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What	are	the	dominant	sources	of	
systema6cs	in	standard	methods?

3

20 7 Individual channel results

Table 1: Category breakdown of the systematic uncertainties for the 2D, 1D, and hybrid mea-
surements in the lepton+jets channel. Each term has been estimated using the procedures de-
scribed in Section 6. The uncertainties are expressed in GeV and the signs are taken from the
+1s shift in the value of the quantity. Thus a positive sign indicates an increase in the value
of mt or the JSF and a negative sign indicates a decrease. With the exception of the flavor-
dependent JEC terms (see Section 6), the total systematic uncertainty is obtained from the sum
in quadrature of the individual systematic uncertainties.

mt fit type
Lepton+jets channel 2D 1D hybrid

dm2D
t (GeV) dJSF dm1D

t (GeV) dmhyb
t (GeV)

Experimental uncertainties
Method calibration 0.04 0.001 0.04 0.04
Jet energy corrections
– JEC: Intercalibration <0.01 <0.001 +0.02 +0.01
– JEC: In situ calibration �0.01 +0.003 +0.24 +0.12
– JEC: Uncorrelated non-pileup +0.09 �0.004 �0.26 �0.10
– JEC: Uncorrelated pileup +0.06 �0.002 �0.11 �0.04
Lepton energy scale +0.01 <0.001 +0.01 +0.01
Emiss

T scale +0.04 <0.001 +0.03 +0.04
Jet energy resolution �0.11 +0.002 +0.05 �0.03
b tagging +0.06 < 0.001 +0.04 +0.06
Pileup �0.12 +0.002 +0.05 �0.04
Backgrounds +0.05 < 0.001 +0.01 +0.03
Modeling of hadronization
JEC: Flavor-dependent
– light quarks (u d s) +0.11 �0.002 �0.02 +0.05
– charm +0.03 <0.001 �0.01 +0.01
– bottom �0.32 <0.001 �0.31 �0.32
– gluon �0.22 +0.003 +0.05 �0.08
b jet modeling
– b fragmentation +0.06 �0.001 �0.06 <0.01
– Semileptonic b hadron decays �0.16 <0.001 �0.15 �0.16
Modeling of perturbative QCD
PDF 0.09 0.001 0.06 0.04
Ren. and fact. scales +0.17 ± 0.0 �0.004 ± 0.001 �0.24 ± 0.06 �0.09 ± 0.07
ME-PS matching threshold +0.11 ± 0.09 �0.002 ± 0.001 �0.07 ± 0.06 +0.03 ± 0.07
ME generator �0.07 ± 0.11 �0.001 ± 0.001 �0.16 ± 0.07 �0.12 ± 0.08
Top quark pT +0.16 �0.003 �0.11 +0.02
Modeling of soft QCD
Underlying event +0.15 ± 0.15 �0.002 ± 0.001 +0.07 ± 0.09 +0.08 ± 0.11
Color reconnection modeling +0.11 ± 0.13 �0.002 ± 0.001 �0.09 ± 0.08 +0.01 ± 0.09
Total systematic 0.59 0.007 0.62 0.48
Statistical 0.20 0.002 0.12 0.16
Total 0.62 0.007 0.63 0.51

7.3 The dilepton channel

For the dilepton channel the systematic uncertainties are defined as the difference between
measurements of mt from pseudo-data events, selected at random from the MC events in the
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• Experimental	
• Jet	energy	response	calibra6on	

• (b)	hadroniza6on	modeling	
• Including	effect	on	jet-energy	scale	

• Hard-scaGering	process	
• ME	generator	comparisons	
• µR/µF	scales,	signal	kinema6cs

Signal	modeling

Detector	understanding
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∼100–150	MeV

∼350	MeV

∼100–150	MeV
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The	most	sensi6ve	methods	are	limited	by	
uncertain6es	from	the	modeling	of	(b)	hadroniza6on.	

