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Mo9va9ons
• Consistency	tests	of	electroweak	symmetry	breaking	

mechanism	
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Tevatron	@	Fermilab
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• Mul9-purpose,	high	acceptance,	well	understood	detectors. 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The	W	mass	@	Tevatron
• Strategy:			

– 	Analyse	the																								distribu9ons	in	W→lν	(l=e/μ)	channels		
– 	Likelihood	fits	of	MW-parameterized	simula9on	templates	
– Lepton	E/p	scale	and	recoil	calibra9on	with	Z→ll	data		

• Results		

– Dominant	systema9c	are	the	lepton	 
E/p	scale	and	PDFs.		

– Tevatron	results	are	combined	using	BLUE

4

plT , /E
⌫
T ,m

l
T

80200 80400 80600

Mass of the W Boson

 [MeV]WM

Measurement  [MeV]WM

CDF )-11988-1995 (107 pb  79±80432 

D0 )-11992-1995 (95 pb  83±80478 

CDF )-12002-2007 (2.2 fb  19±80387 

D0 )-12002-2009 (5.3 fb  23±80376 

Tevatron 2012  16±80387 

LEP  33±80376 

World average  15±80385 

MW	(MeV/c2)

CDF	(2.2	W-1,μ&e) 80	387	±	12	±	15	

D0	(5.3	W-1,	e) 80	375	±	11	±	20	

MW = 80387± 16MeV/c2

CDF	and	D0	are	working	on	finalising	measurements	with	the	full	data	set.	

Consistent	with	the	latest	ATLAS	result	of	80370±19	MeV		
arXiv:1701.07240	

Phys.	Rev.	D	052018	(2013)

http://www.apple.com


Effec9ve	weak	mixing	angle
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The effective weak mixing angle 
Ø Weak neutral current V-A couplings�

Ø  High order corrections factorized as enhanced Born approximation(EBA)�
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Ø  The effective mixing angle: converged to leptonic one  �
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Can be directly measured via Parity-violating observables at Z-pole�
(modified Resbos)�

• The	forward-backward	asymmetry	AW	arises	from	the	
interference	of	the	vector	and	axial	vector	couplings.
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Can be directly measured via Parity-violating observables at Z-pole�
(modified Resbos)�

• Convert	sin2θeffll		to	sin2θW	using	conversion	factor	calculated	
using	ZFiQer	(depends	on	well	known	MZ):	Re(κ)	~	1.037
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The effective weak mixing angle 
Ø  The most precise results, LEP b-quark A0,b

fb and SLD beam LR-polarization Alr, differ 3.2σ 
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Effec9ve	weak	mixing	angle

• The	best	current	measurements	differ	by	3.2σ	
– LEP	b-quark	A0,bW	
– SLD	beam	LR-polariza9on	Alr
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Weak	mixing	angle	@	the	Tevatron
• Measure	background-subtracted	AW	as	func9on	of	invariant	mass	in	Collins-

Soper	frame	
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The weak mixing angle @ Tevatron 

Ø  Measure background-subtracted AFB as function of invariant mass in Collins-Soper frame�

Ø  Minimal-χ2 fits between data AFB versus sin2θW-parameterized MC simulations�
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The weak mixing angle @ Tevatron 

Ø  Measure background-subtracted AFB as function of invariant mass in Collins-Soper frame�

Ø  Minimal-χ2 fits between data AFB versus sin2θW-parameterized MC simulations�
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The weak mixing angle @ Tevatron 

Ø  Measure background-subtracted AFB as function of invariant mass in Collins-Soper frame�

Ø  Minimal-χ2 fits between data AFB versus sin2θW-parameterized MC simulations�
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Previous	Results
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The weak mixing angle @ CDF + D0 

CDF  
Zµµ 9fb-1�

sin2θW  ± stat. ± syst. ± PDF� Total uncertainty�

CDF Zµµ 9fb-1 0.2315 ± 0.0009 ± 0.0002 ± 0.0004 ±0.0010  
DØ Zee 9.7fb-1 0.23147 ± 0.00043 ± 0.00008 ± 0.00017 ±0.00047 
CDF Zee 9fb-1 0.23248 ± 0.00049 ± 0.00004 ± 0.00019 ±0.00053 

CDF  
Zee 9fb-1�

D0  
Zee 9.7fb-1�

PRD 89(2014)072005 PRL115(2015)041801 PRD 93(2016)112016 

• χ2	fits	between	data	AFB	and	MC	templates	for	a	series	of	different	Pythia	
values	of	sin2θW



