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Introduction
0 Standard	Model	being	tested	by	ATLAS	in	a	
wide	range	of	processes	and	energies
0 Cross-section	spanning	several	orders	of	
magnitude

0 Ideal	tools	for	QCD	and	EWK	studies	thanks	
the	abundant	production	and	clear	
signatures
0 Test	of	state-of-the-art	predictions
0 Extraction	of	PDFs
0 Determination	of	SM	parameters
0 Important	backgrounds	to	Higgs,	BSM,	etc

0 Today’s	menu:
0 Z	boson	invisible	width
0 𝛼!	via	Z	boson	recoil
0 Improved	measurement	of	𝑚"
0 𝑒/𝜇	LFU	using	Ws	from	top	quarks
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ATL-PHYS-PUB-2023-039	

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-039/


Measurement	of	the	Z	boson	invisible	width
Phys.	Lett.	B	854	(2024)	138705

𝑠 = 13	TeV,	 𝐿 = 37 ,b#$

Dilepton
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https://www.sciencedirect.com/science/article/pii/S0370269324002636?via=ihub
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Phys.	Lett.	B	854	(2024)	138705
𝑠 = 13	TeV,	 𝐿 = 37 'b!"

0 Stringent	test	of	SM
0 Assumption	of	3	𝜈	generations
0 Sensitive	to	new	physics	effects

0 Proxy	variable:	𝑅)*++ 𝑝,- =
!" # →%&' ()*+, )

!./
#

!" # →00 ()*+, )
!./

#

0 Flat assuming the	Standard	model

0 "𝑅!"## = $ %→'()
$ %→**

⇒	
𝚪 𝒁 → 𝒊𝒏𝒗 𝒎𝒆𝒂𝒔 = -𝑹𝒎𝒆𝒂𝒔𝒎𝒊𝒔𝒔 ×𝚪 𝒁 → 𝒍𝒍 𝑳𝑬𝑷 [1]

Introduction

Measurement	of	the	Z	boson	invisible	width

[1]:	Phys. Rep., 427 (2006), 257

https://www.sciencedirect.com/science/article/abs/pii/S0370157305005119
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Phys.	Lett.	B	854	(2024)	138705
𝑠 = 13	TeV,	 𝐿 = 37 'b!"

0 Common	phase	space	definition	for	𝑍 → inv + jets	
and	𝑍 → 𝑒𝑒/𝜇𝜇 + jets
0 One	energetic	jet	𝑝% > 110	GeV
0 Invisible:	𝑝%& = 𝐸%'(!!

0 Visible	(𝑒𝑒/𝜇𝜇):	𝑝%& = 𝑝)!% + 𝑝)"% + 𝐸%
'(!! 	

0 Reco	level:	66 < 𝑚11 < 116	GeV

Analysis	strategy

Measurement	of	the	Z	boson	invisible	width
𝑅!"## 𝑝$% =

𝑑𝜎 𝑍 → inv + jets )
𝑑𝑝$%

𝑑𝜎 𝑍 → 𝑙𝑙 + jets )
𝑑𝑝$%
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Phys.	Lett.	B	854	(2024)	138705

0 Common	phase	space	definition	for	𝑍 → inv + jets	
and	𝑍 → 𝑙𝑙 + jets
0 One	energetic	jet	𝑝% > 110	GeV
0 Invisible:	𝑝%& = 𝐸%'(!!

0 Visible	(𝑒𝑒/𝜇𝜇):	𝑝%& = 𝑝)!% + 𝑝)"% + 𝐸%
'(!! 	

0 Reco	level:	66 < 𝑚11 < 116	GeV

0 𝑅!"## 𝑝3% 	at	reco	level	corrected	to	particle	level

0 𝑅*+,+'(!! 𝑝%& = -#$%$ ./0 #1 ./0
-#$%$ )) #1()))

0 𝑈(,) = 6-& & →./0 6789:
-& & →)) 6789:

;8<= -& & →./0 6789:
-& & →)) 6789:

>?;9.<@8

0 Additional	correction	applied	to	𝑍 → 𝑙𝑙	to	account	for	
𝑚))	requirements	and	Z/𝛾∗	interference

Analysis	strategy

Measurement	of	the	Z	boson	invisible	width
𝑅!"## 𝑝$% =

𝑑𝜎 𝑍 → inv + jets )
𝑑𝑝$%

𝑑𝜎 𝑍 → 𝑙𝑙 + jets )
𝑑𝑝$%
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𝑠 = 13	TeV,	 𝐿 = 37 'b!"
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Phys.	Lett.	B	854	(2024)	138705

0 𝑅)*++ 𝑝,- 	measured	separately	in	𝑒𝑒/𝜇𝜇	
channels
0 Flat and	compatible with	Standard	model	
predictions

Measurement	of	the	Z	boson	invisible	width
𝑠 = 13	TeV,	 𝐿 = 37 'b!"