• Exploit	full	kinema6c	informa6on	of	tt	̅event	
• Calibrated	using	Monte	Carlo	
• Reaching	a	precision	of	order	500	MeV	(<	0.3%)	

• Ul6mately	limited	by	understanding	of	hadroniza6on	modeling	
• Compare	different	hadronizers	(Pythia	vs.	Herwig)	
• Dedicated	studies	

• How	can	we	improve?	
• What	else	can	we	learn?

4
TOP-14-022	(2015)
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What	can	we	gain	from	different	approaches?

• Use	experimentally	clean(er)	observables	
• Don’t	use	jets,	avoid	hadroniza6on	issues	
• Alterna6ve	systema6c	sensi6vi6es	
• Impact	in	combina6on	with	standard	methods	

• TheoreIcally-calculable	observables	
• Basic	example:	inclusive	produc6on	cross-sec6on	
• Shapes	of	lepton-b	invariant	mass	(mlb),	tt+̅jet	invariant	mass	(ρS)	

• Compare	results	from	different	mass	definiIons:	
• Kinema6c	“MC”	mass,	cross	sec6on,	endpoints	

• Constrain	modeling	systemaIcs	in	the	data—e.g.:	
• Hadroniza6on:	b	fragmenta6on,	semileptonic	b	hadron	decays,	…	
• Top	quark	pT,	scale	uncertain6es	in	differen6al	cross	sec6ons	
• Underlying	event

5
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Reduce	experimental	uncertain6es	by	using 
only	charged	tracks	and	leptons.

• Reconstruct	secondary	vertex	from	b-hadron	decay	

• Exploit	vertex-lepton	invariant	mass	

• Higher	momentum	resolu6on, 
smaller	correc6ons  
compared	to	jets

6
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• Monte	Carlo	calibrated	

• All	lepton-vertex	combina6ons	
in	each	event	used	

• Separate	categories	for:	
• SV-track	mul6plicity	
• l+jets	and	dilepton	channels

7
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Studying	b-quark	fragmenta6on	in	the	data

• Compare	frac6on	of	jet-momentum	
carried	by	secondary	vertex	for	different	
fragmenta6on	func6on	shapes	
• Proxy	for	part.-to-hadr.	momentum	transfer	
• Tune	with	modified	rb	(PARJ47)	1.0	→	0.59	

• Dominant	effect	on	measured	top	mass

8
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Dominant	systema6cs

• b	fragmenta6on	modeling	∼1	GeV	
• Possible	to	constrain	from	data?	

• Top	quark	pT	∼800	MeV	

• Experimental	<	500	MeV	
• Lepton	energy	scales	
• Secondary	vertex	modeling	

• Fully	complementary	to  
standard	methods

9

16 4 Top quark mass measurement

Table 2: Summary of the systematic uncertainties in the final measurement. In cases where
there are two variations of one source of uncertainty, the first and second numbers correspond,
respectively, to the down and up variations. The total uncertainties are taken as the separate
quadratic sum of all positive and negative shifts. For the contributions marked with a (*), the
shift of the single variation including its sign is given, but the uncertainty is counted symmet-
rically in both up and down directions for the total uncertainty calculation.

Source Dmt [ GeV ]
Theoretical uncertainties
µR/µF scales tt +0.22 �0.20
µR/µF scales t (t-channel) �0.04 �0.02
µR/µF scales tW +0.21 +0.17
Parton shower matching scale �0.04 +0.06
Single top quark fraction �0.07 +0.07
Single top quark diagram interference (*) +0.24
Parton distribution functions +0.06 �0.04
Top quark pT +0.82
Top quark decay width (*) �0.05
b quark fragmentation +1.00 �0.54
Semileptonic B decays �0.16 +0.06
b hadron composition (*) �0.09
Underlying event +0.07 +0.19
Color reconnection (*) +0.08
Matrix element generator (*) �0.42
s(tt + heavy flavor) +0.46 �0.36
Total theoretical uncertainty +1.52 �0.86
Experimental uncertainties
Jet energy scale +0.19 �0.17
Jet energy resolution �0.05 +0.05
Unclustered energy +0.07 �0.00
Lepton energy scale �0.26 +0.22
Lepton selection efficiency +0.01 +0.01
b tagging �0.02 �0.00
Pileup �0.05 +0.07
Sec.-vertex track multiplicity (*) �0.06
Sec.-vertex mass modeling (*) �0.29
Background normalization < 0.03
Total experimental uncertainty +0.43 �0.44
Total systematic uncertainty +1.58 �0.97
Statistical uncertainty ±0.20

gauge-invariant subtraction term modifies the tW cross section to cancel the contribu-
tions from tt. Samples using the second scheme are generated and compared and the
difference is quoted as a systematic uncertainty [64, 67].

