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CMS
•General	purpose	design	to	detect	all	
particles.	Wide	reaches	of	physics	potential
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CMS	Luminosity
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2010, 7 7e9, 45.0 pb−1

2011, 7 7e9, 6.1 fb−1

2012, 8 7e9, 23.3 fb−1

2015, 13 7e9, 4.2 fb−1

2016, 13 7e9, 41.0 fb−1

2017, 13 7e9, 49.8 fb−1

2018, 13 7e9, 67.9 fb−1
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Higgs	discovery	July	4th,	2012

•In	Run1,	CMS	recorded	6.1fb-1	@7TeV	and	23.3	fb-1	@8TeV.	

•Run	2,	CMS	recorded	163	fb-1	@13TeV.
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SM	results	of	CMS
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CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 137 fb≤13 TeV CMS measurement (L 

Theory prediction

•Numerous	“Standard	Model	measurements”,	use	almost	Full	Run2	data,	performed	by	CMS	

•Good	agreement	for	many	processes,	over	15	orders	of	magnitude		

•Testing	the	Standard	Model	through	rare	processes	and	differential/precision	measurements	possible	due	to	
excellent	reconstruction	and	calibration	performance	results
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Drell-Yan	from	leptons
•The	production	of	lepton	pairs	in	pp-
collisions	is	described	by	the	s-channel	
exchange	of	γ*Z.	Theoretical	calculations	are	
well	established	up	to	NNLO	order		

•The	measurement	provides	
•Testing	Standard	model	(SM)	
•Constraining	parton	distribution	functions	
(PDFs)	
•Extracting	parameters	(sin2θw	,	AFB,	
angular	coefficients	etc.)		
•Background	evaluation	for	BSM	models	
•Testing	different	Monte	Carlo	models	
•Testing	production	mechanism	dynamics	
•searches	for	new	physics		

•Precision	measurements	with	a	hadron	
collider!	
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JHEP 12(2019) 059

https://link.springer.com/article/10.1007/JHEP12(2019)059
https://link.springer.com/article/10.1007/JHEP12(2019)059
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BDT output
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JEC – Absolute pT-dependent Residual Correction
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I Data-to-simulation comparison for the jet response dependence on pjet
T .

I Combination of � + jet and Z + jet. Multijet results used in 2016.
I Z(! µµ)+jet and Z(!ee) events are pre-combined into Z + jet events.
I MPF and pT-balance methods used, but (Z + jet) MPF dominates precision.
I Post global fit values for nuisance parameters (scales of reference objects)

used to demonstrate the good consistency between the data sets.
I Yellow band indicates absolute scale uncertainty that is centred around the

luminosity-weighted average of JEC per run. Its deviation from the fit to the
combined sample (solid black line) is taken as “Time stability” uncertainty in
the following slides.
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Jet	Energy	Correction	agreement	at	per	
mill	level;		
MPF	stands	for	Missing	Transverse	
Energy	Projection	Fraction	
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https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09018
https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09018
https://cds.cern.ch/record/2715872?ln=en
https://cds.cern.ch/record/2715872?ln=en
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Overview of VBS Measurement
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● VBS topology
○ two  energetic forward jets in opposite hemisphere
○ large dijet mass and ∆ηjj

● Experimental Analysis 
○ Select VV events with VBS-like jets
○ Estimate non-VV backgrounds

■ Non prompt/fake (reducible)
● Selected due to mis-ID ⟹from data

■ Prompt (irreducible)
● Selected without mis-ID ⟹ from MC

○ Measurements 
■ Inclusive and Differential Cross section Measurements
■ Search for anomalous Quartic Gauge Couplings

Kaur Sandeep                                                                                                                                                            ICHEP 2020

jj

Vector	Bonson	Scattering

•VBS	topology	
•two	energetic	forward	jets	in	opposite	hemisphere	
•large	dijet	mass	and	 	

•Experimental	Analysis		
•Select	VV	(V=W,	Z,	γ)	events	with	VBS-like	jets		
•Estimate	non-VV	backgrounds	
•Non	prompt/fake	(reducible)	due	to	mis-ID	⟹from	data	
•Prompt	(irreducible)	⟹	from	MC	

•Measurements	
•Inclusive	and	Differential	Cross	section	Measurements	
•Search	for	anomalous	Quartic	Gauge	Couplings

Δηjj

7

•Measurements	of	vector	boson	scattering	(VBS)	processes	→	Key	process	to	
experimentally	probe	nature	of	EWSB		

•complementary	to	direct	Higgs	boson	measurements	

•The	LHC	makes	it	possible	to	measure	many	rare	processes	predicted	by	the	
SM
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W±W±	&	WZ	VBS
•First	simultaneous	W±W±jj	&	WZjj	
analyses	using	fully	leptonic	final	states	

•Why	W±W±jj	?	