Marino	Romano	- Precision	SM	parameters

Results
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Phys.	Lett.	B	854	(2024)	138705

0 𝑅)*++ 𝑝,- 	measured	separately	in	𝑒𝑒/𝜇𝜇	
channels
0 Flat and	compatible with	Standard	model	
predictions

0 Dominated	by	lepton	uncertainties	(low	𝑝,)	
and	stat.	uncertainties	(high	𝑝,)

Measurement	of	the	Z	boson	invisible	width
𝑠 = 13	TeV,	 𝐿 = 37 'b!"

Marino	Romano	- Precision	SM	parameters

Results
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Phys.	Lett.	B	854	(2024)	138705

0 𝑅)*++ 𝑝,- 	measured	separately	in	𝑒𝑒/𝜇𝜇	
channels
0 Flat and	compatible with	Standard	model	
predictions

0 Dominated	by	lepton	uncertainties	(low	𝑝,)	
and	stat.	uncertainties	(high	𝑝,)

0 '𝑅)*++	obtained	via	𝜒.	fit	
0 Constant	assumption	(SM)

	𝜒4 = 𝑅5676
!"##," − "𝑅!"##

3
𝑽9: 𝑅5676

!"##," − "𝑅!"##

0 Separate	fit	compatible	with	combination
0 𝚪 𝒁 → 𝐢𝐧𝐯 = "𝑅!;6#!"## ×Γ 𝑍 → 𝑙𝑙 <=> =
𝟓𝟎𝟔 ± 𝟐 𝐬𝐭𝐚𝐭. ± 𝟏𝟐(𝐬𝐲𝐬𝐭. )	

0 Most	precise	recoil-based	measurement

Measurement	of	the	Z	boson	invisible	width
𝑠 = 13	TeV,	 𝐿 = 37 'b!"
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Results



Measurement	of	𝛼! from	recoil of	Z bosons
Eur.	Phys.	J.	C	84	(2024)	315

arXiv:2309.12986	[hep-ex],	submitted to	Nature	Phys
𝑠 = 8	TeV,	 𝐿 = 20.2 ,b#$

Dilepton

Marino	Romano	- Precision	SM	parameters 10

https://link.springer.com/article/10.1140/epjc/s10052-024-12438-w
https://arxiv.org/abs/2309.12986


Marino	Romano	- Precision	SM	parameters 11

Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"0 Strong	coupling	constant;	the	free	parameter	

unique	to	the	strong	interaction
0 The	least	precisely	determined	of	the	four	
fundamental	couplings

0 World	average	𝛼# 𝑚% = 0.1179 ± 0.0009	(±0.8%)
0 Exploit	a	precise	measurement of	the	Z
kinematics
0 Take	advantage	of	leptonic	signatures
0 Full	phase-space differential cross	section as a	
function of	𝑝3 and	rapidity of	the	Z
0 No	need	for	predictions	to	model	the	polarization	and	
decay	of	the	Z	boson

0 Availability of	accurate	pQCD predictions

Introduction

Measurement	of	𝛼!	from	recoil	of	Z	bosons
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0 Z	bosons	produced	in	hadron	collisions	recoil	
against	QCD	initial	state	radiation	à	boost	in	the	
transverse	plane

0 Focus	in	the	low	momentum	Sudakov	region
0 Gluon	emission	with	vanishingly	small	momenta	
described	by	the	Sudakov	form	factor

0 Responsible	for	a	peak	in	at	low	𝑝3%

0 Sensitive	to	𝜶𝒔(𝒎𝒁)

Introduction

Measurement	of	𝛼!	from	recoil	of	Z	bosons
Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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0 Exploit	the	factorization	of	Drell-Yan	cross	section	by	the	production	dynamic	and	the	
decay	kinematic	properties	of	the	dilepton	system

Differential cross-section analysis strategy

Measurement	of	𝛼!	from	recoil	of	Z	bosons
Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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0 Expected	yield	defined	with	templates	of	the	spherical	harmonics	and	background	
predictions
0 Parametrized	wrt	the	unpolarized	cross	section	and	angular	coefficients

Differential cross-section analysis strategy

Measurement	of	𝛼!	from	recoil	of	Z	bosons

Truth-level Reco-level

Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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0 Profile	likelihood	fit
0 simultaneously	extracts	8	angular	coefficients	and	unpolarized	cross	section	in	each	bin	in	
𝑝3×𝑦	space

Differential cross-section analysis strategy

Measurement	of	𝛼!	from	recoil	of	Z	bosons

Truth-level Reco-level

Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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Differential cross-section analysis results

Measurement	of	𝛼!	from	recoil	of	Z	bosons

0 Per-mille	level	precision	in	the	central	region
0 Sub-percent	up	to	 𝑦 < 3.6,	thanks	to	dedicate	
forward	electron	selection	and	calibration

Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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Differential cross-section analysis results

Measurement	of	𝛼!	from	recoil	of	Z	bosons

0 Per-mille	level	precision	in	the	central	region
0 Sub-percent	up	to	 𝑦 < 3.6,	thanks	to	dedicate	
forward	electron	selection	and	calibration