Previous	Tevatron	Combina9on
• Combina9on	of	CDF	Zμμ+Zee	and	D0	Zee	results		
• Using	ZFITTER	and	NNPDF3.0	
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sin2 ✓lepte↵ = 0.23179± 0.00030± 0.00017

lept
effθ 2sin

0.226 0.228 0.23 0.232 0.2340

.5

TeV combined: CDF+D0
0.00035±0.23179August 2016: preliminary

-1 10 fbeeD0 
0.00047±0.23137August 2016: preliminary

-1 9 fbµµee+CDF 0.00046±0.23221

-1 9 fbeeCDF 0.00053±0.23248

-1 9 fbµµCDF 0.0010±0.2315

-1 3 fbµµLHCb 0.00107±0.23142

-1 5 fbµµee+ATLAS 
0.0012±0.2308

-1 1 fbµµCMS 
0.0032±0.2287

lASLD: 
0.00026±0.23098

0,b
FBLEP-1 and SLD: A

0.00029±0.23221

LEP-1 and SLD: Z-pole
0.00016±0.23149

sin2 ✓lepte↵ = 0.23179± 0.00035

• Translate	into	MW 
Tevatron	from	sin2θW

FERMILAB-CONF-16-295-E	

MW = 80351± 18MeV/c2

• Compare	with	Tevatron	and	LEP	direct	 
measurements

MW = 80385± 15MeV/c2

http://tevewwg.fnal.gov/wz/sw2eff/drafts/Fermilab_Conf_16_295_E.pdf
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The weak mixing angle @ D0 Zµµ preliminary 

Ø  8.6 fb-1 Zµµ events, pT>15GeV, |η|<1.8; opposite charge, 74<Mµµ<110GeV 
Ø  Modified Resbos + NNPDF3.0 
Ø  Compared to Zee result, lower sensitivity and charge q-dependence in µ pT reconsrtuction�

l  Last single channel @ Tevatron :�

l  Muon momentum calibration:�
Ø  Corrections for q-η-solenoid dependence raised by residual mis-alignment 
Ø  Determined by observing dimuon mass mean 

New:	D0	Zμμ	
• Last	channel	@	Tevatron	:		

– 8.6	W-1	Zμμ	events,	pT>15GeV/c,	|η|<1.8;	opposite	charge,	74	<	Mμμ	<	110	GeV/c2	

– Modified	Resbos	+	NNPDF3.0	

– The	D0	Zμμ	result	is	less	precise	than		Zee	due	to	the	more	central	muon	acceptance	
and	the	less	precise	muon	momentum	measurement.	

• We	reweight	the	MC	to	data	separately	as	a	func9on	of	eta	for	each	muon	charge	
and	solenoid	polarity	so	as	to	correct	for	residual	mis-alignments

10



MC—Data	Comparison
• Check	agreement	in	mul9ple	kinema9c	distribu9ons	

– Muon	pT/η,	and	di-muon	pT/η/M/cosθ*	distribu9on		

– Good	agreement

11

• We	fit	the	data	to	templates	for	varying	values	of	the	Born	level	sin2θWB	in	
Pythia	in	a	mass	region	of	74<Mμμ<110	GeV	

sin2 ✓BW = 0.22994± 0.00059 (stat)± 0.00011 (syst)± 0.00027 (pdf)

= 0.22994± 0.00066



Systema9cs	
• Dominated	by	uncertainty	due	to	the	PDF	and	modelling	the	background.	
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7

applying reweighting factors as a function of generator level MZ and cos ✓⇤, which changes the MZ-cos ✓⇤

2D di↵erential cross section corresponding to di↵erent input values of sin2 ✓BW . The detector e↵ects, like
e�ciencies and muon momentum scale, are considered to be independent of the input sin2 ✓BW value. The
best-fit result, and the uncertainties of the measured sin2 ✓BW , are listed in Table I.

sin2 ✓BW 0.22994

Statistical uncertainty 0.00059

Systematic uncertainties

Momentum calibration 0.00002

Momentum resolution 0.00004

Background 0.00010

E�ciencies 0.00001

Total systematic 0.00011

PDF 0.00027

Total 0.00066

TABLE I: Measured sin2 ✓BW value and corresponding uncertainties. All uncertainties are symmetric.

