
Prof	Véronique	Boisvert

Top Quark Mass Measurements
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Physics

Why	measure	the	top	quark	mass?
• Top	quark	mass	is	one	of	the	fundamental	parameters	of	the	SM	that	
need	to	be	measured	

• Strong	dependence	of	the	top	quark	pair	production	cross	section	on	
top	mass	

• tt	production	important	background	to	Higgs	and	NP	searches	

• Consistency	of	SM	looking	at	W,	top	and	Higgs	mass	

• Higgs	enters	into	radiative	corrections	of	EW	boson

• Only	logarithmically	

• Top	mass	enters	quadratically… 

•Top mass enters into the Higgs potential
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[G.	Degrassi	et.	al.	2012]



Physics

Top	production	and	decay
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Production:
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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

Decay:

All-hadronic:	2	of	these
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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!
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Physics

A	Brief	history	of…	top	quark	mass	measurements

• First	“measurement”	of	the	top	quark	mass	from	LEP!
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Robert Clare LEP at 30: ElectroWeak Physics

The next year’s data (1990 Z peak scan) was even bigger and better than 1989.

Now 650k Z events summed from all experiments

Pretty straight-forward average (it was still early days, after all):

And, more importantly …
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6JG�RQYGT�QH�HQWT�����

mZ = 91.175 ± 0.021 GeV (20 MeV common)
<latexit sha1_base64="iQOOJqbLNXnFfoo/IMzhgyi0+Bo="></latexit>

GZ = 2.487 ± 0.010 GeV
<latexit sha1_base64="5O2liGEC7fPTPUmIprDRxBiF3BE="></latexit>

Experimental 50 GeV < mH < 1000 GeV

Of course, we used other 
measurements, such as 
lepton asymmetries, which 
also depend on mt, but this is 
a story!

#PF�VJG�.'2�'NGEVTQ9GCM�
9QTMKPI�)TQWR�
.'2'99)��
YCU�DQTP�

mt = 124 +40
-56 ± 21 GeV

<latexit sha1_base64="GBLaTZ2q3flds+z1Flx3JM01ZXI="></latexit>



Physics

A	Brief	history	of…	top	quark	mass	measurements

• Tevatron	results	

• Introduction	of	in-situ	JES	measurement	

• Exploitation	of	powerful	analysis	methods	like	
Matrix	Element
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PRD	90	091101	(2014)

0.43%

0.37%



Physics

A	Brief	history	of…	top	quark	mass	measurements

• LHC	results:	top	quark	factory!

6

0.28%

0.28%
0.37%

0.49%

Next:

This	Presentation	will		focus	on	the	
most	precise	results	to	infer	some	
(personal)	projections



Physics

CMS	l+jets:	Event	Selection	&	Reconstruction

• tt	reconstruction:	

• Use	highest	4	pT	jets,	among	which	2	are	b-tagged:	

• results	in	2	parton-jets	assignments	and	2	 	each	=	4	permutations	

• Kinematic	fit	minimizes	a	 	containing	the	measured	and	fitted	4-momenta,	

	

• Background	reduced	from	7.6%	to	4.3%	(mostly	single	top)	

• all	4	permutations	used	and	weighted	by	

pz,ν

χ2

Pgof = e− χ2
2 ≥ 2

Pgof
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� 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

Leptonic	top	 Hadronic	top	

27
|η|<2.1	(e)	2.4	( )μ

pT>34	GeV	(e)	26	GeV	( )μ 4	jets	
pT>30	GeV	|η|<2.4	

≥

b-tagging:	 	=	70%,	mistag	P	=	1%ϵ

EPJC	78	(2018)	891



Physics
CMS	L+jets:	Ideogram	method
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j	=	correct,	wrong,	unmatched	( 	their	
relative	fractions)	

fj

	=	pdf	from	simulations	of	 	and	 	(templates)	
for	different	values	of	top	mass	and	JSF	
Pj mt mW

i	=	different	permutations	(up	to	4)

	—>	reduces	impact	of	events	without	correct	permutationswevt = c∑
i

Pgof(i)

P(JSF)	=	prior	for	JSF:
fixed	to	1:	1D	analysis	
floating:	2D	analysis	
Gaussian	centered	at	1:	hybrid	analysis	

bias	correction:	0.5	GeV	at	172.5GeV	with	3%	slope	
statistical	unc	corrections	(from	pulls):	5%	for	both	the	mass	and	JSF

EPJC	78	(2018)	891



Physics
CMS	l+jets:	Systematic	uncertainties
• Largest	systematic	uncertainties	from	jets:	

• Jet	Energy	Correction	and	JEC	Flavor	modeling	(Pythia	vs	Herwig)	

• Largest	Modelling	uncertainty	from	CR:	

• Color	reconnection:	Pythia	with	Early	Resonance	Decays	vs	“QCD	
inspired”	and	“gluon	move”	