0 Compared	to	state	of	the	art	to	state-of-the-art	
predictions	
0 QCD	perturbative	calculations	based	on	𝑞3	
resummation	at	N3LO+aN4LL	accuracy
0 DYTurbo	[1]	matched	to	MCFM	[2]
0 CuTe+MCFM,	Nangaparbat,	SCETlib,	
Radish+NNLOJET,	Artemide

Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"

[1]:	arXiv:2303.12781	[hep-ph]
[2]:	Phys.	Rev.	Lett.	116,	152001	(2016)
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Differential cross-section analysis results

Measurement	of	𝛼!	from	recoil	of	Z	bosons

0 Per-mille	level	precision	in	the	central	region
0 Sub-percent	up	to	 𝑦 < 3.6,	thanks	to	dedicate	
forward	electron	selection	and	calibraiton

0 Compared	to	state	of	the	art	to	state-of-the-art	
predictions	
0 QCD	perturbative	calculations	based	on	𝑞T	
resummation	at	aN4LL+N3LO	accuracy

0 Fixed	order	N3LO	(𝑝3-integrated	spectra)
0 Not	affected	by	𝑞B	resummation
0 First	comparison	of	this	kind

Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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Differential cross-section analysis results

Measurement	of	𝛼!	from	recoil	of	Z	bosons

0 Per-mille	level	precision	in	the	central	region
0 Sub-percent	up	to	 𝑦 < 3.6,	thanks	to	dedicate	
forward	electron	selection	and	calibraiton

0 Compared	to	state	of	the	art	to	state-of-the-art	
predictions	
0 QCD	perturbative	calculations	based	on	𝑞T	
resummation	at	approximate	N4LL	accuracy

0 Fixed	order	N3LO	(𝑝3-integrated	spectra)
0 Enhanced	sensitivity	to	PDF	with	reduction	of	scale	
uncertainties	at	high	pQCD	order

Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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𝜶𝒔measurement strategy

Measurement	of	𝛼!	from	recoil	of	Z	bosons
Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"

*:	aN3LO	now	implemented	also	in	NNPDF40

0 𝜒.(⍺+)	minimization	with	xFitter
0 Inputs

0 Measured	differential	cross	sections
0 Experimental	uncertainties	parametrized	with	Gaussian
NPs	𝛽D,EFG

0 DYTurbo	predictions	(N3LO+aN4LL)
0MSHT20	PDF	(only	PDF	Set	which	was*	available	at	aN3LO	order)

0 Uncertainties	parametrized	in	𝛽',)*+
0 𝑎!	variations	as	provided	in	LHAPDF
0 Scale	uncertainties:	independent	𝜇H/J/𝑄		variations

0 Uncertainty	from	the	envelope	of	the	14	variations
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0 Most	sensitivity to	𝛼+ in	the	very low	𝑝, regions

Results

Measurement	of	𝛼!	from	recoil	of	Z	bosons
Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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0 Most	sensitivity to	𝛼+ in	the	very low	𝑝, regions
0 Scale	uncertainties cross	checked with	fits at
different pQCD orders
0 gradual	convergence	gives	confidence	on	the	
robustness	of	the	fit

Results

Measurement	of	𝛼!	from	recoil	of	Z	bosons
Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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Results

Measurement	of	𝛼!	from	recoil	of	Z	bosons
Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"

0 Most	sensitivity to	𝛼+ in	the	very low	𝑝, regions
0 Scale	uncertainties cross	checked with	fits at
different pQCD orders

0 𝜶𝒔 𝒎𝒁 = 𝟎. 𝟏𝟏𝟖𝟐𝟖5𝟎.𝟎𝟎𝟎𝟖𝟖8𝟎.𝟎𝟎𝟎𝟖𝟒

0 Most	precise	measurement,	comparable	with	the	
PDG	and	Lattice	world	averages

0 Leptonic	signature	(highest	experimental	
sensitivity)

0 First	determination	using	N3LO+aN4LL	predictions



Measurement of	𝑚" and	Γ"
arXiv:2403.15085	[hep-ex],	submitted	to	EPJC

𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 ,b#$

Lepton+jets

Marino	Romano	- Precision	SM	parameters 24

https://arxiv.org/abs/2403.15085
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arXiv:2403.15085	[hep-ex]
𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"

0 Important	EWK	parameter	in	the	SM	
0 Constrained	by	theory	by	measuring	other	parameters

𝑀A
4 =

𝑴𝒁
𝟐

2 1 + 1 −
8𝜋𝜶

𝑮𝑭𝑴𝒁
𝟐

Introduction

Measurement	of	𝑚" and	Γ"

Tree-level
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arXiv:2403.15085	[hep-ex]
𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"

0 Important	EWK	parameter	in	the	SM	
0 Constrained	by	theory	by	measuring	other	parameters

𝑀A
4 =

𝑴𝒁
𝟐

2 1 + 1 −
8𝜋𝜶 1 + Δr
𝑮𝑭𝑴𝒁

𝟐

Introduction

Measurement	of	𝑚" and	Γ"

