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40	years	of	W	and	Z	bosons	at	colliders!
Discovered	at	CERN	in	1983	in	pp̅	collisions	
• s#ll	on	the	front	line	of	the	LHC	physics	program	with	pp	

One	of	most	prominent	examples	of	hard	scaEering	processes	at	hadron	colliders		
• tests	of	perturba#ve	QCD	and	electroweak	(EW)	calcula#ons	to	higher	orders	

• constraints	on	parton	distribu#on	func#ons	(PDFs)	

• valida#on	of	different	generators	to	model	hard	scaFering	and	parton	shower
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Clean	experimental	signatures	because	of	leptonic	decay	to	e,	μ	

• 1%	uncertainty	in	efficiencies,	≈1%	resolu#on,	momentum	scale	beFer	than	0.1%	

Z	bosons	standard	candles	for	detector	calibraJon	

• energy/momentum	scale	and	resolu#on	

• also	luminosity	calibra#on	from	Z	coun#ng	

Large	Run	2	LHC	data	sets	

• mul#-differen#al	cross	sec#on	measurements	with	negligible	sta#s#cal	uncertainty	

W/Z	are	backgrounds	in	Higgs	boson	analyses	and	new	physics	searches	
• as	an	example,	missing	transverse	momentum	(pTmiss)	from	decays	into	neutrinos	

indis#nguishable	from	dark	maFer	produc#on	topology

Experimental	aspects	of	W	and	Z	bosons
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Measuring𝒎𝑾 at hadron colliders

Golden observable: charged lepton transverse
momentum (𝒑𝑻ℓ ) 
• two-body decayÆ if 𝑝்ௐ = 0, then 𝑝்ℓ  𝑚ௐ/2
• sensitive to theoretical uncertainties

• W-boson polarization (PDFs)
• modeling of 𝑝்ௐ (higher orders in QCD)

𝒑𝑻ℓ [GeV]

െ 𝑝்ௐ= 0, no detector smearing
--- 𝑝்ௐ > 0, no detector smearing
--- 𝑝்ௐ > 0, with detector smearing

𝜃

neutrino undetected: can only estimate 𝑝்ఔ

𝒑𝑻ࣇ ≡ 𝑬𝑻𝒎𝒊࢙࢙ ൌ െ ࢜𝒊࢙𝒊𝒃𝒍𝒆
𝒑𝒂࢚࢘𝒊𝒄𝒍𝒆࢙

𝒑𝑻

for visible particles, can define pseudorapidity (𝜂) 
from polar angle 𝜃

ࣁ ൌ െ𝐥𝐨𝐠 𝐭𝐚𝐧 ࣂ


𝜇
𝜇

𝑊 → 𝜇𝜈 + jets

𝜂 ൌ 0

𝜂 ൎ ∞𝜇

𝜈



Mass	dependence	of	Z	boson	pT
Measured	differenJal	cross	secJon	in	pTZ	or	φ*	in	bins	of	mℓℓ	
• High	pT	region	usually	well	described	by	QCD	higher	orders	in	perturba#on	theory	

• Low	pT	region	sensi#ve	to	soS	gluon	radia#on,	large	log	terms	need	resumma#on	

• predicted	simple	dependence	on	mass	scale	—>	test	validity	of	resumma#on	
approach	and	precision	of	different	predic#ons
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since only dependent 
on angular variables


φ* ~ pTZ / mℓℓ

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-003/index.html


Mass	dependence	of	Z	boson	pT
Measurement	performed	using	both	ee	and	μμ	decays	
• for	inclusive	DY	produc#on	or	with	at	least	one	jet	

InteresJng	to	compare	with	mulJple	generators		
• MiNNLOPS	provides	best	global	descrip#on	of	data
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Showing (some) inclusive results (more on >=1 jets in Philippe’s talk)

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-003/index.html
https://agenda.infn.it/event/28874/contributions/171112/


Forward-backward	asymmetry	in	Drell-Yan	

	angle	between	 	and	quark	q	in	Collins-Soper	frame 

• quark’s	true	direction	unknown	—>	assume	it	is	same	as	ℓℓ	pair	—>	dilution	of	AFB

𝜽 ℓ−

From	theory	it	is	
AFB	=	3/8	⋅	A4	

Experimentally	
AFB	=	

𝜎𝐹  −  𝜎𝐵

𝜎𝐹  +  𝜎𝐵
,

AFB	in	 	important	feature	of	Z	decay	

• sensitive	to	many	SM	parameters	

• was	exploited	to	measure	effective	weak	mixing	angle	 	at	8	TeV

𝒒�̄� → 𝒁/𝜸∗ → ℓ+ℓ−

sin2θf
eff

 F :  𝑐𝑜𝑠𝜃 > 0
B :  𝑐𝑜𝑠𝜃 < 0

from	interference	of	vector	and	axial-vector	
contributions	(dependent	on	Z	mass)

CMS	Simulation

MeasuredTrue

CMS	SimulationEur. Phys. J. C (2018) 78:701

6



AFB	at	high	mass	
At	dilepton	masses	well	above	Z	peak	(>170	GeV)	AFB	~	constant	
• Deviations	can	be	induced	by	new	phenomena,	such	as	a	massive	Z’	gauge	boson	

