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mo#va#on	&	challenges	

‣ why	differen#al	measurements	

‣ dominant	systema#c	uncertain#es	

latest	measurements	@	13	TeV	in	the	lepton+jets	channel	

‣ differen#al	vs	event	kinema#c	variables	

‣ differen#al	vs	top	and	top	pair	proper#es	

‣ double	differen#al	vs	selected	observables		

latest	measurements	@	13	TeV	in	the	dilepton	channel	

‣ differen#al	vs	various	event,	top,	and	top	pair	quan##es	

‣ comparisons	with	state	of	the	art	theory	calcula#ons
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Why	differen1al	measurements?
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Figure 21: The relative PDF uncertainty on the large-x gluon (left) and on the gluon-gluon luminosity at
large values of MX (right plot) in the global baseline fit, compared with the corresponding fits including
either top-quark pair di↵erential measurements or jet production cross-sections.

the 2010 run, together with their cross-correlations; and from CMS at 7 TeV [111] from the 2011
data-taking period. These four datasets were already part of the NNPDF3.0 fits. Moreover, we
have added two additional inclusive jet measurements, from CMS at

p
s = 2.76 TeV and from

ATLAS at 7 TeV from the 2011 run [116].2 The resulting inclusive jet cross-sections add up to
76 points for CDF, 180 for ATLAS, and 214 from CMS, for a total of N

dat

= 470 points.
In Fig. 21 we show the relative PDF uncertainty on the large-x gluon (left) and on the gg

luminosity at large values of MX (right) in the global baseline fit, compared to the corresponding
fits including either top-quark pair di↵erential measurements or jet production cross-sections.
Interestingly, we find that the constraints on the large-x gluon from collider jet measurements
turn out to be similar to those from the LHC top di↵erential data. This result is particularly
remarkable since, as indicated in Table 1, the LHC data included in these fits amounts to
N

dat

= 17 data points (including the total cross-section measurements), while the collider jet
dataset is substantially larger, N

dat

= 470 points. On the other hand, while jet production is
sensitive to the qg luminosity, and can have a large contribution for qq luminosity at high pT , top
quark production is driven instead by the gg one, which partly explains the comparable impact
on the large-x gluon despite the di↵erent number of points. Note that PDF uncertainties in the
gg luminosity at high masses are slightly reduced in the fits with top data than in the fits with
jet data, despite the fact that for the gluon PDF itself the situation is opposite. This indicates
that the top data induces a somewhat more stringent correlation between di↵erent x regions of
the gluon as compared to jet data, thereby leading to smaller fluctuations in the gg luminosity
as compared to those observed in g(x,Q2)

The results in Fig. 21 indicate that the constraining power of top-quark pair di↵erential
distributions at 8 TeV on the large-x gluon is already similar to that of collider jet production
measurements. Moreover, accounting for additional measurements at 8 TeV in other final states
and with boosted kinematics, as well as available and upcoming 13 TeV measurements, will
further strengthen the conclusions and make top-quark data even more competitive. On the
other hand, Fig. 21 also indicates that ultimate accuracy on the large-x gluon can only be
achieved by means of the simultaneous inclusion in the global analysis of both top and jet data.

5 Conclusions and outlook

Recent developments in higher-order QCD calculations of LHC processes require parton distri-
butions with matching accuracy. PDFs in general, and the limited knowledge of the gluon at
large x in particular, are often the dominant source of theory uncertainty for top-quark pair dif-
ferential distributions [24]. This motivates a self-consistent two-step program where top-quark

2Details on the implementation of this two new datasets will be discussed in a forthcoming publication [117].
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arXiv:1611.08609

inclusive	cross	sec1ons:		
the	top	of	the	iceberg • confront	the	theory	in	every	

corner	of	the	phase	space	
• constrain	fundamental	QCD	
parameters	

• probe	BSM	physics	
• reduce	modelling	uncertain#es

impact	on	high-x	gluon	PDF

theory	fails	to	describe	
the	top	pT	spectrum

details	in	M.	Defranchis’s	talk	
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The	dataset
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• proton-proton	collisions	@	13	TeV	
• 2016	run	
- ≈	36	A-1	of	useful	data	for	analysis	
- the	best	understood	dataset	

• on	average	27	interac#ons	per	bunch	
crossing

2016	data
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8.1 Comparison of data with simulation 45

JP
Je

ts
 / 

0.
05

 u
ni

ts

410

510

610
Data
udsg
Pileup
c
b

 (13 TeV, 2016)-135.9 fb

CMS
 2 jets≥ channel, µe

 > 20 GeV
T

p

JP discriminator
0 0.2 0.4 0.6 0.8 1 1.2 1.4D

at
a/

M
C

0.5

1

1.5
cMVAv2

Je
ts

 / 
0.