Tree-level +	loops +…+BSM?
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arXiv:2403.15085	[hep-ex]
𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"

0 Important	EWK	parameter	in	the	SM	
0 Constrained	by	theory	by	measuring	other	parameters

𝑀A
4 =

𝑴𝒁
𝟐

2 1 + 1 −
8𝜋𝜶 1 + Δr
𝑮𝑭𝑴𝒁

𝟐

0 Already	measured	by	ATLAS	in	2018	with	7	TeV	data	[1]
0 This	result:	re-analysis	of	same	data

0 Better	understanding	of	PDF	dependence
0 New	statistics	model	
0 Provides	new	measurement	of	ΓD	(first	at	LHC)
0 Focus	on	updates	wrt	the	legacy	measurement

Introduction

Measurement	of	𝑚" and	Γ"

Tree-level +	loops +…+BSM?

[1]:	Eur. Phys. J. C 78 (2018) 110

https://doi.org/10.1140/epjc/s10052-017-5475-4
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arXiv:2403.15085	[hep-ex]
𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"

0 Exploit	the	dependence	of	the	leptonic	transverse	momentum	(𝑝=)	and	the	
transverse	mass	(𝑚=)	to	determine	𝑚>

Analysis	strategy

Measurement	of	𝑚" and	Γ"
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arXiv:2403.15085	[hep-ex]
𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"

0 Event	selection in	the	𝑒/𝜇+jets channel
0 Isolated leptons,	𝑝3 > 30 GeV
0 𝑢3 < 30 GeV

0 𝑢3 +𝑝*3 = 𝑝3!"## > 30 GeV

0 𝑚3 = 2𝑝3* 𝑝3!"## 1 − 𝑐𝑜𝑠Δ𝜑 > 30 GeV

0 𝑝,? and	𝑚, fits	in	several categories
0 Lepton flavor
0 Lepton 𝜂 (3/4	regions for	𝑒/𝜇 channels)
0 W charge
0 Extended	𝑝3* and	𝑚3 fit ranges

Analysis	strategy

Measurement	of	𝑚" and	Γ"

y

x
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arXiv:2403.15085	[hep-ex]
𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"

Signal modelling

Measurement	of	𝑚" and	Γ"[1]:	arXiv:2404.06204

0 QCD	baseline	model:	Powheg+Pythia8+PHOTOS	
0 𝑝3A corrected to	Pythia 8	(AZ	tune,	based on	Z	boson data)
0 Propagated to	W-boson and	validated against 5.02
and	13	TeV	measurements [1]

0 EW	corrections:	mostly unchanged and	subdominant

http://arxiv.org/abs/arXiv:2404.06204
https://cds.cern.ch/record/2894925
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arXiv:2403.15085	[hep-ex]
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Signal modelling

Measurement	of	𝑚" and	Γ"

0 QCD	baseline	model:	Powheg+Pythia8+PHOTOS	
0 𝑝3A corrected to	Pythia 8	(AZ	tune,	based on	Z	boson data)
0 Propagated to	W-boson and	validated against 5.02
and	13	TeV	measurements [1]

0 EW	corrections:	mostly unchanged and	subdominant
0 Parton	distribution functions

0 One	of	the	largest source	of	uncertainties for	𝑚A

0 𝑥$~
K,
!
𝑒6L, ,	𝑥M~

K,
!
𝑒#L,

0 ~anti-correlated between W+	and	W-
0 Studied extended set	of	available PDF	Sets	at NNLO:	
CT10,	CT14,	CT18,	MMHT2014,	MSHT20,	NNPDF3.1,	
NNPDF4.0,	ATLASpdf21

0 CT18	used as new	baseline

[1]:	arXiv:2404.06204

https://cds.cern.ch/record/2894925
http://arxiv.org/abs/arXiv:2404.06204
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arXiv:2403.15085	[hep-ex]
𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"

Statistics model

Measurement	of	𝑚" and	Γ"

0 𝑝,? and	𝑚, templates	via	𝑚> and	Γ> polynominal	morphing
0 Morphing	tested	to	0.1	MeV	precision
0 Templates	for	two-side	uncertainties	obtained	with	±1𝜎 and	±2𝜎 variations of	the	
corresponding parameters (NPs)
0 Uncertainties	estimated	independently	in	many	kinematic	bins	reduced	to	two-side	uncertainties	via	
Principal	Component	Analysis	(PCA)

0 Γ" 𝑚" added as NPs for	the	𝑚" Γ" fits (values and	uncertainties from	the	Global	EW	fit [1])

[1]:	arXiv:2112.07274 

https://arxiv.org/abs/2112.07274
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arXiv:2403.15085	[hep-ex]
𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"

Statistics model

Measurement	of	𝑚" and	Γ"

