Nparticle^detector^match is the number of detector-level events that satisfy the particle-level selection
and satisfy the matching requirement.

The unfolding step uses a migration matrix (M) derived from simulated tt̄ events that maps the binned
generated particle-level events to the binned matched detector-level events. The probability for particle-level
events to remain in the same bin is therefore represented by the diagonal elements, and the o�-diagonal
elements describe the fraction of particle-level events that migrate into other bins. Therefore, the elements
of each row add up to unity as shown, for example, in Figure 13(d). The binning is chosen such that the
fraction of events in the diagonal bins is always greater than 50%. The unfolding is performed using four
iterations to balance the dependence on the prediction used to derive the corrections3 and the statistical
uncertainty. The e�ect of varying the number of iterations by one is negligible. Finally, the e�ciency
correction 1/" corrects for events that satisfy the particle-level selection but are not reconstructed at the
detector level. The e�ciency is defined as the ratio

" =
Nparticle^ detector

Nparticle
,

where Nparticle is the total number of particle-level events. In the resolved topology, to account for the
matching requirement, the numerator is replaced with Nparticle^ detector^match. The inclusion of the matching
requirement, in conjunction with the requirement on 2 b-tagged jets, identified with 70% e�ciency, reflects
in an overall e�ciency below 25% in the resolved topology. This is lower than in the boosted topology,
where the e�ciency ranges between 35% and 50% thanks to the request of only one b-tagged jet and the
absence of the matching correction.

All corrections ( facc, fmatch and ") and the migration matrices are evaluated with simulated events for all
the distributions to be measured. As an example, Figures 13 and 14 show the corrections and migration
matrices for the case of the pT of the hadronically decaying top quark, in the resolved and boosted topologies,
respectively. This variable is particularly representative since the kinematics of the decay products of the
top quark change substantially in the observed range. In the resolved topology, the decrease in the e�ciency
at high values is primarily due to the increasingly large fraction of non-isolated leptons and to the partially
or totally overlapping jets in events with high top-quark pT. An additional contribution is caused by the
event veto removing the events passing the boosted selection from the resolved topology, as described in
Section 4.4. This loss of e�ciency is recovered by the measurement performed in the boosted topology.

The unfolded distribution for an observable X at particle level is given by:

Nunf
i ⌘

1
"i

·

’
j

M
�1
i j · f j

match · f j
acc ·

⇣
N j

detector � N j
bkg

⌘
,

3 At every iteration the result of the previous iteration is taken as prior. This allows information derived from the data to be
introduced into the prior and hence reduce the dependence on the prediction.
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ATLAS	L+jets

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	

performance	

Poster	by	
P	Baron



Physics
Systematic	Uncertainties

• Systematic	uncertainties	include:	

• Detector	uncertainties:	

• leptons,	jets,	b-jets	

• Background	uncertainties	

• ex:	single	top	diagram	removal	vs	diagram	
subtraction	approaches	

• Signal	modelling	

• ATLAS:		

• generator:	Powheg+Pythia8	vs	aMC@NLO+Pythia8	
(DIL)	or	Sherpa	2.2.1	(L+jets)	

• hadronisation:	Powheg+Pythia8	vs	Powheg	+	Herwig7	

• I/F	State	Radiation:	Powheg+Pythia8	with	more	or	less	
radiation	(including	hdamp	variation)	

• PDF	

• Heavy	Flavour	variation	(DIL)

�14

• Signal	modelling	

• CMS:		

• generator:	renormalization/factorization	
scales	varied	by	2		

• ME	to	PS	matching:	hdamp	variation	

• I/F	State	Radiation:	scales	in	parton	
shower	simulation:	factor	2	for	Initial	and	
sqrt(2)	for	Final	

• PDF	

• Colour	reconnection,	underlying	event	

• b-quark	fragmentation
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Systematic	Uncertainties
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DIL

L+jets

ATLAS-CONF-2019-041

1908.07305



Results	and	Interpretation	
(� 	tables	in	backup)χ2
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Physics
Lepton	distributions

• ATLAS	DIL:	