• ME	generator:	Powheg	vs	Madgraph5	with	FxFx	matching	

• FSR	PS	scale:	up	by	 	and	down	by	 ,	jet	energy	response	
of	light	quarks	differ	by	1.2%	vs	default	sample	—>	scaled	to	
default

2 1/ 2

9 EPJC	78	(2018)	891



Physics
CMS:	l+jets:	Results

10

172.25	 0.63	(0.37%)±

EPJC	78	(2018)	891



Since	jets	dominate	uncertainties	use	
alternative	methods	only	relying	on	leptons

11

Symmetry	magazine



Physics

ATLAS	l+jets:	Event	Selection	&	Reconstruction

• Sample	split	into	OS	(mostly	direct	 	
decays)	vs	SS	(mostly	sequential	 )	

• OS:	83%	same	top,	10%	different	top,	7%	
unmatched	to	b	from	top	(mostly	from	

)	

• SS:	57%	same	top,	41%	different	top,	2%	
unmatched

b → μX
b → cX′ → μX′ ′ 

t → W → cs
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|η|<2.47	(e)	2.5	( )μ
pT>27	GeV

4	jets	
pT>30	GeV	|η|<2.5	

≥

b-tagging:	DV:	 	=	77%,	mistag	P	=	0.7%	
SMT:	50%	of	SL	b-jets	(20%	BR),		

mistag	P	=	0.1%

ϵ

ATLAS-CONF-2019-046

μ

=	1	SMT	and		 	1	DV		
(can	be	same	jet)	

≥

ΔRℓ,μ < 2

Same	top

	GeV	and	 	GeVET
miss > 30 ET

miss + mT(W ) > 60

Mℓμ



Physics

ATLAS	l+jets:	binned-template	profile	likelihood

• 3	free	parameters:	 ,	normalisation	for	OS	and	SS	

• To	improve	stability	of	fit:	templates	are	smoothed	

• Stat	unc	of	MC	samples	and	background	estimates:	bin	by	bin	uncertainty	

• Fit	found	to	be	linear	and	unbiased	

• Fit	method	and	event	selection	optimised	to	minimise	total	top	mass	uncertainty	blinded

mt

13 ATLAS-CONF-2019-046



Physics

• tt	simulation	used:	Powheg+Pythia+EvtGen	with	A14	tune	and	
fragmentation	rb	fit	to	ALEPH,	DELPHI,	OPAL,	SLD	data	(rb	=	1.05	 	0.02)		

• Dominant	uncertainties	from	modelling:	

• HF-hadron	decays	

• b-quark	frag:	rb	unc.	

• ISR:		

• rad	up	=	1/2	x	(renorm.	and	fact.	scales),	2	x	hdamp	,	Var3cUp	 	
value	

• rad	down	=	2	x	(renorm.	and	fact.	scales),	Var3cDw	 	value	

• Pile-up:	dilepton	and	Z+jets	where	prompt	muons	overlap	a	jet,	affects	tail	
of		

±

αISR
S

αISR
S

Mℓμ

ATLAS	l+jets:	systematic	uncertainties

14 ATLAS-CONF-2019-046
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ATLAS DRAFT

estimated in data following the matrix method described in Ref. [50].212

Samples of W/Z+jets events and diboson production in association with jets, are simulated using the213

S����� generator. In the W/Z+jets samples, matrix elements are calculated for up to two partons at NLO214

and four partons at leading order (LO) using the C���� [51] and O���L���� matrix element generators215

and merged with the S����� parton shower [52], using the ME+PS@NLO prescription [53]. The CT10216

PDF set is used in conjunction with dedicated parton shower tuning developed by the S����� authors. The217

normalisation of the W+jet background and the relative fractions of W boson associated with heavy flavour218

quark are extracted from data, taking advantage of the intrinsic W charge-asymmetry of the process [54].219

The Z+jets contribution is estimated from MC simulation and checked in a data control sample. The220

diboson+jets samples are generated following the same approach but with up to one (for Z Z) or zero (for221

WW,W Z) additional partons at NLO, and up to three additional partons at LO. They are normalised to222

their respective theoretical NLO cross sections calculated by the event generator.223

Samples of Wt and s-channel single top quark background events are generated with P�����-B�� V1224

and V2, respectively, with the CT10 PDF set. Overlaps between the tt̄ and Wt final states are removed225

with the diagram removal prescription [55]. Electroweak t-channel single top quark events are generated226

using the P�����-B�� V1 generator which uses the four-flavour scheme for the NLO matrix elements227

calculations together with the fixed four-flavour PDF set CT10f4. For this process, the top quarks are228

decayed using MadSpin [56], preserving all spin correlations. All single-top quark samples are interfaced229

to P����� 6.428 [57] with the Perugia 2012 [58] underlying-event tune. The E��G�� v1.2.0 program is230

used to model properties of the bottom and charm hadron decays. The single-top quark t- and s-channel231

samples are normalised to the approximate NNLO theoretical cross sections [59–61].232