0 𝑝,? and	𝑚, templates	via	𝑚> and	Γ> polynominal	morphing
0 Morphing	tested	to	0.1	MeV	precision
0 Templates	for	two-sides	uncertainties	obtained	with	±1𝜎 and	±2𝜎 variations of	the	
corresponding parameters (NPs)
0 Uncertainties	estimated	independently	in	many	kinematic	bins	reduced	to	two-side	uncertainties	via	
Principal	Component	Analysis	(PCA)

0 Γ" 𝑚" added as NPs for	the	𝑚" and	Γ" fits (using the	Global	EW	fit [1])
0 Profile likelihood fit incorporating all NPs

0 Instead of	repeating the	stat-only fit separately for	each uncertainty template	(offset	method)
0 Φ and	𝜇 allowed to	free-float
0 Separately for	𝑝3* and	𝑚3 and	then combined

[1]:	arXiv:2112.07274 

https://arxiv.org/abs/2112.07274
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Measurement	of	𝑚" and	Γ"

0 𝑝,? and	𝑚, templates	via	𝑚> and	Γ> polynominal	morphing
0 Morphing	tested	to	0.1	MeV	precision
0 Templates	for	two-sides	uncertainties	obtained	with	±1𝜎 and	±2𝜎 variations of	the	
corresponding parameters (NPs)
0 Uncertainties	estimated	independently	in	many	kinematic	bins	reduced	to	two-side	uncertainties	via	
Principal	Component	Analysis	(PCA)

0 Γ" 𝑚" added as NPs for	the	𝑚" and	Γ" fits (using the	Global	EW	fit [1])
0 Profile likelihood fit incorporating all NPs

0 Instead of	repeating the	stat-only fit separately for	each uncertainty template	(offset	method)
0 Φ and	𝜇 allowed to	free-float
0 Separately for	𝑝3* and	𝑚3 and	then combined
0 Very good	post-fit agreement	with	data

[1]:	arXiv:2112.07274 

𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"

From	𝑚! 	fit From	Γ! 	fit

https://arxiv.org/abs/2112.07274
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arXiv:2403.15085	[hep-ex]Results

Measurement	of	𝑚" and	Γ"

𝒎𝑾 = 𝟖𝟎𝟑𝟔𝟔. 𝟓 ± 𝟗. 𝟖 𝐬𝐭𝐚𝐭. ± 𝟏𝟐. 𝟓 𝐬𝐲𝐬𝐭. 	𝐌𝐞𝐕
0 One	of	the	most precise	SM	parameter measurement at LHC	(𝛿 = 0.02%)

𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"
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arXiv:2403.15085	[hep-ex]Results

Measurement	of	𝑚" and	Γ"

𝒎𝑾 = 𝟖𝟎𝟑𝟔𝟔. 𝟓 ± 𝟗. 𝟖 𝐬𝐭𝐚𝐭. ± 𝟏𝟐. 𝟓 𝐬𝐲𝐬𝐭. 	𝐌𝐞𝐕
0 One	of	the	most precise	SM	parameter measurement at LHC	(𝛿 = 0.02%)

𝚪𝑾 = 𝟐𝟐𝟎𝟐 ± 𝟑𝟐 𝐬𝐭𝐚𝐭. ± 𝟑𝟒 𝐬𝐲𝐬𝐭. MeV
0 Most precise	measurement (𝛿 = 2%),	within 2	sigma	from	the	SM

𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"
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arXiv:2403.15085	[hep-ex]Results

Measurement	of	𝑚" and	Γ"

𝒎𝑾 = 𝟖𝟎𝟑𝟔𝟔. 𝟓 ± 𝟗. 𝟖 𝐬𝐭𝐚𝐭. ± 𝟏𝟐. 𝟓 𝐬𝐲𝐬𝐭. 	𝐌𝐞𝐕
0 One	of	the	most precise	SM	parameter measurement at LHC	(𝛿 = 0.02%)

𝚪𝑾 = 𝟐𝟐𝟎𝟐 ± 𝟑𝟐 𝐬𝐭𝐚𝐭. ± 𝟑𝟒 𝐬𝐲𝐬𝐭. MeV
0 Most precise	measurement (𝛿 = 2%),	within 2	sigma	from	the	SM
0 Simultaneous fit performed by	allowing𝑚" and	Γ"

0 Removal of	constraintsà increased uncertainties

𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"
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arXiv:2403.15085	[hep-ex]Results

Measurement	of	𝑚" and	Γ"

𝒎𝑾 = 𝟖𝟎𝟑𝟔𝟔. 𝟓 ± 𝟏𝟓. 𝟗 𝐬𝐭𝐚𝐭. +𝐬𝐲𝐬𝐭 	𝐌𝐞𝐕
0 One	of	the	most precise	SM	parameter measurement at LHC	(𝛿 = 0.02%)

𝚪𝑾 = 𝟐𝟐𝟎𝟐 ± 𝟑𝟐 𝐬𝐭𝐚𝐭. ± 𝟑𝟒 𝐬𝐲𝐬𝐭. MeV
0 Most precise	measurement (𝛿 = 2%),	within 2	sigma	from	the	SM
0 Simultaneous fit performed by	allowing𝑚" and	Γ"

0 Removal of	constraintesà increased uncertainties

𝑠 = 7	TeV,	 𝐿 = 4.6/4.1 'b!"