•EW	production	dominant	over	
QCD-induced		

•Distinct	same-sign	(SS)	lepton	
state	with	low	background	

•Why	WZjj	?	

•sensitive	to	charged	resonances	or	
couplings	

•Clean	signature	but	higher	
background	compared	to	W±W
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W±W±	&	WZ	VBS:	Analysis	Strategy
•Statistical	analysis	by	simultaneously	fitting	signal	yields	in	WW	&	
WZ	signal	regions	as	well	as	background	yields	in	control	Regions	
(Non	prompt,	WZb(tZq)	and	ZZ)	,	to	assess	normalization	from	
data
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Process W
±

W
±

SR WZ SR

Pre-fit Post-fit Pre-fit Post-fit

EW W
±

W
±

209 ± 22 210 ± 26 — —

QCD W
±

W
±

13.6 ± 2.3 13.7 ± 2.2 — —

Interference W
±

W
±

8.4 ± 2.3 8.7 ± 2.3 — —

EW WZ 14.1 ± 1.7 17.8 ± 3.9 54.3 ± 5.7 69 ± 15

QCD WZ 42.9 ± 4.7 42.7 ± 7.4 117.9 ± 6.8 117 ± 17

Interference WZ 0.3 ± 0.1 0.3 ± 0.2 2.2 ± 0.6 2.7 ± 1.0

ZZ 0.7 ± 0.1 0.7 ± 0.2 6.1 ± 0.4 6.0 ± 1.8

Nonprompt 211 ± 55 193 ± 40 14.6 ± 7.6 14.4 ± 6.7

tVx 9.0 ± 3.1 7.4 ± 2.2 15.1 ± 1.9 14.3 ± 2.8

Wg 7.8 ± 2.0 9.1 ± 2.9 1.1 ± 0.5 1.1 ± 0.4

Wrong-sign 13.5 ± 7.1 13.9 ± 6.5 1.6 ± 0.7 1.7 ± 0.7

Other background 5.0 ± 2.4 5.2 ± 2.1 3.3 ± 0.7 3.3 ± 0.7

Total SM 535 ± 60 522 ± 49 216 ± 12 229 ± 23

Data 524 229

Source of uncertainty W±W± (%) WZ (%)
Integrated luminosity 1.5 1.6
Lepton measurement 1.8 2.9
Jet energy scale and resolution 1.5 4.3
Pileup 0.1 0.4
btagging 1.0 1.0
Nonprompt rate 3.5 1.4
Trigger 1.1 1.1
Limited MC sample size 2.6 3.7
Theory 1.9 3.8
Total systematic uncertainty 5.7 7.9
Statistical uncertainty 8.9 22
Total uncertainty 11 23

Source of uncertainty W±W± (%) WZ (%)
Integrated luminosity 1.5 1.6
Lepton measurement 1.8 2.9
Jet energy scale and resolution 1.5 4.3
Pileup 0.1 0.4
btagging 1.0 1.0
Nonprompt rate 3.5 1.4
Trigger 1.1 1.1
Limited MC sample size 2.6 3.7
Theory 1.9 3.8
Total systematic uncertainty 5.7 7.9
Statistical uncertainty 8.9 22
Total uncertainty 11 23

PLB 809(2020) 135710

https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub
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W±W±	&	WZ	VBS	Full	
Run	II	:	Results

•Measured	inclusive	and	
differential	cross	section	
measurements	on	mjj,	m𝓁𝓁,	and	
pTmax	for	WW	and	mjj	for	WZ	

•Obtained	obs(exp)	significance	
of	6.8(5.3)σ for	EWK	WZ	and	
far	above	5σ	for	EWK	WW.
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Process s B (fb)
Theoretical prediction Theoretical prediction

without NLO corrections (fb) with NLO corrections (fb)