• 1D:		� 		

• 2D:	� 	

• � :	Powheg+Py8	Rad	Up	best	(and	reduced	QCD	scales	and	top	pt	rewt)	

• CMS	DIL	Pol:	
• 19	polarization	and	spin	correlation	related	observables	and	

• � 	(� ):	dot	product	of	the	two	leptons	in	the	top	rest	frames	(lab	
frame)	and	� 	

• � :	aMC@NLO	best.	NNLO	good

pℓ
T , |ηℓ | , peμ

T , meμ, |ye u | , Δϕeμ, pe
T + pμ

T , Ee + Eμ

|ηℓ | vsmeμ, |ye u | vsmeμ, Δϕeμ vsmeμ

Δϕeμ

cos ϕ cos ϕlab
|Δϕℓℓ |

|Δϕℓℓ |
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TOP-18-006

ATLAS-CONF-2019-041

Poster	by	
A	Jung
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Lepton	distributions

• � :	Powheg-based	predictions	are	
harder	than	data	

• � :	None	of	the	predictions	
describe	well	the	low	mass	

• � :	Powheg+Py8	best	

pℓ
T

meμ

cos ϕlab
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TOP-18-006

ATLAS-CONF-2019-041
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Measured	observables
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ATLAS	L+jets

Particle Parton

Resolved

Boosted

2D:	in	bins	of� 	:	� 	
								in	bins	of	� 	:	� 	

3D:	� 	and		�

|yt | pt
T

mtt̄ |yt | , |ytt̄ | , Δηtt̄, Δϕtt̄, ptt̄
T , pt

T

[N0,1+
jet , mtt̄, ytt̄] [N0,1,2+

jet , mtt̄, ytt̄]
CMS	DIL
Parton

TOP-18-004

1908.07305

Poster	by	
J	Kvita



Physics
Top	quark	kinematics

• � :		

•Powheg+Py8	best,	
as	good	
agreement	as	
NNLO	prediction	
at	parton	level

pt
T

�20

1908.07305



Physics
Top	quark	kinematics

•Power	of	double	differential:	single	differentials	ok,	but	not	double…

�21

First	2D	for	boosted!•…	or	the	opposite:

1908.07305



Physics
Top	quark	kinematics

•� 	vs	� :	strongest	
disagreement	from	
Powheg+Pyhia,	
Powheg+Herwig	bit	
better	except	in	last	bin

pt
T mtt̄

�22

• � 	vs	� :	
Powheg+Herwig	best	
pt

T |yt |

TOP-18-004



Physics
tt	system	kinematics

•Sensitivity	to	extra	
radiation	

•best	agreement	with	
Powheg+Pythia	Rad	
Down	

�23

1908.07305



Physics
tt	system	kinematics

•Sensitive	to	radiation	
•Madgraph5+Pythia	worse	
for	�pT(tt̄ )
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TOP-18-004
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p-values
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TOP-18-004



Physics
Triple	differential

•First	triple	differential!	

• � :	all	~	ok[N0,1+
jet , mtt̄, ytt̄]

�26

• � :	Powheg+Pythia	best[N0,1,2+
jet , mtt̄, ytt̄]

TOP-18-004
best	pole	mass	and	� 	
measurement!

αs
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Measuring	� 	and	PDF	improvementαs
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TOP-18-004

Results	are	normalised	to	the	PDFs	obtained	using	the	HERA	DIS	data	only



Physics
NNLO	EWK	corrections

•parton	level,	coarser	binning,	same	as	CMS	(will	help	combination),	
to	test	impact	of	EWK	corrections	in	NNLO	pQCD	predictions	

•because	of	limited	pT	range,	no	quantitative	assessment	yet,	need	
more	data

�28

1908.07305



Physics
Overlap	of	resolved	and	boosted

•Overlap	of	Resolved	vs	Boosted:	
good	

•For	Particle	level:	definitions	of	
particle	is	different,	so	direct	cross-
section	comparison	not	possible,	
compare	data/MC	agreement

�29

1908.07305
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Conclusions

• Differential	measurements	are	used	for	MC	tuning	within	ATLAS	and	CMS	—>	improve	signal	
modelling	of	future	results	

• As	seen	yesterday	and	today	differential	measurements	are	also	used	to	measure	important	top	
properties	(mass,	spin	correlation,	etc.)	as	well	as	measure	� 	and	help	with	PDF	improvements	

• Most	analyses	dominated	by	systematic	uncertainties	(mostly	signal	modelling)	

• First	triple	differential	and	first	double	differential	for	boosted!	