Parton distribution functions: Uncertainties related to the modeling of parton momentum
distributions inside the incoming protons are estimated by evaluating the diagonalized
uncertainty sources of the CT10 PDF set [21]. Each source is used to derive event-by-
event weights, which are then applied to obtain a variation of the signal msvl shape. The
maximal difference with respect to the nominal signal sample is quoted as the systematic

TOP-12-030
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Charm	mesons	in	b-hadroniza6ons	from	top	decays
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Figure 10: Fit of the leading lepton-J/y candidate invariant mass with Psig+bg. The inset shows
the scan of the log likelihood as a function of the only free parameter which is Mt.

5 Systematic uncertainties227

Systematic uncertainties are estimated by studying their impact on the MJ/y+` shape and how228

the expected changes propagate to the fit of the top quark mass. For each source of uncertainty,229

the MJ/y+` distributions are generated for the corresponding variations and then fitted with230

the nominal PDF parametrization obtained without variation. A crosscheck is performed us-231

ing pseudoexperiments: toy Monte Carlos are generated for appropriate variations. For both232

methods, the differences in the average top quark mass fit, with respect to the one expected233

to be fit in the corresponding simulation reference, are taken as an estimate of the magnitude234

of the systematic uncertainty. Both methods are always in good agreement within statistical235

uncertainty.236

Table 2 summarizes the results obtained for the evaluation of the systematic uncertainties,237

which are described in detail in Sections 5.1 and 5.2.238

5.1 Experimental uncertainties239

Monte Carlo statistics As mentioned in Section 4.2, pseudoexperiments are drawn from240

Psig+bg for seven top quark mass values. The mean of each residual distribution as a function241

of the top quark mass is fitted with a linear function, whose value at 172.5 GeV is interpreted242

as the uncertainty due to the finite size of the MC samples used for the calibration.243

Leading lepton momentum scale The uncertainties on the leading lepton transverse mo-244

mentum scale are below 0.1% in case of muons [39] and 0.3% in case of electrons [45]. This245

uncertainty given as a function of pT and h is propagated to the leading lepton-J/y candidate246

invariant mass and the effect on the top quark mass fit is evaluated.247

Modeling of the J/y candidate mass distribution Despite the corrections applied to the248

muon energy scale, the shape of the J/y candidate mass distribution observed in data is not249

exactly reproduced in MC simulations, in which final state radiation of soft muons is not mod-250

eled: There is a migration observed in data towards the low mass side. Conservatively, the251

full difference is treated as a potential systematic uncertainty. Thus, the MJ/y+` distribution is252

/24

Using	charmed	mesons	might	provide	
an	even	cleaner	observable.

• Lepton	+	J/Ψ	invariant	mass	
• Small	branching	frac6ons	

• 666	available	events	in	8	TeV	dataset	
• Sta6s6cal	uncertainty	of	3.0	GeV	

• However	<	1	GeV	syst.	uncertainty	
• b-fragmenta6on	∼0.3	GeV	
• Limited	by	top	pT	modeling,	QCD	scales	
• Relevant	exp.	uncertain6es	<	100	MeV

11
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Figure 3: Dimuon invariant mass between 2.8 and 3.4 GeV. Processes are normalized to their
theoretical cross section. The lower inset shows the ratio of the number of events observed in
data over the number of events expected from simulations.

computed as the 3 prong mass. The shape of the distributions observed in data is fairly well135

reproduced by the simulations.136
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Figure 4: Distributions of reconstructed J/y ! µ+µ� candidate properties: transverse mo-
mentum (left), and mass (right). Processes are normalized to their theoretical cross section. The
lower inset shows the ratio of the observed over the expected distributions.