Latest world	(LEP+Tevatron+LHC)	combination (2308.09417	[hep-ex])		

https://arxiv.org/abs/2308.09417


𝒆/𝝁	lepton	flavour	universality	in	W	
decays

arXiv:2403.02133	[hep-ex],	submitted to	EPJC
𝑠 = 13	TeV,	 𝐿 = 140 ,b#$

Dilepton
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https://arxiv.org/abs/2403.02133
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Decays
0 𝑡 → 𝑊𝑏(~100%)

𝑊 → 𝑙𝜈) ~33%
𝑊 → 𝑞b𝑞′ ~66%

Top	pair final states

0 LHC	is a	𝑡 ̅𝑡 factory:	𝜎 𝑡 ̅𝑡 ~830pb	at 𝑠 = 13TeV

Introduction

𝒆/𝝁	lepton	flavour	universality	in	W	decays



0 LHC	is a	𝑡 ̅𝑡 factory:	𝜎 𝑡 ̅𝑡 ~830pb	at 𝑠 = 13TeV
0 Can	use	the	𝑊s	from	tops	for	the	measurement	of	

𝑅-
./) =

𝐵𝑅 𝑊 → 𝜇𝜈
𝐵𝑅(𝑊 → 𝑒𝜈)

0 SM	predicts	𝑅2
3/5~1

0 Dilepton	channel	
0 small	background	and	small	systematic	uncertainties
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Introduction

𝒆/𝝁	lepton	flavour	universality	in	W	decays



0 LHC	is a	𝑡 ̅𝑡 factory:	𝜎 𝑡 ̅𝑡 ~830pb	at 𝑠 = 13TeV
0 Can	use	the	𝑊s	from	tops	for	the	measurement	of	

𝑅-
./) =

𝐵𝑅 𝑊 → 𝜇𝜈
𝐵𝑅(𝑊 → 𝑒𝜈)

0 SM	predicts	𝑅2
3/5~1

0 Dilepton	channel	
0 small	background	and	small	systematic	uncertainties

0 Use	𝑅-0
./) = 1"

#/%

1&
##/%%

as POI	in	the	fits

0 𝑅2
3/5 =

62 789!
62 7:9"

0 𝑅;
33/55 = <= ;→33

<=(;→55)
= ;̅ 789#

;̅ 7:9$
0 Simulatenous measurement of	𝑅2

3/5 and	𝑅;
33/55

0 Reduced dependency on	lepton-related uncertainties

0 Employ the	precise	LEP+SLD	𝑅0
../)) =	1.0009	±0.0028	measurement [1]	⇒	𝑹𝑾

𝝁/𝒆 = 𝑹𝑾𝒁(𝑨𝑻𝑳𝑨𝑺)
𝝁/𝒆 𝑹𝒁(𝑳𝑬𝑷>𝑺𝑳𝑫)

𝝁𝝁/𝒆𝒆
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Average SM-predicted BR

Measured deviation from	SM

Introduction

𝒆/𝝁	lepton	flavour	universality	in	W	decays
[1]:	Phys.Rept.427:257-454,2006

https://doi.org/10.1016/j.physrep.2005.12.006


0 Event	selection
0 𝑒𝑒/𝜇𝜇/𝑒𝜇 +	1𝑏/2𝑏 (𝑡 ̅𝑡-focused)
0 𝑒𝑒/𝜇𝜇 (𝑍-focused)

0 Corrections to	reduce	sensitivity to	lepton reconstruction bias and	mismodelling
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Analysis	strategy

𝒆/𝝁	lepton	flavour	universality	in	W	decays



0 Event	selection
0 𝑒𝑒/𝜇𝜇/𝑒𝜇 +	1𝑏/2𝑏 (𝑡 ̅𝑡-focused)
0 𝑒𝑒/𝜇𝜇 (𝑍-focused)

0 Muon	reweighting	to	reduce	electron	vs	muon	
kinematic	differences
0 Reduces	impact	of	modelling	uncertainties
0 Parametrized	in	𝑝3 and	𝜂
0 Applied	to	both MC	and	data
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Analysis	strategy

𝒆/𝝁	lepton	flavour	universality	in	W	decays



0 Event	selection
0 𝑒𝑒/𝜇𝜇/𝑒𝜇 +	1𝑏/2𝑏 (𝑡 ̅𝑡-focused)
0 𝑒𝑒/𝜇𝜇 (𝑍-focused)

0 Muon	reweighting	to	reduce	electron	vs	muon	
kinematic	differences
0 Reduces	impact	of	modelling	uncertainties
0 Parametrized	in	𝑝3 and	𝜂
0 Applied	to	both MC	and	data