• Particle	Level:		

• Overall	most	predictions	are	mainly	ok	for	1D,	but	not	so	much	for	2D	

• For	boosted,	normalisation	discrepancy	between	measurement	and	prediction	

• Overall,	Powheg+Pythia8	for	resolved	and	Powheg+Herwig7	for	boosted	give	good	predictions	
for	largest	fraction	of	observables	

•Parton	Level:	

•NNLO	predictions	provide	a	general	improvement	relative	to	the	NLO+PS	MC	generators

αs
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Thank	you!
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backups
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Physics
Differential	tt	cross	section	at	8	TeV
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Improvements	seen:	use	NNLO	calculations	or	use	Herwig	6
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Alpha_s	measurement	from	TOP-2018-004
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Measuring	alphas/mtop
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Theoretical	uncertainties
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TOP-18-004
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CHi2	tables	for	TOP-2018-006
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ATLAS	L+jets:	m(tt)
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Chi2	tables	for	1908.07305
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-15/#tables
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Selection	for	1908.07305
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Yields	for	1908.07305
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Process Yield

Resolved Boosted

tt̄ 1 120 000 ± 90 000 44 700 ± 1900

Single top 54 000 +10 000
�11 000 2000 ± 900

Multijet 34 000 ± 16 000 1000 ± 400
W+jets 34 000 ± 20 000 3200 ± 1500
Z+jets 12 000 ± 6000 380 ± 210
t+X 3800 ± 500 440 ± 60

Diboson 1680 +220
�190 194 +19

�21

Total prediction 1 260 000 ± 100 000 52 000 ± 2900

Data 1 252 692 47 600

Data/Prediction 0.99 ± 0.08 0.92 ± 0.05
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Observables	in	1908.07305	
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If there are no b-tagged jets that fulfil these requirements then the leading pT jet is used. The procedure for
the reconstruction of the leptonically decaying W boson starting from the lepton and the missing transverse
momentum is analogous to the pseudo-top reconstruction described in Section 6.1.

7 Observables

A set of measurements of the tt̄ production cross-sections is presented as a function of kinematic observables.
In the following, the indices had and lep refer to the hadronically and leptonically decaying top quarks,
respectively. The indices 1 and 2 refer respectively to the leading and subleading top quark, where leading
refers to the top quark with the largest transverse momentum.

First, a set of baseline observables is presented: transverse momentum (ptT) and absolute value of the
rapidity (|yt |) of the top quarks, and the transverse momentum (pt t̄T ), absolute value of the rapidity (|yt t̄ |)
and invariant mass (mt t̄ ) of the tt̄ system and the transverse momentum of the leading (pt,1T ) and subleading
(pt,2T ) top quarks. For parton-level measurements, the pT and rapidity of the top quark are measured from
the pT and rapidity of the reconstructed hadronic top quarks. The di�erential cross-sections as a function
of all these observables, with the exception of the pT of the leading and subleading top quarks, were
previously measured in the fiducial phase-space in the resolved topology by the ATLAS Collaboration using
13 TeV data [14], while in the boosted topology only pt,had

T and |yt,had
| were measured. The di�erential

cross-sections as a function of the pT of the leading and subleading top quarks were previously measured,
at particle- and parton-level, only in the boosted topology in the fully hadronic channel [106].

The detector-level distributions of the kinematic variables of the top quark and tt̄ system in the resolved
topology are presented in Figures 6 and 7, respectively. The detector-level distributions of the same
observables, reconstructed in the boosted topology, are shown in Figures 8 and 9.