TOP-15-014	(2016) Kharchilava	(1999)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-014/index.html
http://arxiv.org/abs/hep-ph/9912320
http://arxiv.org/abs/hep-ph/9912320
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Exclusive	reconstruc6on	reduces	sensi6vity 
to	varia6ons	in	b-fragmenta6on	

• Cost	of	reduced	sensi6vity	(larger	sta6s6cal	uncertainty)

12
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TOP-15-014
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Ideal	case	would	be	an	experimentally-clean,	
theore6cally-calculable	observable
• Dilepton	kinema6cs	proposed	by	Frixione	and	Mitov	(2014)	
• pT(l+l-)	found	to	show	highest	sensi6vity	to	top	mass	
• Loss	of	sensi6vity	when	unfolding

13
TOP-16-002	(2016)
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Promising	experimental	precision,	but	limited	by	QCD	
scale	uncertain6es	and	top	pT	modeling.

• Caveat:	using	only	leading-
order	MC	in	Run	I	(8	TeV)	

• Furthermore,	top	quark	pT  
mismodeling	has	a	large	
impact	

• Experimentally	limited	only 
by	lepton	momentum	scale

14

3.2 Systematic uncertainties 9

) [GeV]-l+(l
T

p
50 100 150 200 250

Ra
tio

 w
rt 

17
2.

5 
G

eV

0.8

1

1.2

a.
u.

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Nominal
ME/PS Down
ME/PS Up
NLO
Scale Down
Scale Up

T
Top p

CMS
Simulation

8 TeV

(a)

) [GeV]-l+(l
T

p
50 100 150 200 250

R
at

io
 w

rt 
17

2.
5 

G
eV

0.8

1

1.2

a.
u.

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

 = 166.5 GeVtm
 = 172.5 GeVtm
 = 178.5 GeVtm

CMS
Simulation

8 TeV

(b)

Figure 5: (a) Variations of the QCD scale choice (Scale), ME-PS scale choices (ME/PS), matrix-
element generator interfaced with different hadronizers (NLO), and reweighting of the simu-
lated top quark pT shape to the observed distribution (Top pT) are compared to the pT(`+`�)
simulated shape extracted from the nominal MADGRAPH sample generated at 172.5 GeV. The
red dashed vertical line in the bottom panel shows the truncated spectrum we have chosen to
extract mt. (b) The predictions from MADGRAPH +PYTHIA 6 for the pT(`+`�) simulated shape
are compared for mt =166.5 GeV, mt =172.5 GeV and mt =178.5 GeV. The bottom panels show
the ratio with respect to the nominal simulation generated at mt =172.5 GeV.

mt	=	171.7	±	1.1	±	0.5	+3.1	-2.5		+0.8	GeV
(stat.)				(exp.)		(theo.)				(top	pT) TOP-16-002	(2016)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-002/index.html
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Table 6: Combined top quark pole mass at NNLO+NNLL extracted by comparing the mea-
sured tt̄ production cross section with predictions employing different PDF sets.

mt [ GeV ]
NNPDF3.0 173.8+1.7

�1.8

MMHT2014 174.1+1.8
�2.0

CT14 174.3+2.1
�2.2

Figure 9: Likelihood for the predicted dependence of the tt̄ production cross section on the top
quark pole mass for 7 and 8 TeV determined with TOP++, employing the NNPDF3.0 PDF set.
The measured dependences on the mass are given by the dashed lines, their 1s-uncertainties
are represented by the dotted lines. The extracted mass at each value of

p
s is indicated by a

black point, with its 1s-uncertainty constructed from the continuous contour, corresponding to
�2D log(Lpred · Lexp) = 1.