• off-shell	interference	can	modify	AFB	at	mℓℓ	significantly	lower	than	Zʹ	mass		

• Complementarity	with	direct	Z’→ℓℓ	searches	

Template	fit	method	rather	than	counting	forward-backward	events	
• simulated	templates	represent	terms	in	dσ/dcosθ	and	account	for	dilution	effect
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AFB	results	
• AFB	and	A0	(also	difference	between	e-μ	channels)	as	a	function	of	mℓℓ		

• Exclusion	of	Z’	with	mZ’	<	4.4	TeV	assuming	same	coupling	as	SM	Z		

• Less	stringent	limits	than	in	direct	searches,	but	also	sensitive	to	wide	resonances	

Reference
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Uncertainty	dominated	by	statistical	uncertainty	in	data	and	PDFs	
• gain	with	more	data	and	extended	tracker	acceptance	at	HL-LHC

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-002/index.html


W	decay	branching	fracJons
Measured	leptonic	and	hadronic	branching	
raJos	B	of	W	boson,	and	their	raJos	

• Stringent	test	of	lepton	flavour	universality	(LFU)	

• Hadronic	width	depends	on	other	SM	parameters	
such	as	αS(mW)	and	CKM	matrix	elements	Vij	

• CKM	unitarity	requires	∑i|Vui|²=	∑i|Vci|²=1	(i=d,s,b)	

• Indirect	determina#on	of	these	variables	too	

• Simultaneous	fit	in	all	decay	channels	in	data	using	
simulated	templates	for	signal	and	backgrounds	

• CMS	more	precise	than	LEP	(but	limited	by	systs)

9

Reference

CMS LEP
B(W ! ene) (10.83 ± 0.01 ± 0.10)% (10.71 ± 0.14 ± 0.07) %
B(W ! µnµ) (10.94 ± 0.01 ± 0.08)% (10.63 ± 0.13 ± 0.07) %
B(W ! tnt) (10.77 ± 0.05 ± 0.21)% (11.38 ± 0.17 ± 0.11) %
B(W ! qq0) (67.46 ± 0.04 ± 0.28)% —
Assuming LFU
B(W ! `n) (10.89 ± 0.01 ± 0.08)% (10.86 ± 0.06 ± 0.09)%
B(W ! qq0) (67.32 ± 0.02 ± 0.23)% (67.41 ± 0.18 ± 0.20)%

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-011/index.html


Invisible	Z	width
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Reference

11/10/2021 CMS Italia- 2021 25

  Precision measurement of the Z invisible width

Simultaneous	fit	to	data	regions	with	invisible	Z	boson	decays,	
and	Z	boson	decays	to	electrons	and	muons	

• Measure		

				and	convert	to	Γinv			à Γinv	=523±3(stat)±16(syst)	MeV

Major	uncertainties	from	lepton	efficiencies	and	jet	energy	scale

Single	most	precise	direct	measurement	of	the	Z	invisible	width	
Γinv	➔ similar	to	the	combined	direct	LEP	result

SMP-18-014:	First	direct	measurement	of	the	Z	boson	invisible	width	at	a	hadron	collider:	independent	and	
complementary	test	of	SM	at	higher	energy	scale	than	LEP	and	can	elucidate	non-SM	contributions	from	new	
physics	scenarios	
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Recoil	variableU	defined	as	vector	sum	
of	pTmiss	and	reconstructed	leptons’	pT

First	measurement	of	Z	invisible	width	
at	a	hadron	collider		
• from	Z(vv)/Z(ℓℓ)	cross	sec#on	ra#o	

mul#plied	by	Z(ℓℓ)	par#al	width	from	LEP	

Single	most	precise	direct	measurement		
• negligible	sta#s#cal	uncertainty

More	in	Philippe’s	talk

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-014/index.html
https://agenda.infn.it/event/28874/contributions/171112/


20	Jmes	more	data	from	HL-LHC	phase	than	in	Run	2	
• but	also	daun#ng	levels	of	pileup,	higher	trigger	rates,	intense	radia#on	damage	

• detector	upgrade	and	complete	overhaul	of	trigger	and	DAQ	systems	mandatory	

SubstanJal	improvements	in	first	trigger	stage	(L1,	hardware	based)	
• faster	electronics,	increased	spacial	granularity	—>	beFer	par#cle	iden#fica#on	

• maintain	high	signal	purity	and	efficiency	

• W/Z	physics	requires	leptons	with	pT	~40	GeV	

• Keep	low	pT	thresholds	in	trigger	

Extended	tracker	acceptance	
• |η|	<	4	instead	of	current	2.4	

• beFer	PDF	constraints	

Physics	prospects	at	the	LH-LHC
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Summary

Presented	recent	results	on	W	and	Z	physics	with	CMS	at	the	LHC	

• valuable	inputs	to	test	theore#cal	calcula#ons	at	higher	orders		
• precise	knowledge	of	produc#on	cross	sec#ons	guarantees	more	accurate	

background	predic#ons	for	Higgs	physics	and	is	also	vital	in	searches	for	new	physics	