Furthermore, angular variables sensitive to the momentum imbalance in the transverse plane (pt t̄out), i.e.
to the emission of radiation associated with the production of the top-quark pair, are used to investigate
the central production region [107]. The angle between the two top quarks is sensitive to non-resonant
contributions from hypothetical new particles exchanged in the t-channel [108]. The rapidities of the two
top quarks in the tt̄ centre-of-mass frame are y⇤ = 1

2
�
yt,had

� yt,lep� and �y⇤. The longitudinal motion
of the tt̄ system in the laboratory frame is described by the rapidity boost yt t̄boost =

1
2
�
yt,had + yt,lep� . The

production polar angle is closely related to the variable �t t̄ , defined as �t t̄ = e2 |y⇤ |, which is included in
the measurement since many signals due to processes not included in the SM are predicted to peak at low
values of this distribution [108]. Finally, observables depending on the transverse momentum of the decay
products of the top quark are sensitive to higher-order corrections [109, 110]. In summary, the following
additional observables are measured:

• The absolute value of the azimuthal angle between the two top quarks (|�� (t, t̄)|).

• The out-of-plane momentum, i.e. the projection of the top-quark three-momentum onto the direction
perpendicular to the plane defined by the other top quark and the beam axis (z) in the laboratory
frame [107]:

pt,had
out = Æp t,had

·
Æp t,lep

⇥ Æez�� Æp t,lep ⇥ Æez
��,

pt,lep
out = Æp t,lep

·
Æp t,had

⇥ Æez�� Æp t,had ⇥ Æez
��

21
In particular, |pt,had

out |, introduced in Ref. [11], is used in the resolved topology, while in the boosted
topology, where an asymmetry between pt,had and pt,lep exists by construction, the variable |pt,lep

out |

is measured. This reduces the correlation between pout and pt,had, biased toward high values by
construction, while keeping the sensitivity to the momentum imbalance.

• The longitudinal boost of the tt̄ system in the laboratory frame (yt t̄boost) [108].

• �t t̄ = e2 |y⇤ | [108], closely related to the production polar angle.

• The scalar sum of the transverse momenta of the hadronic and leptonic top quarks (Ht t̄
T = p t,had

T +p t,lep
T

) [109, 110].

These observables were previously measured in the resolved topology by the ATLAS Collaboration using
8 TeV data [11] and, using 13 TeV data, as a function of the jet multiplicity [15]. Figures 10 and 11
show the distributions of these additional variables at detector-level in the resolved topology, while the
distributions of |pt,lep

out |, �t t̄ and Ht t̄
T in the boosted topology are shown in Figure 12.

Finally, di�erential cross-sections have been measured at particle level as a function of the number of
jets not employed in tt̄ reconstruction in the resolved and boosted topology (Nextrajets). In addition, in
the boosted topology, the cross-section as a function of the number of small-R jets clustered inside a top
candidate (Nsubjets) is measured.

In the resolved topology, as shown in Figures 6, 7, 10 and 11, good agreement between the prediction and
the data is observed. Trends of deviations at the boundaries of the uncertainty bands are seen for high
values of mt t̄ and pt t̄T . In the boosted topology, the predicted rate of events is overestimated at the level of
8.5%, leading to a corresponding o�set in most distributions, as shown in Figures 8, 9 and 12.

A trend is observed in the Ht t̄
T distribution, where the predictions tend to overestimate the data at high

values. This is more pronounced in the boosted topology, where the agreement lies outside the error
band towards high values of Ht t̄

T . A summary of the observables measured in the particle and parton
phase-spaces is given in Tables 5–6 for the resolved topology and in Tables 7–8 for the boosted topology.

Table 5: The single- and double-di�erential spectra, measured in the resolved topology at particle level.