EW W
±

W
± 3.98 ± 0.45

3.93 ± 0.57 3.31 ± 0.47
0.37 (stat) ± 0.25 (syst)

EW+QCD W
±

W
± 4.42 ± 0.47

4.34 ± 0.69 3.72 ± 0.59
0.39 (stat) ± 0.25 (syst)

EW WZ
1.81 ± 0.41

1.41 ± 0.21 1.24 ± 0.18
0.39 (stat) ± 0.14 (syst)

EW+QCD WZ
4.97 ± 0.46

4.54 ± 0.90 4.36 ± 0.88
0.40 (stat) ± 0.23 (syst)

QCD WZ
3.15 ± 0.49

3.12 ± 0.70 3.12 ± 0.70
0.45 (stat) ± 0.18 (syst)

MadGraph5_amc@nlo  
predictions at LO
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https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub
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Polarized	W±W±	VBS	Full	Run	II	:	
Overview

•First	measurements	of	EW	production	cross	sections	of	polarized	W±W±		

•VBS	scattering	amplitude	is	dominated	by	transverse	gauge	components.	In	
SM,	WLWL	contribute	bout	10%	of	total	EW	WW	cross	section.	Significant	
excess	in	the	longitudinally	polarized	channel	would	point	to	new	interactions	in	
the	EWSB	sector	

•Same	Event	Selection	&	Background	Estimation	with	WW	VBS	analysis	

•Analysis	Strategy	:	simultaneous	fit	with	

•WW	signal	region	(2D)	:	inclusive	BDT	(to	separate	EW	from	SM	bkg)	vs	
signal	BDTs	(to	measure	WLWL	against	WXWT	and	WLWX	agains	WTWT)	

•Control	regions
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Polarized	W±W±	VBS	Full	Run	II	:	
Results

•Fiducial	cross	sections	
Measurement	for	the	helicity	
eigenstates	in	the	parton-parton	
center-of-mass	frame	
•The	observed	(expected)	upper	
limit	95%	CL	of	WLWL	is	1.17	
(0.88)	fb.
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9. Summary 13

The measurements are also performed for the polarized observables defined using the helicity
eigenstates in the initial state parton-parton center-of-mass reference frame. The fiducial cross
section measurements and the theoretical predictions are summarized in Table 7. The observed
(expected) upper limit of the production cross section is 1.06 (0.85) fb for the W±

L W±

L process.
The observed (expected) significance of the W±

L W±

X
process is 2.6 (2.9) standard deviations.

Table 7: Measured fiducial cross sections for the W±

L W±

L and W±

X
W±

T processes and for the
W±

L W±

X
and W±

T W±

T processes for the helicity eigenstates defined in the parton-parton center-
of-mass frame. The theoretical predictions including the O(aSa6) and O(a7) corrections to
the MADGRAPH5 aMC@NLO LO cross sections, as described in the text, are also shown. The
theoretical uncertainties include statistical, PDF, and LO scale uncertainties. B is the branching
fraction for WW ! `n`0n [53].

Process s B (fb) Theoretical prediction (fb)
W±

L W±

L 0.24+0.40
�0.37 0.28 ± 0.03

W±

X
W±

T 3.25+0.50
�0.48 3.32 ± 0.37

W±

L W±

X
1.40+0.60

�0.57 1.71 ± 0.19
W±

T W±

T 2.03+0.51
�0.50 1.89 ± 0.21

9 Summary
The first measurements of production cross sections for polarized same-sign W±W± boson
pairs in proton-proton collisions are reported. The measurements are based on a sample of
proton-proton collisions at a center-of-mass energy of 13 TeV collected by the CMS detector at
the LHC, corresponding to an integrated luminosity of 137 fb�1. Events are selected by requir-
ing exactly two leptons, electrons or muons, of the same charge, moderate missing transverse
momentum, and two jets with a large rapidity separation and a large dijet mass. BDTs are used
to separate between the polarized scattering processes by exploiting the kinematic differences.
An observed (expected) 95% CL upper limit on the production cross section for longitudinally
polarized same-sign W±W± boson pairs of 1.17 (0.88) fb is reported with the helicity eigen-
states defined in the W±W± center-of-mass reference frame. The electroweak production of
the W±W± boson pairs where at least one of the W bosons is longitudinally polarized, is mea-
sured with an observed (expected) significance of 2.3 (3.1) standard deviations. Results are also
reported with the polarizations defined in the parton-parton center-of-mass reference frame.
The measured cross section values agree with the theoretical predictions within uncertainties.
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	ZZ	VBS	Full	Run	II
•Measurement	of	EW	ZZjj	production	using	4𝓁	events	