Excellent	performance	of	LHC	and	of	CMS	detector		
• large	data	sets	allow	SM	to	be	probed	with	unprecedented	precision	

• looking	forward	to	Run	3	and	future	HL-LHC	data	and	detector	upgrades	

• collabora#on	with	theorists	paramount	to	chart	the	course	of	future	measurements	

CMS	standard	model	public	results	
• hFp://cms-results.web.cern.ch/cms-results/public-results/publica#ons/SMP/index.html	

More	on	W/Z	+	jets	in	Philippe’s	talk
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html
https://agenda.infn.it/event/28874/contributions/171112/
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CMS	detector

14

Excellent	tracking	performance	also	thanks	to	3.8	T	magneJc	field	
• Tracker	coverage	|η|	<	2.4,	precise	pT	measurement	and	e/γ	discrimina#on	

• Electron	reconstruc#on	augmented	with	electromagne#c	calorimeter	

Calorimeters	coverage	up	to	|η|	<	5,	crucial	for	jets	and	pTmiss



Z	boson	and	heavy	flavour	jets

15

50 100 150 200 250 300 350 400 450 500

2

4

6

8

10

12

14

16
3−10×)

bb
d(

mσd
 

σ1

CMS  (13 TeV)1−137 fb

 2 b jets)≥ + Z →Data (pp 
Statistical unc.
Theoretical syst unc.
Total unc.
MG5_aMC (NLO, NNPDF 3.1, CP5)
MG5_aMC (NLO, NNPDF 3.0, CUETP8M1)
MG5_aMC (LO, NNPDF 3.1, CP5)
MG5_aMC (LO, NNPDF 3.0, CUETP8M1)
Sherpa

50 100 150 200 250 300 350 400 450 500
genpt

0.5
1

1.5

sα ⊕ scales ⊕PDF  scales⊕PDF 

50 100 150 200 250 300 350 400 450 500
genpt

0.5
1

1.5

D
at

a
Pr

ed
.

50 100 150 200 250 300 350 400 450 500
 [GeV]bbm

0.5
1

1.5

PDF

SensiJvity	to	c	and	b	quark	PDFs	of	proton	
• check	different	b	flavour	schemes	(4NFS	or	5NFS)	that	affect	number	of	final	state	b	

• benchmark	to	validate	MC	predic#ons	in	VH	topologies	with	H→cc	̅or	H→bb~	

• compare	angular	or	pT	distribu#ons	with	calcula#ons	at	different	orders

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

0.5
1

1.5

sα ⊕ scales ⊕PDF  scales⊕PDF 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

0.5
1

1.5

D
at

a
Pr

ed
.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
(Z, b jet)YΔ

0.5
1

1.5

PDF

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

2−10

1−10

1

10

)
(Z

, b
 je

t)
Y

Δ
d(

σd
 

σ1

CMS  (13 TeV)1−137 fb
 1 b jet)≥ Z + →Data (pp 

Statistical unc.
Theoretical syst. unc.
Total unc.
MG5_aMC (NLO, NNPDF 3.1, CP5)
MG5_aMC (NLO, NNPDF 3.0, CUETP8M1)
MG5_aMC (LO, NNPDF 3.1, CP5)
MG5_aMC (LO, NNPDF 3.0, CUETP8M1)
Sherpa



Z	+	b	jet(s)	with	full	Run	2	data
StaJsJcal	uncertainJes	usually	negligible	for	1	b	jet,	relevant	for	2	b	jets		
• main	systema#c	uncertain#es	from	jet	energy	scale	and	resolu#on,	and	b	tagging	

• Total	σ(Z	+	≥	1	b	jets)	=	6.52	±	0.04	(stat)	±	0.40	(syst)	±	0.14	(theo)	pb	

• Total	σ(Z	+	≥	2	b	jets)	=	0.65	±	0.03	(stat)	±	0.07	(syst)	±	0.02	(theo)	pb
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HL-LHC	and	detector	upgrade

20	Jmes	more	data	from	HL-LHC	phase	than	in	Run	2	
• but	also	daun#ng	levels	of	pileup,	higher	trigger	rates,	intense	radia#on	damage	

Major	challenges	to	reap	this	benefit	
• upgrade	detectors	for	improved	granularity	and	more	robust	par#cle	iden#fica#on	

• complete	overhaul	of	trigger	and	DAQ	systems
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Future	physics	at	the	HL-LHC:	 	𝐬𝐢𝐧𝟐𝛉𝐟
𝐞𝐟𝐟

• AFB	diluted	at	larger	√s	(valence	
quarks	contribute	less),	but	
significant	gain	from	extended	
detector	acceptance	

• With	1000/fb	statistical	
uncertainty	becomes	negligible	
compared	to	PDFs
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Figure 3: Comparison of the expected precision of the e�ective leptonic weak mixing angle presented in this note
to previous measurements at LEP-1 and SLD [26], at the Tevatron [25], and at the LHC [17, 22–24]. The overall
LEP-1 and SLD average [1] is represented together with its uncertainty as a vertical band. The ATLAS results from
this analysis are shown with di�erent PDF set senarios.
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