0 In-situ precise	measurement of	lepton efficiencies
0 Isolation not well modelled,	expecially in	𝑡𝑡 events
0 Separate tag-and-probe	measurement in	𝑡𝑡 and	𝑍 events	

0 As a	function of	lepton 𝑝𝑇 and	𝜂 of	the	leptons
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Analysis	strategy

𝒆/𝝁	lepton	flavour	universality	in	W	decays



0 Simultaneous	maximum	likelihood fit in	all 𝑡𝑡 and	Z
regions
0 yields in	1𝑏/2𝑏 𝑒𝜇 regions and	in	the	inclusive	ll regions
0 𝑚)) spectrum in	ll +	1𝑏/2𝑏 regions
0 BR deviations correlated for	signal and	prompt-lepton
backgrounds
0 𝑡𝑊 and	diboson effectively treated as signal in	the	𝑡𝑡 regions
0 Δ4 in	1𝑏/2𝑏 regions corrected by	an	𝑅456

77/99 fit parameter
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𝒆/𝝁	lepton	flavour	universality	in	W	decays
Fit strategy



0 Simultaneous	maximum	likelihood fit in	all 𝑡𝑡 and	Z
regions
0 yields in	1𝑏/2𝑏 𝑒𝜇 regions and	in	the	inclusive	ll regions
0 𝑚)) spectrum in	ll +	1𝑏/2𝑏 regions
0 BR deviations correlated for	signal and	prompt-lepton
backgrounds
0 𝑡𝑊 and	diboson effectively treated as signal in	the	𝑡𝑡 regions
0 Δ4 in	1𝑏/2𝑏 regions corrected by	an	𝑅456

77/99 fit parameter
0 Extract 10	parameters in	total

0 Cross-sections 𝝈𝒕𝒕, 𝝈𝒁
0 Ratios 𝑹𝑾𝒁

𝝁/𝒆 and	𝑹𝒁
𝝁𝝁/𝒆𝒆

0 b-jet	efficiencies 𝜀W))

0 Z+HF	normalisations in	the	1	and	2	bjets regions
0 𝑍+𝑏 isolation efficiency parameter 𝑅&6W

XX/EE
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𝒆/𝝁	lepton	flavour	universality	in	W	decays
Fit strategy



0 𝑹𝑾
𝝁/𝒆 = 0.9995 ± 0.0022 stat. ± 0.0036 syst. ±

0.0014 LEP + SLD = 𝟎. 𝟗𝟗𝟗𝟓 ± 𝟎. 𝟎𝟎𝟒𝟔
0 Compatible	with	lepton	flavour	universality
0 Better	precision	than	the	current	world	average	
0 Results	for	cross-sections:	

0 𝜎# ̅# 	 = 809.5	 ± 21.6 pb
0 𝜎%@AB = 	774.7	 ± 6.7 pb	
0 In	agreement	with	previous	results

0 Measurement dominated by	systematic
uncertainties:
0 PDFs,	𝑡 ̅𝑡 and		𝑍modelling,	uncertainties related to	
lepton identification and	scale/resolution
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𝒆/𝝁	lepton	flavour	universality	in	W	decays
Results

𝑅%('()'*)
,/. = 𝑅%/('()'*)

,/. 𝑅/()012*)3)
,,/..



Summary	and	outlook
0A	lot	of	interesting	results	produced	by	ATLAS	thanks	to	the	combined	
performance	of	LHC	&	detectors
0 Both	Run	1	and	Run	2
0 Presented	today	only	a	small	selection	of	recent	results

0Many	more	can	be	found	in	the	ATLAS	Public	results	page*

0Very	high	precision	reached	in	the	measurement	of	many	SM	
parameters
0 Precision	on	𝛼*,	𝑚+	and	Γ+	comparable	or	better	than	world	averages
0 Γ+	measured	for	the	first	time	at	LHC
0 Important	SM	assumptions	on	number	of	generations	and	LFU	tested	and	
confirmed
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*:	https://twiki.cern.ch/twiki/bin/view/AtlasPublic	

https://twiki.cern.ch/twiki/bin/view/AtlasPublic


Backup
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Differential cross-section analysis results

Measurement	of	𝛼!	from	recoil	of	Z	bosons

0 Per-mille	level	precision	in	the	central	region
0 Sub-percent	up	to	 𝑦 < 3.6,	thanks	to	dedicate	
forward	electron	selection	and	calibration

0 Compared	to	state	of	the	art	to	state-of-the-art	
predictions	
0 QCD	perturbative	calculations	based	on	𝑞3	
resummation	at	aN4LL+N3LO	accuracy

Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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Differential cross-section analysis results

Measurement	of	𝛼!	from	recoil	of	Z	bosons

0 Per-mille	level	precision	in	the	central	region
0 Sub-percent	up	to	 𝑦 < 3.6,	thanks	to	dedicate	
forward	electron	selection	and	calibration