•Really	clean	,	fully	reconstructable	final	state.	Small	instrumental	background	

•Making	use	of	a	matrix-element	discriminant	(K
D
)	to	enhance	EW	

production	

•BDT	was	also	studied	-	gave	consistent	results	

•Observed	(expect)	EWK	ZZ	4.0(3.5)σ

• μEW = 1.21+0.47
−0.40, μEW+QCD = 0.99+0.13

−0.12

13
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8. Limits on anomalous quartic gauge couplings 9

Table 2: Particle-level selections used to define the fiducial regions for EW and EW+QCD cross
sections.

Object Selection
ZZjj inclusive

Leptons pT(`1) > 20 GeV
pT(`2) > 10 GeV
pT(`) > 5 GeV
|h(`)| < 2.5

(g with DR(`, g) < 0.1 added to ` 4-vector)
Z and ZZ 60 < m(``) < 120 GeV

m(4`) > 180 GeV
Jets at least 2

pT(j) > 30 GeV
|h(j)| < 4.7

mjj > 100 GeV
DR(`, j) > 0.4 for each `, j

VBS-enriched (loose)
ZZjj inclusive +

Jets |Dh(jj)| > 2.4
mjj > 400 GeV

VBS-enriched (tight)
ZZjj inclusive +

Jets |Dh(jj)| > 5
mjj > 400 GeV

Table 3: SM cross sections in the fiducial regions and the fitted value of the measured cross
sections.

SM s (fb) Measured s (fb)
ZZjj inclusive

EW 0.275 ± 0.021(theo) 0.33 +0.11
�0.10 (stat) +0.04

�0.03 (syst)
EW+QCD 5.35 ± 0.51(theo) 5.29 +0.31

�0.30 (stat)± 0.46 (syst)
VBS-enriched (loose)

EW 0.186 ± 0.015 (theo) 0.200 +0.078
�0.067 (stat) +0.023

�0.013 (syst)
EW+QCD 1.21 ± 0.09 (theo) 1.00 +0.12

�0.11 (stat)+0.06
�0.05 (syst)

VBS-enriched (tight)
EW 0.050 ± 0.005 (theo) 0.06 +0.05

�0.04 (stat)± 0.01 (syst)
EW+QCD 0.171 ± 0.012 (theo) 0.17 ±0.04 (stat)± 0.01 (syst)

ing the profiling of the systematic uncertainties. The distributions of the background model,
including the EW component, are normalized to their measured values in the EW signal ex-
traction (Sec. 7). The Wald Gaussian approximation and Wilks’ theorem are used to derive 95%
confidence level (CL) limits on the aQGC parameters [51–53]. The measurement is statistically
limited.

https://cds.cern.ch/record/2718812
http://www.apple.com
https://cds.cern.ch/record/2718812


Rong-Shyang Lu / NTU Oct 5-6, 2020Energy Frontier in Particle Physics: 
LHC and Future Colliders

Wγ VBS	2016	dataset	
•Wγ measurement	is	difficult	by	itself	

•Large	QCD	irreducible	Wγjj	background,	and	fakes	

•Fiducial	XS		

•Combine	13+8	TeV	and	obtain	EW	Wγ	5.3(4.8)σ 
observed	(expect)	significance
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Figure 3: The 2D distributions used in the fit for the signal strength of EW Wg+2 jets in the
electron barrel (top left), electron endcap (top right), muon barrel (bottom left), and muon
endcap (bottom right).

region and the signal region was found to be negligible (< 1%). We define the cross section as

sfid = sgµ̂agf,

where the cross section for the generated signal events is sg = 0.776 pb, the signal strength
parameter µ̂ = 1.20+0.26

�0.24, and the acceptance agf = 0.02195. The observed fiducial cross section
is

sfid
EW = 20.4 ± 0.4 (lumi) ± 2.8 (stat) ± 3.5 (syst) fb = 20.4 ± 4.5 fb.