3.4 Modelling of heavy-quark fragmentation, hadron production and decays233

The modelling of the momentum transfer between the b-quark and the b-hadron is an important aspect of234

this analysis. The Monte Carlo event generators, such as the P�����, H����� [62, 63] and S����� programs,235

describe this transition according to phenomenological models, namely the string and cluster models236

containing parameters which are tuned to data. The P�����8 allows the use of several parameterisations237

for the b-quark fragmentation function, while H�����7 and S����� use a non-parametric model which238

handles the complete parton shower evolution. The free parameters in those models are typically fit to239

measurements from e+e� colliders, and this analysis assumes that b-quark fragmentation properties at a240

reference q2 scale are the same in e+e� and hadron collisions.241

The Lund-Bowler parameterisation [64, 65] used in P�����8 is given by242

f (z) =
1

z1+brbm2
b

(1 � z)a exp(�bm2
T/z), (1)

where a, b and rb are the function parameters, mb is the b-quark mass, mT the b-hadron transverse mass243

and z is the fraction of the longitudinal energy of the b-hadron with respect to the b-quark, in the light cone244

reference frame. The fragmentation function is defined at the hadronisation scale and it is evolved by the245

parton shower to the process scale through DGLAP evolution equations. In P�����8, the values of a and b246

have been fitted to data sensitive to light-quark fragmentation [66], such as charged multiplicities, event247

shapes and scaled momentum distributions. They are assumed to be universal between light and heavy248

quarks, while the rb parameter is specific to b-quark fragmentation. To improve the description of b-quark249

fragmentation in the ATLAS A14 tune, following Refs. [67–70], a fit is performed for the StringZ:rFactB250

12th December 2019 – 15:29 7



Physics
ATLAS	L+Jets:	fit	results
• Nuisance	parameters:	no	significant	pulls	or	constraints	

• Numerous	checks	performed	showing	fit	stability

15

174.48	 0.78	(0.45%)±

ATLAS-CONF-2019-046

Compatible	with	ATLAS	
combination	at	2.2σ



Physics
But	which	mass	are	we	measuring?

• “Direct”	methods	measure	the	“MC”	top	quark	mass,	not	
necessarily	the	mass	parameter	in	the	cross-section	

• Difference	could	be	of	order	 500	MeV-	1	GeV	

• “Indirect”	methods	use	the	theoretical	cross-section	
dependence	on	mass

ΛQCD ∼

16

0.47%

0.7%

1910.08819,	submitted	to	EPJC



Physics

ATLAS	l+jets	pole	mass:	Event	Selection	&	Reconstruction

• Pairs	of	leptonic	and	hadronic	top	quarks	chosen	based	
on	min:	

• and	require	

• 	GeVm0 = 170
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|η|<2.47	(e)	2.5	( )μ
pT>25	GeV

5	jets	
pT>25	GeV	|η|<2.5	

≥
b-tagging:	 	=	70%,	mistag	P	=	0.8%	

=2	b-jets	
ϵ

JHEP	11	(2019)	150

g	GeV	and	 	GeVET
miss > 30 mT(W ) > 30

extra	jet	not	used	in	top	candidates:	
pT>50	GeV

0.9 <
mW

mij
< 1.25

hadronic	W:

min( )	x	 	GeVpi
T, pj

T ΔRij < 90

leptonic	W:	
lepton+up	to	2	 	solutionsν

|mt,lep − mt,had |

mt,lep + mt,had

mt,lep

mt,had
< 0.9

sensitivity	to	top	mass	near	prod.	threshold	 	ρs > 0.775



Physics

ATLAS	l+jets	pole	mass:	Differential	distribution

• R	is	unfolded	at:	

• parton	level	(to	compare	with	fixed-order	
calculations	and	extract	pole	mass)	

• particle	level	(for	future	calculations	which	may	
include	top	decay	and	hadronisation)	

• iterative	Bayesian	unfolding	

• pole	mass	extracted	from	minimizing:

18 JHEP	11	(2019)	150



Physics

ATLAS	l+jets	pole	mass:	Systematic	uncertainties

• Dominant	uncertainties:	

• theory	ones	

• usual	scales	(MS	sensitive	to	this	near	prod.	threshold)	

• PDF+ :half	the	envelope	of:	CT10nlo+ =0.118,	MSTW2008nlo90cl+ =0.120,	NNPDF23+
=0.119	

• Shower	and	hadronisation:	Pythia	vs	Herwig	

• Colour	reconnection:	Pythia	Perugia	tunes	

• Jet	Energy	scale

αS αS αS
αS

19 JHEP	11	(2019)	150

Mass scheme mpole
t [GeV] mt (mt ) [GeV]