0 Compared	to	state	of	the	art	to	state-of-the-art	
predictions	
0 QCD	perturbative	calculations	based	on	𝑞3	
resummation	at	aN4LL+N3LO	accuracy

Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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Differential cross-section analysis results

Measurement	of	𝛼!	from	recoil	of	Z	bosons

0 Per-mille	level	precision	in	the	central	region
0 Sub-percent	up	to	 𝑦 < 3.6,	thanks	to	dedicate	
forward	electron	selection	and	calibration

0 Compared	to	state	of	the	art	to	state-of-the-art	
predictions	
0 QCD	perturbative	calculations	based	on	𝑞3	
resummation	at	aN4LL+N3LO	accuracy

0 Effects	of	resummation

Eur.	Phys.	J.	C	84	(2024)	315
arXiv:2309.12986	[hep-ex]
𝑠 = 8	TeV,	 𝐿 = 20.2 'b!"
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0 Event	selection in	the	𝑒/𝜇+jets channel
0 Isolated leptons,	𝑝3 > 30 GeV
0 𝑢3 < 30 GeV:	vector	sum	of	the	transverse	energy
of	all	clusters	reconstructed	in	the	calorimeters,
	not	associated	with	the	decay	leptons	𝑢E = ∑" 𝐸"E
0 does	not	involve	the	explicit	reconstruction	of	jets

Analysis	strategy

Measurement	of	𝑚" and	Γ"

𝑢 &
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Main	MC	Powheg	r	(v1/r1556)	+	Py8	(AZNLO	tune)	+	PHOTOS	for	FSR
EWK	Uncertainties:
0 Dominant	EW	correction	from	QED	FSR	simulated	with	PHOTOS
0 Same	missing	higher	order	EWK	uncertainties	as	the	previous		analysis
QCD	Uncertainties:
0 Reweighted	to	highest	possible	prediction
0 Transverse	momentum	spectrum	is	modelled	with	retuned	Pythia8	to	fit	measured	𝑝B 	of	the	Z	at	7	TeV,	validate	for	W	at	
5.02	and	13	TeV

0 NNLO	predictions	for	A0-A7	validated
PDF	uncertainties	
0 using	hessian	method

0 Constrained	based	on	the	Z	measurement	such	that	they	leave	the	pTZ	distribution	unchanged,	propagating	only	uncorrelated	ones	
to	W

PS	uncertainties
0 taken	from	Z	measurement,	propagated	through	the	AZ	tune
0 IS	charm	and	bottom	quark	masses	varied	and	propagated	(+-0.5-0.8	GeV)
0 Factorisation	scale	variation	0.5,2.
0 Differences	between	generators	(pythia	herwig	negligible)

More	on	signal modelling

Measurement	of	𝑚" and	Γ"
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Calibration
Measurement	of	𝑚" and	Γ"

0 Unchanged wrt legacy	measurement [1]
0 Recoil response calibrated with	the	hadronic recoil in	Z+jets events

0 Scale	and	resolution using 𝑢∥ and	𝑢G
0 Closure tests performed by	using a	PWG+Herwig6	sample	as pseudo	data

[1]:	Eur. Phys. J. C 78 (2018) 110

https://doi.org/10.1140/epjc/s10052-017-5475-4
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Calibration
Measurement	of	𝑚" and	Γ"

0 Unchanged wrt legacy	measurement [1]
0 Recoil response calibrated with	the	hadronic recoil in	Z+jets events

[1]:	Eur. Phys. J. C 78 (2018) 110

https://doi.org/10.1140/epjc/s10052-017-5475-4
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Constency of	the	results
Measurement	of	𝑚" and	Γ"

0 Test	1:	reproduce the	legacy	results
0 Stat-only fit +	offset	method
0 Good	closure (shifts	~12.5	MeV)
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Constency of	the	results
Measurement	of	𝑚" and	Γ"

0 Test	1:	reproduce the	legacy	results
0 Stat-only fit +	offset	method
0 Good	closure (shifts	~12.5	MeV)

0 Test	2:	pseudo	experiments with	central values of	NPs
varied randomly
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Constency of	the	results
Measurement	of	𝑚" and	Γ"

0 Test	1:	reproduce the	legacy	results
0 Stat-only fit +	offset	method
0 Good	closure (shifts	~12.5	MeV)

0 Test	2:	pseudo	experiments with	central values of	NPs
varied randomly

0 Test	3:	partial fits and	different fit ranges
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𝒆/𝝁	lepton	flavour	universality	in	W	decays
Fit equations

0 𝑡 ̅𝑡 selection,	different flavors

0 𝑡 ̅𝑡 selection,	same flavors

0 Z selection

Factors	accouting for	deviations in	𝑅'

For	tW and	diboson backgrounds	
𝑔((C
) = 𝑔((C

# ̅#

For	Z+jets background

With Δ*+, being related to	𝑅%+- to	account	for	
isolation differences in	Z+jets wrt Z	inclusive