04
 u

ni
ts

410

510

610
Data
udsg
Pileup
c
b

 (13 TeV, 2016)-135.9 fb

CMS
 2 jets≥ channel, µe

 > 20 GeV
T

p

cMVAv2 discriminator
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1D

at
a/

M
C

0.5

1

1.5

Je
ts

 / 
0.

02
 u

ni
ts

310

410

510

610

710 Data
udsg
c
b from gluon splitting
b

 (13 TeV, 2016)-135.9 fb

CMS
Muon-enriched multijet

 < 250 GeV
T

50 < p

CSVv2 discriminator
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1D

at
a/

M
C

0.5

1

1.5

Je
ts

 / 
0.

02
 u

ni
ts

410

510

610

Data
udsg
c
b from gluon splitting
b

 (13 TeV, 2016)-135.9 fb

CMS
Muon-enriched multijet

 < 250 GeV
T

50 < p

DeepCSV discriminator
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1D

at
a/

M
C

0.5

1

1.5

Je
ts

 / 
0.

04
 u

ni
ts

10

210

310

410

510

610

710

810

910 Data
udsg
Pileup
c
b from gluon splitting
b

 (13 TeV, 2016)-135.9 fb

CMS
Multijet

 < 250 GeV
T

50 < p

CvsL discriminator
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1D

at
a/

M
C

0.5

1

1.5

Je
ts

 / 
0.

04
 u

ni
ts

10

210

310

410

510

610

710

810

910 Data
udsg
Pileup
c
b from gluon splitting
b

 (13 TeV, 2016)-135.9 fb

CMS
Multijet

 < 250 GeV
T

50 < p

CvsB discriminator
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1D

at
a/

M
C

0.5

1

1.5

Figure 31: Examples of discriminator distributions in data compared to simulation. The JP
(upper left) and cMVAv2 (upper right) discriminator values are shown for jets in the dilepton
tt sample, the CSVv2 (middle left) and DeepCSV (middle right) discriminators for jets in the
muon-enriched multijet sample, and the CvsL (lower left) and CvsB (lower right) discrimina-
tors for jets in the inclusive multijet sample. The simulated contributions of each jet flavour
are shown with different colours. The total number of entries in the simulation is normalized
to the number of observed entries in data. The first and last bin of each histogram contain the
underflow and overflow entries, respectively.
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Challenges
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• Experimental	challenges	
- jet	energy	scale	(<	2%)	
- b-tagging	efficiency	(<	3%)	&	fake	rate	
- lepton	triggering	&	iden#fica#on	(<	2%)	

• Theore'cal	challenges	
- enter	through	unfolding	to	parton	&	par#cle	level	
- parton	shower	&	underlying	event	modelling	
- great	effort	has	been	put	to	reduce	these	uncertain'es	
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dependence	on	PS	
see	E.	Clement’s	talk
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Defini1ons	of	objects
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•Detector	level	
- objects	reconstructed	from	energy	
deposi#ons	in	the	detector	

- direct	comparison	with	MC	generators	folded	
with	detector	simula#on		

• Parton	level	
- top	quarks	before	decay	but	aTer	radia#on	
- analy#cal	calcula#ons	at	fixed	order	
- unfolding	needed	from	detector	level	
- large	uncertain#es	involved	

• Par'cle	level	
- top	“par#cle”	from	decay	products	aTer	
hadroniza#on	

- unfolding	needed	from	detector	level	
- closer	defini#on	to	the	actual	measurement	
==>	smaller	uncertain#es

Improving uncertainties: Object Definitions for Top Particle

5

CMS-NOTE-2017-004

(before decay after radiation)

(top « particle » from decay 
products after hadronization)

See Markus Seidel’s poster

• Fundamental aspect of performing current and future 
measurements of top quark differential production cross 
sections: Use well-defined objects in simulations —> 
Construct tops only from observed final-state = particle 
level top. 

• Parton level top ill-defined - more so at NLO 

• finite width of the top quark for off-shell 
production and interference with the 
backgrounds.

Improving uncertainties: Object Definitions for Top Particle
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(top « particle » from decay 
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See Markus Seidel’s poster

• Fundamental aspect of performing current and future 
measurements of top quark differential production cross 
sections: Use well-defined objects in simulations —> 
Construct tops only from observed final-state = particle 
level top. 