1D observables 2D combinations
mt t̄ in bins of: |yt t̄ | and Nextrajets

pt t̄T in bins of: mt t̄ , |yt t̄ | and Nextrajets

|yt t̄ | in bins of: Nextrajets

pt,had
T in bins of: mt t̄ , pt t̄T , |yt,had

| and Nextrajets

|yt,had
| in bins of: Nextrajets

pt,1T
pt,2T
�t t̄ in bins of: Nextrajets

|yt t̄boost |

|�� (t, t̄)| in bins of: Nextrajets

Ht t̄
T in bins of: Nextrajets

|pt,had
out | in bins of: Nextrajets

Nextrajets
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ATLAS	DIL
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breakdown	of	misidentified	leptons
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Loose	kinematic	reconstruction
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6

lepton and jet M`b < 180 GeV are considered. Combinations are ranked based on the presence
of b-tagged jets in the assignments, i.e. a combination with both leptons assigned to b-tagged
jets is preferred over those with one or no b-tagged jet. Among assignments with equal number
of b-tagged jets, the one with the highest sum of weights is chosen. Events with no solution
after smearing are discarded. The efficiency of the kinematic reconstruction, defined as the
number of events where a solution is found divided by the total number of selected tt events, is
studied in data and simulation and consistent results are observed. The efficiency is about 90%
for signal events. After applying the full event selection and the kinematic reconstruction of the
tt system, 150 410 events are observed in the e±µ⌥ channel, 34 890 events in the e+e� channel,
and 70 346 events in the µ+µ� channel. Combining all decay channels, the estimated signal
fraction in data is 80.6%. Figure 1 shows the distributions of the reconstructed top quark and tt
kinematic variables and of the multiplicity of additional jets in the events. In general, the data
are reasonably well described by the simulation, however some trends are visible, in particular
for pT(t), where the simulation predicts a somewhat harder spectrum than that observed in
data, as reported in previous differential tt cross section measurements [15, 18, 20–22, 25, 26].

The M(tt) value obtained using the full kinematic reconstruction described above is highly
sensitive to the value of the top quark mass used as a kinematic constraint. Since one of the ob-
jectives of this analysis is to extract the top quark mass from the differential tt measurements,
exploiting the M(tt) distribution in particular, an alternative algorithm is employed, which
reconstructs the tt kinematic variables without using the top quark mass constraint. This algo-
rithm is referred to as the “loose kinematic reconstruction”. In this algorithm, the nn system is
reconstructed rather than the n and n separately. Consequently, it can only be used to recon-
struct the total tt system but not the top quark and antiquark separately. As in the full kinematic
reconstruction, all possible lepton-jet combinations in the event that satisfy the requirement on
the invariant mass of the lepton and jet M`b < 180 GeV are considered. Combinations are
ranked based on the presence of b-tagged jets in the assignments, but among combinations
with equal number of b-tagged jets, the ones with the highest-pT jets are chosen. The kinematic
variables of the nn system are derived as follows: its ~pT is set equal to ~pmiss

T , while its unknown
longitudinal momentum and energy are set equal to the longitudinal momentum and energy
of the lepton pair. Additional constraints are applied on the invariant mass of the neutrino pair,
M(nn) � 0, and on the invariant mass of the W bosons, M(W+W�) � 2MW, which have only
minor effects on the performance of the reconstruction. The method yields similar tt kinematic
resolutions and reconstruction efficiency as for the full kinematic reconstruction. In this anal-
ysis, the loose kinematic reconstruction is exclusively used to measure triple-differential cross
sections as a function of M(tt), y(tt), and extra jet multiplicity, which are exploited to determine
QCD parameters, as well as the distributions used to cross-check the results. Figure 2 shows
the distributions of the reconstructed tt invariant mass and rapidity using the loose kinematic
reconstruction. These distributions are similar to the ones obtained using the full kinematic
reconstruction (as shown in Fig. 1).

5 Signal extraction and unfolding
The number of signal events in data is extracted by subtracting the expected number of back-
ground events from the observed number of events for each bin of the observables. All ex-
pected background numbers are obtained directly from the MC simulations (see Section 3)
except for tt final states other than the signal. The latter are dominated by events in which one
or both of the intermediate W bosons decay into t leptons with subsequent decay into an elec-
tron or muon. These events arise from the same tt production process as the signal and thus
the normalisation of this background is fixed to that of the signal. For each bin the number of

Loose	kinematic	reconstruction

Default	kinematic	reconstruction