Value 171.1 162.9
Statistical uncertainty <0.4 <0.5
Simulation uncertainties
Shower and hadronisation <0.4 <0.3
Colour reconnection <0.4 <0.4
Underlying event <0.3 <0.2
Signal Monte Carlo generator <0.2 <0.2
Proton PDF <0.2 <0.2
Initial- and final-state radiation <0.2 <0.2
Monte Carlo statistics <0.2 <0.2
Background <0.1 <0.1
Detector response uncertainties
Jet energy scale (including b-jets) <0.4 <0.4
Jet energy resolution <0.2 <0.2
Missing transverse momentum <0.1 <0.1
b-tagging e�ciency and mistag <0.1 <0.1
Jet reconstruction e�ciency <0.1 <0.1
Lepton <0.1 <0.1
Method uncertainties
Unfolding modelling <0.2 <0.2
Fit parameterisation <0.2 <0.2
Total experimental systematic <0.9 <1.0
Scale variations (+0.6,�0.2) (+2.1,�1.2)
Theory PDF�↵s <0.2 <0.4
Total theory uncertainty (+0.7, �0.3) (+2.1, �1.2)
Total uncertainty (+1.2, �1.1) (+2.3, �1.6)



Physics

ATLAS	l+jets	pole	mass:	results

• Several	checks	performed	for	stability	of	fit	(eg	top	mass	in	MC	samples,	unfolding	
ingredients	from	MC	with	172.5	GeV)	

• Get	pole	mass	value	of	170.9	if	use	MS	mass	using	( (163	GeV)	=	0.116):	αS

20

171.1	+1.2	-	1.0	(0.7%)

162.9	+2.4	-	1.6	(1.5%)

JHEP	11	(2019)	150

(For	a	measurement	of	the	running	of	the	MS	mass,	see	CMS	recent	13	TeV	paper:	CMS-TOP-19-007	submitted	to	PLB)



Physics
CMS	DIL	pole	mass:	Results

•Use	3D	differential	distributions:	

•Dominant	uncertainties:	JES	and	signal	modelling

21

[N0,1+
jet , mtt̄, ytt̄]

Theoretical	uncertainties

CMS-TOP-18-004



Physics
CMS	DIL	pole	mass:	Results

• Appendix	contains	lots	of	 	plots	for	mass	under	different	parametersχ2

22 CMS-TOP-18-004

170.9	 0.8	(0.47%)±



Physics

How	to	improve	the	uncertainty	on	top	mass?

•Most	analyses	are	dominated	by:	

• Jet	uncertainties	

• Improve	jets	(ATLAS	track	jets,	very	large	calibration	samples,	etc.)	

• Choose	methods	that	don’t	rely	on	jets	(eg	SMT	analysis),	helps	in	
combinations	as	well	

• Signal	modelling	uncertainties	

• Go	beyond	two-point	comparison	

• NLO	in	decay	and	off-shell	effects	

• Better	Multileg	MC	

• MC	tuning	using	precision	data	

• Cooperation	with	theorists!

23

EPJC	77	(2017)	466



Physics
Medium	term	projections

• HL-LHC	projections	done	by	ATLAS	and	CMS	for	the	Yellow	Reports	

• ATLAS:	use	J/ 	method	—>	reach	0.5	GeV	

• CMS:	various	methods	studied

Ψ

24
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Physics
Conclusions

• Best	single	analyses	able	to	reach	0.4%	precision	while	combinations	reach	0.3%!	

• Even	pole	mass	now	reach	about	same	level	of	precision	

• Improvements	mainly	due	to	increased	statistics	which	allow	for	differential	
measurements	and	regions	of	phase	space	sensitive	to	top	mass	

• If	I	do	a	naive	combination	of	ATLAS	SMT	with	ATLAS	comb	assuming	completely	
uncorrelated,	get:	173.18	 0.41	(0.24%)	very	close	to	world	comb.	

• Best	long	term	precision	will	come	from	a	lepton	collider	

• For	Higgs	Mass	of	125	GeV,	need	top	pole	mass	>	175	GeV	to	be	in	unstable	region…	
seems	unlikely…

±

25

CMS	l+jets:	172.25	 0.63	(0.37%)±

ATLAS	SMT:	174.48	 0.78	(0.45%)±

ATLAS	tt+1	jet:	171.1	+1.2	-	1.0	(0.7%)

“MC”	mass

ATLAS	Comb.:	172.69	 0.48	(0.28%)±

CMS	Comb.:	172.44	 0.48	(0.28%)±

Pole	mass

CMS	3D	diff:	170.9	 0.8	(0.47%)±

Tevatron	Comb.:	174.30	 0.65	(0.37%)±

World	Comb.:	173.34	 0.76	(0.44%)±

[S.	Alekhin	et.	al.	2012]