10 Limits on top squark pair production503

The SUSY models are predicated on the existence of partners for SM particles. A light top504

squark could contribute to the cancellation of the quadratic divergences in the Higgs mass505

loop corrections [26]. SUSY scenarios with a neutralino as LSP and a nearly degenerate-mass506

top squark provide one theoretically possible way to account for the observed relic abundance507

of dark matter [80, 81]. There are therefore strong motivations to search for a top squark with a508

mass close to, or even below, the TeV scale.509

In the following, a SUSY model with R-parity conservation is considered, where top squarks510

are pair-produced via the strong interaction. The top squark decays into a top quark and the511

LSP, considered here as the lightest neutralino c̃0
1. A simplified model is used, where the pa-512

rameters are the top squark and neutralino masses [82, 83]. The branching fraction of top513

squark into a top quark and a neutralino is assumed to be 100%, and the top quark polarisation514

is assumed to be fully right-handed. A diagram of the process is shown in Fig. 10.515

Top squark pair production with the top squarks decaying into a top quark and a neutralino516

could produce final states very similar those one from tt̄ production but with additional miss-517

ing transverse energy. If the difference between the masses of the top squark and the neutralino518

is close to the top quark mass, the events would have similar topologies to the SM tt̄ events.519

In such situations, direct top squark searches have low sensitivity because of the overwhelm-520

ing tt̄ background. However, from a very precise tt̄ cross section measurement, top squark521
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Pole	mass	extrac6on	from	the	inclusive	tt	̅produc6on	
cross-sec6on	reaching	<	2	GeV	precision

• Mass-dependence	can	be	calculated	at	NNLO	
• Acceptance	depends	on	mt	as	well	

• Fixed	value	of	αS	

• Cross	sec6on	limited  
by	luminosity 
uncertainty

15

mt	=	173.8	+1.7	-1.8	GeV

TOP-13-004	(2016)	subm.	to	JHEP

NNPDF3.0

http://arxiv.org/abs/1603.02303
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Shapes	are	poten6ally	more	sensi6ve,	and	not 
limited	by	beam-related	uncertain6es.

• Primary	QCD	radia6on	depends  
on	top	quark	mass	
• Calculable	at	NLO	

• Study	dileptonic	tt	̅events	
• At	least	one	addi6onal	jet 
(pT	>	50	GeV)	

• Measure	diff.	cross	sec6on  
versus		ρS	=	2·m0	/	m(tt̅,	jet)	

• Unfold	to	par6cle	level	
• Using	MadGraph+PY6

16
Alioli,	Fuster,	Moch,	et	al.	(2013)

	NEW	

mtGen	=	172.5	GeV

TOP-13-006	(2016)

http://arxiv.org/abs/1303.6415
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-13-006/index.html
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Compare	par6cle-level	measurement	with  
POWHEG	predic6on	at	NLO

• POWHEGBOX	GJ	setup	
• Interfaced	to	PYTHIA8	

• Dominant	systema6cs	from	
µF/µR	scale	varia6ons:	
• Effect	on	theo.	predic6on	
(POWHEG)	-1.6	+3.6	GeV	

• Effect	on	unfolding	matrix	
(MadGraph)	+1.0	-2.8	GeV	

• Fully	independent	of	cross-
sec6on	based	measurement

17

mt	=	169.9	±	1.1	+2.5	-3.1	+3.6	-1.6	GeV
(stat.)		(syst.)						(theo.)	

	NEW	

TOP-13-006	(2016)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-13-006/index.html
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May 2016Top-quark pole mass measurements
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Measurements	based	on	comparing	theory	
predic6ons	agree	well	with	MC-calibrated	results

18

(within	∼2	GeV	uncertain0es)

Next	step:	
combina0on	of	these	
results!



/24

Without	relying	on	simula6on,	we	can	extract	the	top	
mass	from	the	endpoints	of	kinema6c	distribu6ons