The measured value of sin2 ✓BW at pythia Born-level is

sin2 ✓BW = 0.22994± 0.00059(stat.)± 0.00011(syst.)± 0.00027(PDF)

= 0.22994± 0.00066

To translate this result to the leptonic e↵ective weak mixing angle, a LO pythia interpretation of the
weak mixing angle is compared to the predictions from NLO resbos, which has a more sophisticated
treatment of electroweak e↵ects. The AFB distribution can also be a↵ected by the quark e↵ective weak
mixing angle (sin2 ✓qe↵) corresponding to the couplings of Z boson and quarks. To include this e↵ect,
the resbos is modified to use di↵erent values of sin2 ✓`e↵, sin

2 ✓ue↵ (for up quarks) and sin2 ✓de↵ (for down
quarks) [17]

sin2 ✓ue↵ = sin2 ✓`e↵ � 0.0001

sin2 ✓de↵ = sin2 ✓`e↵ � 0.0002 (5)

This study shows that sin2 ✓`e↵ = sin2 ✓BW +0.00008, so that sin2 ✓`e↵ = 0.23002±0.00066, with the same
breakdown of uncertainties as above.

The sin2 ✓`e↵ and its uncertainties can be used to further determine the on-shell sin2 ✓W and the mass
of the W boson, MW . The relationship between the on-shell sin2 ✓W , sin2 ✓`e↵ and MW is written as:

sin2 ✓`e↵ = Re[e(M
2
Z)] sin

2 ✓W

sin2 ✓W = 1� M2
W

M2
Z

(6)

where Re[e(M2
Z)] is the form factor which is 1.037 around Z pole. The on-shell sin2 ✓W and MW indirect

measurements are:

sin2 ✓W = 0.22181± 0.00064

MW = 80441± 33 MeV/c2 (7)

The value of AFB from the muon channel is less precise than that from the electron channel [5, 7]
for two reasons. First, the lepton acceptance is larger in the electron channel with more forward events
included. These forward events have better sensitivity due to a large opening angle between the two



Result	

• Convert	sin2θWB	to	sin2θeffll	using	comparison	
of	LO	Pythia	and	NLO	Resbos: 
	sin2θeffll	=	sin2θWB	+	0.00008

13

sin2 ✓BW = 0.22994± 0.00059 (stat)± 0.00011 (syst)± 0.00027 (pdf)

= 0.22994± 0.00066

• D0’s	Zμμ	and	Zee	results	agree	to	1.4σ	(when	referred	to	the	same	PDF	set).	

sin2 ✓le↵ = 0.23002± 0.00066

MW = 80441± 33MeV/c2

D0	Note	6497-CONF

sin2 ✓le↵ = 0.23002± 0.00066

MW = 80441± 33MeV/c2• This	is	converted	to	the	on-shell	
normalisa9on	for	sin2θW	using	ZFiQer 
 
 
corresponding	to

sin

2 ✓W (on-shell) = 0.22181± 0.0064

https://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/EW/E42/


Direct	Top	Mass	from	D0
• Full	D0	combina9on	of	Run1	0.1	W-1	and	Run2	9.7	W-1	results		
• Systema9c	uncertain9es	and	correla9ons	among	channels	have	

been	taken	into	account	

14
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TABLE V: The matrix of correlation coefficients used to de-
termine the D0 average top quark mass.

Run I,

ℓ + jets

Run I,

ℓℓ′
Run II,

ℓ + jets

Run II,

ℓℓ′

Run I, ℓ + jets 1.00

Run I, ℓℓ′ 0.16 1.00

Run II, ℓ + jets 0.13 0.07 1.00

Run II, ℓℓ′ 0.07 0.05 0.43 1.00

ative, which occurs mainly because the correlation with
the Run II ℓ+jets measurement (0.07) is larger than the
ratio of their uncertainties (0.76/12.7).

TABLE VI: The pull and weight for each input channel when
using the BLUE method to determine the average top quark
mass.

D0 Run I D0 Run II

ℓ + jets ℓℓ′ ℓ + jets ℓℓ′

Pull 0.98 −0.51 0.63 −1.06

Weight 0.002 −0.003 0.964 0.035

The resulting combined value for the top quark mass
is

mt = 174.95± 0.40 (stat)± 0.64 (syst) GeV.

Adding the statistical and systematic uncertainties in
quadrature yields a total uncertainty of 0.75 GeV, corre-
sponding to a relative precision of 0.43% on the top quark
mass. The breakdown of the uncertainties is shown in Ta-
bleVII. The dominant sources of uncertainty are the sta-
tistical uncertainty, the JES calibration, which has sta-
tistical origin, and the modeling of the signal. The total
statistical and systematic uncertainties are reduced rela-
tive to the published D0 and CDF combination [19] due
primarily to the latest and most accurate D0 ℓ+jets anal-
ysis [14, 15]. As a test of stability, we vary the correlation
of the dominant source of uncertainties, ‘signal model-
ing’, from 100% to 0%, first between Run I and Run II
measurements, and in a second check between all mea-
surements. The combined value ofmt does not change by
more than 50 MeV, while the uncertainty changes by no
more than 20 MeV. This is due to the fact that the Run II
ℓ+ jets measurement dominates the combination with a
weight of 96%. Thus, the combination is not sensitive to
the detailed description of the correlation of systematic
uncertainties. Due to a much smaller total uncertainty
resulting in the large weight for the ℓ+jets measurement,
the improvement in the combined uncertainty relative to
the individual ℓ+jets uncertainty is smaller than 10 MeV.