• Parton level top ill-defined - more so at NLO 

• finite width of the top quark for off-shell 
production and interference with the 
backgrounds.
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Top	quark	pair	produc1on	in	lepton	+	jets	final	state

7
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Cross	sec1on	vs	event	variables:	reconstruc1on
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• Select	high	purity	Obar	sample	(no	top	reconstruc'on)	
- one	isolated	muon	(electron)	with	pT	>	24	(32)	GeV	and	|η|	<	2.4	(2.1)	
- at	least	4	jets	(an#-kT,	R=0.4)	with	pT	>	30	GeV	and	|η|	<	2.4	
- at	least	2	jets	b-tagged	(∼70%	efficiency	and	1%	mis-id	probability)		

• Measurements	(unfolded	at	par'cle	level)	
- absolute	&	normalised	
- kinema#c	event	variables	(HT,	ST,	pTmiss,	Njets,	pTW,	pTℓ,	|ηℓ|)

details	in	D.	Burn’s	YSF	talk
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Cross	sec1on	vs	number	of	jets
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• Significant	differences	between	MC	generators	
- Powheg+Pythia8	&	MG5_aMC@NLO-NLO+Pythia8	describe	the	data	well	
- Powheg+Herwig++	&	MG5_aMC@NLO-LO+Pythia8	predict	higher	jet	mul#plicity	

• Sensi've	to	the	MC	seUngs		
- in	par#cular	to	the	parton	shower	scales the	comparisons	refer	to	the			

MC	seZngs	used	by	CMS
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Cross	sec1on	vs	global	variables	
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• Kinema'c	variables	
- pTW:	built	from	the	lepton	and	the	missing	momentum		
- HT:	built	from	the	jet	transverse	momenta	

• Sensi've	to	the	MC	generators	(same	trends	in	both	observables)	
- Powheg+Herwig++	agrees	best	with	data	
- Powheg+Pythia8	and	MG5_aMC@NLO-LO+Pythia8	predict	much	harder	spectra
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Differen1al	cross	sec1ons:	top	reconstruc1on
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• Object	selec'on	
- exactly	one	isolated	lepton	(muon	or	electron)	with	
pT	>	30	GeV	and	|η|	<	2.4	

- at	least	4	jets	with	pT	>	30	GeV	and	|η|	<	2.4	
- at	least	2	jets	b-tagged	(∼63%	efficiency	and	3%	mis-
id	probability)		

• Top	reconstruc'on	
- choose	jet	permuta#on	that	minimises	−log(λ)	
- −log(λ)	=	−log(Pm(m2,m3))−log(Pν(Dν,min))

quan1fies	compa1bility	
between	pν	and	pTmiss
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Differen1al	cross	sec1ons:	efficiency
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• Par'cle	level	
- lower	efficiency	due	to	weaker	mass	constraints			

• Strong	dependence	on	jet	mul'plicity	
- number	of	permuta#ons	increases	drama#cally	with	
increasing	number	of	jets	

- more	probable	to	make	a	wrong	assignment
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Differen1al	cross	sec1ons:	uncertain1es

13

0 100 200 300 400 500 600 700 800
) [GeV]

h
(t

T
p

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Re
la

tiv
e 

un
ce

rta
in

ty

 (13 TeV)-135.8 fb
CMS

parton level
+jetsµe/ Combined

Stat
Jet energy
Luminosity
b tagging
FSR scale
Tune
Lepton

tm
damph

Color rec.
ISR scale
Others

0 100 200 300 400 500 600 700 800
) [GeV]

h
(t

T
p

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Re
la

tiv
e 

un
ce

rta
in

ty

 (13 TeV)-135.8 fb
CMS

parton level
+jetsµe/ Combined

Stat
Jet energy

Tune

FSR scale

tm

Color rec.

damph

ISR scale

Others

absolute normalised

PRD	97	(2018)	112003

• Experimental	
- dominant:	jet	energy	scale	
- subdominant:	lepton	reconstruc#on	&	b-tagging	(mostly	affec#ng	the	absolute	cross	
sec#ons)			

• Theore'cal	
- underlying	event	tune,	parton	shower	seqngs,	colour	reconnec#on,	top	mass		
- PDFs,	scale	varia#ons	
- reduced	at	par'cle	level	(no	extrapola'on,	closer	to	detector	level)
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Differen1al	cross	sec1ons	vs	top	kinema1cs
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• soZer	top	pT	spectrum	in	data	
- Powheg+Herwig++	in	beser	agreement	
- NNLO	QCD	+	NLO	EWK	calcula#on	closer	to	the	data	