• Endpoints	depend	on	
masses	of	par6cles	
involved	in	the	decay	

• Simultaneous	fit	of	
neutrino,	W,	and	top	
masses	

• Almost	independent	of	
simula6on

19 TOP-11-027	EPJ	C73	(2013)	2494
mt	=	173.9	±	0.9		+1.7-2.1	GeV

Eur. Phys. J. C (2013) 73:2494 Page 13 of 28

Fig. 8 Results of simultaneous fits to m2
ν , MW, and Mt . The upper red

line is in all cases the full fit, while the green (middle) and blue (lowest)
curves are for the signal and background shapes, respectively. While
the fit is performed event-by-event for all measured kinematic values,
the line shown is an approximate extrapolation of the total fit likelihood

function over the entire fit range. Top row: unconstrained fit; Middle
row: singly-constrained fit; Bottom row: doubly-constrained fit. The in-
set shows a zoom of the tail region in Mbℓ for the doubly-constrained
case to illustrate the level of agreement between the background shape
and the data points

be a viable option for mass measurements in a variety of
new-physics scenarios. The precision on Mt given by the
doubly-constrained fit, for example, is indicative of the pre-
cision with which we might determine the masses of new

colored particles (like squarks), as a function of the input
test mass m̃ν . Of course, as shown in the second column
of Table 5, the input mass mν itself will be determined less
precisely. Another plausible scenario is one in which new

Lepton+b-jet	invariant	mass	[GeV]

Signal

Backgr.

Total

(stat.)								(syst.)

http://arxiv.org/abs/1304.5783


4 4 Determination of the mass

energy in the event, and the contrstrain that the muon and the neutrino come from a W boson109

decay. Fig. 3 shows the reconstructed top mass distribution before and after this final selection.110

The fraction of reconstructed top quarks from single-top quark production is about 75% of the111

surviving top quark sample (about 71% from t-channel production).112

Figure 3: Reconstructed top quark mass distribution for data (points) and Monte Carlo events
(stacked histograms). Left: initial selection; right: final selection after charge and light jet pseu-
dorapidity cuts.

The top-quark mass is measured with an extended unbinned maximum likelihood fit to the113

reconstructed invariant mass m`nb. The number of events for the various contributions, except114

for the single-top quark t-channel, is fixed to values obtained from the single top quark t-115

channel cross section measurement [1]. The description of the parametrization of the signal116

and background components used in the fit is presented below. The free parameters of the fit117

are the number of single-top-quark signal events and the parameters of the signal shape, as118

described later.119

4.1 Signal parametrization120

We study the signal shape on simulation. The signal includes all channels where a top quark121

is produced. After the full selection, the sample mostly consists of a single top quark t-channel122

and a tt component.123

The invariant mass distributions of these two samples cannot be satisfactorily described by a124

unique shape. In fact the tt component exhibits a wider peak, with a larger high-mass tail. Both125

Single	t
tt̅
W+jets

q q′

W

b t
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Single	top	produc6on	could	poten6ally 
provide	addi6onal	insights
• Enrich	selec6on	in	single	top	requiring  
a	forward	jet:	|ηj|	>	2.5	
• 71%	t-channel	single	top,	tt	̅<	10%	

• EWK	mediated	
• Different	color	reconn.	
• Different	hard	scaGering	
• Different	pdfs	

• Dominant	systema6cs:	
• Jet	energy	scales	
• Background	modeling	

• Measure	mass	difference?

20
TOP-15-001	(2016)mt	=	172.6	±	0.8	±	1.0	GeV

(stat.)				(syst.)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-15-001/index.html
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As	far	as	we	can	tell,	different	mass	defini6ons	yield	
consistent	measurements.

21
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CMS/D0	comparison

• 3	GeV	discrepancy 
between	the	two	most 
precise	results	(l+jets)	

• Various	cross	checks	revealed	no	issues	
• But	sprouted	frui{ul	discussions	and	collabora6on	

• Next	step	of	common	MC	setup	is	well	advanced	
• POWHEG	+	Pythia	6	
• CMS	results	consistent	with	published	numbers	
• D0	results	forthcoming	

• More	informa6on	on	cross	checks	in	May	2015	open	session

22

https://indico.cern.ch/event/375429/contributions/1798880/
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• Sub	500	MeV	precision	from	standard	measurements	
• Challenging	to	advance	further	
• Awai6ng	LHC	Run	I	combina6on	

• The	precision	is	limited	by	our	ability	to	model	the	signal	
• In	par6cular	related	to	the	b-quark	hadronizaIon	
• On	experimental	side	from	influence	in	jet-energy	scales	