The input measurements and the resulting D0 average
mass of the top quark are summarized in Fig. 1, along
with the top quark pole mass extracted by D0 from the
measurement of the tt̄ cross section [23].

TABLE VII: Combination of D0 measurements of mt and
contributions to its overall uncertainty. The uncertainty cat-
egories are defined in the text. The total systematic uncer-
tainty and the total uncertainty are obtained by adding the
relevant contributions in quadrature.

D0 combined values (GeV)

top quark mass 174.95

In situ light-jet calibration 0.41

Response to b, q, and g jets 0.16

Model for b jets 0.09

Light-jet response 0.21

Out-of-cone correction < 0.01

Offset < 0.01

Jet modeling 0.07

Multiple interaction model 0.06

b tag modeling 0.10

Lepton modeling 0.01

Signal modeling 0.35

Background from theory 0.06

Background based on data 0.09

Calibration method 0.07

Systematic uncertainty 0.64

Statistical uncertainty 0.40

Total uncertainty 0.75

VII. SUMMARY

We have presented the combination of the measure-
ments of the top quark mass in all D0 data. Taking
into account the statistical and systematic uncertainties
and their correlations, we find a combined average of
mt = 174.95 ± 0.75 GeV. This measurement with, a
relative precision of 0.43%, constitutes the legacy Run I
and Run II measurement of the top quark mass in the
D0 experiment.
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Top	pole	mass	from	
differen9al	cross	sec9ons

• Top	quark	momentum,	tt̅	invariant	
mass	distribu9ons,	etc.	are	
sensi9ve	to	the	top	quark	mass		
– Expect	improvement	vs	extrac9on	from	

total	cross-sec9on  
eg.	Phys.	Rev.	D	94,	092004	(2016)		

– Use	the	D0	lepton+jets	measurement: 
Phys.	Rev.	D	90,	092006	(2014)		

– Compare	differen9al	distribu9ons	to	NNLO	
QCD	calcula9on	of	TOP++	using	the	pole	
mass:	  
Czakon,	Fiedler,	Heymes	and	Mitov,	JHEP	
1605,	034	(2016)	

15

See	D	Heymes	talk	on	Tuesday

https://doi.org/10.1103/PhysRevD.94.092004
http://dx.doi.org/10.1103/PhysRevD.90.092006
https://link.springer.com/article/10.1007%2FJHEP05%282016%29034
https://link.springer.com/article/10.1007%2FJHEP05%282016%29034
https://indico.cern.ch/event/568360/contributions/2450906/attachments/1438698/2213606/dheymes_DIS_2017.pdf


Top	pole	mass	from	
differen9al	cross	sec9ons
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} {

} {

NNLO	QCD	scale	uncertain9es	<	5%	for	pTtop		
c.f.	10%	maximum	for	m(Q)	



Top	pole	mass	from	
differen9al	cross	sec9ons

• Use	χ2	fit	to	measure	the	mass	
• Include	full	2-D	correla9on	

matrix	in	m(Q),	pTtop	

17

D0CONF	6473	

mt = 169.1± 1.4 (theo)± 2.2 (exp)GeV/c

2

Precision:	1.5%	~	25%	improvement	over	using	inclusive	XS	

http://www.apple.com


Summary
• W	Mass	

• Current	Tevatron	combina9on	is	80387	±	16	MeV	
• Analysis	of	full	data	sample	is	ongoing.		

• Weak	Mixing	Angle		
• Preliminary	Tevatron	combina9on	of	0.23179	±	0.00035	using	  

CDF	Z(ee/μμ)	and	D0	Z(ee)		
• NEW	preliminary	result	of	0.23002±0.00066	with	D0	Z(μμ)	

measurement		
• Once	the	D0	Z(μμ)		result	is	finalised	the	full	Tevatron	combina9on	will	

be	completed.	
• Will	make	a	significant	contribu9on	to	improving	the	world	average.	

• Top	Mass	
• New	D0	combina9on	of	all	direct	measurements	from	Run	I	and	Run	II.	
• New	D0	preliminary	measurement	of	top	quark	pole	mass	using	  

dσ/dpT	and	dσ/MQ.
18