• rapidity	spectrum	reproduced	well	
- MC	generators	in	good	agreement		
- NNLO	QCD	+	NLO	EWK	calcula#on	shows	a	trend	(beser	precision	in	data	needed)
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Differen1al	cross	sec1ons	vs	top	pair	observables
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• soZer	mass	spectrum	
- correlated	with	the	soTer	top	pT	spectrum	
- NNLO	QCD	+	NLO	EWK	calcula#on	disagrees	significantly	

• marginal	agreement	in	pT	and	|y|	
- largest	devia#on	in	pT	for	Powheg+Herwig++
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Double	differen1al	cross	sec1ons
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• double	differen'al	in	various	observables	
- pT(th)	vs	|y(th)|,	|y(s)|	vs	ms,	ms	vs	pT(th),	
- accompanied	by	full	covariance	matrices	==>	valuable	for	further	theore'cal	use!	

• same	trends	observed	as	in	the	1D	differen'al	measurements	
- e.g.	a	soTer	pT(th)	spectrum	is	observed	in	all	|y(th)|	regions
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Differen1al	cross	sec1ons	vs	jet	proper1es
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• reported	at	par'cle	level	only	
• addi'onal	jet	mul'plicity	described	well	by	all	models	
• gap	frac'ons	fn(pT)	

- frac#on	of	unfolded	events	that	contain	less	than	n=1,2	jets	above	pT	
- trend	observed	wrt	the	central	value	of	Sherpa	

• angular	distance	between	jets	in	the	O	system	
- MC	generators	fail	to	describe	the	data
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Top	quark	pair	produc1on	in	dilepton	final	state

18
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Top	quark	pairs	in	dilepton	final	state
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• Selec'on	
- single	&	double	lepton	triggers	
- electrons	&	muons	pT	>	25,	20	GeV	and	|η|	<	2.4	
- at	least	2	jets	with	pT	>	30	GeV	and	|η|	<	2.4	
- at	least	1	jet	b-tagged	(∼79-87%	efficiency	and	10%	mis-id	
probability)		

• Top	reconstruc'on	
- kinema#c	reconstruc#on	algorithm	
- W	ant	top	mass	constraints	
- neutrino	momentum	solu#on	yielding	the	smallest	s	
invariant	mass	

- random	smearing	of	objects	according	to	their	resolu#ons	
- weighted	average	(weight	taken	from	simulated	mlb	
distribu#on)	of	top	kinema#c	variables	aTer	100	random	
smearings	

- efficiency	close	to	90%
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Differen1al	cross	sec1ons	vs	top	pT
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• soZer	top	pT	spectrum	
- confirms	the	observa#ons	in	the	l+jets	channel	
- largest	devia#on	for	Powheg+Pythia8.	

• theory	calcula'ons	at	various	orders	
- state	of	the	art:	first	comparison	with	data!	
- much	closer	to	the	measurement
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Differen1al	distribu1ons	vs	top	pair	observables
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Prospects	for	BSM	searches
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• differen'al	measurements	can	probe	BSM	signals	
- see	talks	from	G.	Smith	and	P.	Van	Mulders	

• azimuthal	angle	between	leptons	
- depends	on	top	pair	spin	correla#ons	
- sensi#ve	to	BSM	signals	

• top	charge	asymmetry	
- manifests	itself	on	the	rapidity	difference	of	the	tops	or	the	associated	leptons	
- modified	by	BSM	models	(axigluons,	Z’,	W’)
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LHC	is	a	top	pair	factory!	

• possible	to	explore	the	en#re	phase	space	of	top	produc#on	

differen'al	measurements	are	important		

• powerful	constrains	on	QCD	parameters		

• tune	MC	generators	

• provide	more	accurate	background	es#mates	for	BSM	searches	

presented	new	results	using	the	2016	dataset	

• in	l+jets	and	dilepton	channels	

• improved	experimental	precision	

• limited	by	theory	uncertain#es	(MC	modelling)	

- but	a	lot	of	progress	has	been	made	to	reduce	them	

more	results	will	be	available	soon	by	CMS	

• including	boosted	topologies	and	mul#-differen#al	distribu#ons	

• stay	tuned	for	the	full	Run	II	dataset	(x5	more	data)

Summary	&	Outlook

for	a	comparison	between	ATLAS	
and	CMS	see	F.	Fabri’s	talk
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