• Alterna6ve	methods	can	help	tackle	the	issue	from	different	
sides	and	contribute	to	understanding	of	modeling	

• Different	techniques	and	employed	mass	defini6ons	give	
consistent	results	(so	far)

23
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Benjamin	S*eger	(UNL) LHCTopWG	open	mee0ng,	May	18th	2016

hSp://cms-results.web.cern.ch/cms-results/public-results/publica0ons/CMS	public	results:

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP/index.html


Addi0onal	material
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		lepton+SV		
CMS	TOP-12-030

		lepton+J/Ψ CMS	TOP-15-014

16 4 Top quark mass measurement

Table 2: Summary of the systematic uncertainties in the final measurement. In cases where
there are two variations of one source of uncertainty, the first and second numbers correspond,
respectively, to the down and up variations. The total uncertainties are taken as the separate
quadratic sum of all positive and negative shifts. For the contributions marked with a (*), the
shift of the single variation including its sign is given, but the uncertainty is counted symmet-
rically in both up and down directions for the total uncertainty calculation.

Source Dmt [ GeV ]
Theoretical uncertainties
µR/µF scales tt +0.22 �0.20
µR/µF scales t (t-channel) �0.04 �0.02
µR/µF scales tW +0.21 +0.17
Parton shower matching scale �0.04 +0.06
Single top quark fraction �0.07 +0.07
Single top quark diagram interference (*) +0.24
Parton distribution functions +0.06 �0.04
Top quark pT +0.82
Top quark decay width (*) �0.05
b quark fragmentation +1.00 �0.54
Semileptonic B decays �0.16 +0.06
b hadron composition (*) �0.09
Underlying event +0.07 +0.19
Color reconnection (*) +0.08
Matrix element generator (*) �0.42
s(tt + heavy flavor) +0.46 �0.36
Total theoretical uncertainty +1.52 �0.86
Experimental uncertainties
Jet energy scale +0.19 �0.17
Jet energy resolution �0.05 +0.05
Unclustered energy +0.07 �0.00
Lepton energy scale �0.26 +0.22
Lepton selection efficiency +0.01 +0.01
b tagging �0.02 �0.00
Pileup �0.05 +0.07
Sec.-vertex track multiplicity (*) �0.06
Sec.-vertex mass modeling (*) �0.29
Background normalization < 0.03
Total experimental uncertainty +0.43 �0.44
Total systematic uncertainty +1.58 �0.97
Statistical uncertainty ±0.20

gauge-invariant subtraction term modifies the tW cross section to cancel the contribu-
tions from tt. Samples using the second scheme are generated and compared and the
difference is quoted as a systematic uncertainty [64, 67].

Parton distribution functions: Uncertainties related to the modeling of parton momentum
distributions inside the incoming protons are estimated by evaluating the diagonalized
uncertainty sources of the CT10 PDF set [21]. Each source is used to derive event-by-
event weights, which are then applied to obtain a variation of the signal msvl shape. The
maximal difference with respect to the nominal signal sample is quoted as the systematic
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G+1jet	systema6cs

27

14 8 Summary

Table 2: Breakdown of the systematic uncertainties for the top quark mass measured from the
dileptonic channel. All systematic uncertainties are found to be statistically significant. For
the asymmetric uncertainties due to scale variations, the first reported value corresponds to an
increase of the corresponding scale and the second one to a decrease.

Source Dmt [GeV]

POWHEG tt+jet modelling �1.6
+3.6

Jet-Parton Matching �0.1
+1.6

Q2 Scale +1.0
�2.8

ME/Showering ±0.4

Color Reconnection ±0.7

Underlying Event ±0.3

PDF +0.9
�0.1

Background ±1.0

Jet Energy Scale ±0.1

Jet Energy Resolution ±0.1

Pile-Up ±0.3

Trigger Eff. < 0.1

Kinematic Reconstruction < 0.1

Lepton Eff. ±0.1

B-Tagging ±0.3

Syst. uncertainty +2.5
�3.1

Stat. untertainty ±1.1
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