10 Fiducial cross section of EW+QCD Wg+2 jets
In addition to the EW Wg+2 jets process, we also calculate a cross section for the inclusive
EW+QCD Wg+2 jets process. The fiducial region is the same as that for EW Wg+2 jets and the

EW prod

QCD prod

http://cds.cern.ch/record/2718822?ln=en
http://cds.cern.ch/record/2718822?ln=en
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aQGCs
•Traces	of	heavy	states	from	Beyond	Standard	
Model	Physics	can	be	parameterized	in	terms	of	
the	Effective	Field	Theory	(EFT)	approach.	 

•Limits	on	aQGCs	are	set	via	EFT	approach.	
Dimension-8	operators	that	can	modify	VVjj	
production	through	aQGCs	are	considered,	one	
at	a	time.
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levels. The unitarity bound is defined as the scattering energy at which the aQGC coupling
strength, when set equal to the observed limit, would result in a scattering amplitude that vi-
olates unitarity. The value of the unitarity bound is determined using the VBFNLO 2.7.1 frame-
work [48], taking into account the difference between VBFNLO and MADGRAPH5 aMC@NLO.
These are the most stringent limits to date on the aQGC parameters FM,2–5/L4 and FT,6–7/L4.

Table 3: Parameterized by the Wg mass, 95% CL shape-based exclusion limits on each aQGC
parameter, no form factor is applied. The unitarity bounds are also listed. All coupling param-
eter limits are in TeV�4, while the unitarity bounds are in TeV.

Observed limits [TeV�4] Expected limits [TeV�4] Unitarity bound [TeV]
�8.07 < FM,0/L4 < 7.99 �7.67 < FM,0/L4 < 7.55 1.0
�11.8 < FM,1/L4 < 12.1 �10.8 < FM,1/L4 < 11.3 1.2
�2.81 < FM,2/L4 < 2.81 �2.68 < FM,2/L4 < 2.68 1.3
�4.41 < FM,3/L4 < 4.49 �4.04 < FM,3/L4 < 4.10 1.5
�4.99 < FM,4/L4 < 4.95 �4.70 < FM,4/L4 < 4.67 1.5
�8.27 < FM,5/L4 < 8.31 �7.85 < FM,5/L4 < 7.73 1.8
�16.2 < FM,6/L4 < 16.0 �15.4 < FM,6/L4 < 15.1 1.0
�20.8 < FM,7/L4 < 20.2 �19.4 < FM,7/L4 < 18.7 1.3
�0.62 < FT,0/L4 < 0.64 �0.60 < FT,0/L4 < 0.62 1.4
�0.35 < FT,1/L4 < 0.39 �0.34 < FT,1/L4 < 0.38 1.5
�0.99 < FT,2/L4 < 1.18 �0.98 < FT,2/L4 < 1.16 1.5
�0.45 < FT,5/L4 < 0.46 �0.43 < FT,5/L4 < 0.44 1.8
�0.36 < FT,6/L4 < 0.38 �0.34 < FT,6/L4 < 0.36 1.7
�0.87 < FT,7/L4 < 0.93 �0.83 < FT,7/L4 < 0.89 1.8

12 Summary
The production cross sections of electroweak production of Wg in association with two jets are
measured in proton-proton collisions at a center-of-mass energy of 13 TeV. The data sample
corresponds to an integrated luminosity of 35.9 fb�1 collected at

p
s = 13 TeV with the CMS

detector. Events are selected by requiring exactly one identified lepton (electron or muon), a
moderate missing transverse momentum, one photon, and two jets with a large rapidity sep-
aration and a large dijet mass. The observed significance is 4.9 standard deviations (s), where
a significance of 4.6 s is expected based on the standard model. After combining with previ-
ously reported CMS results based on 8 TeV data, the observed (expected) signal significance
is 5.3 (4.8) s. This constitutes the first observation of electroweak Wg production in pp col-
lisions. A cross section measurement in a fiducial region is reported and is consistent with
standard model predictions. Constraints are placed on anomalous quartic gauge couplings in
terms of dimension-8 effective field theory operators. Results are competitive with or more
stringent than previous results.

References
[1] ATLAS Collaboration, “Observation of a new particle in the search for the standard

model Higgs boson with the ATLAS detector at the LHC”, Phys. Lett. B 716 (2012) 1,
doi:10.1016/j.physletb.2012.08.020, arXiv:1207.7214.

14

Table 6: Observed and expected lower and upper 95% CL limits on the parameters of the quar-
tic operators T0, T1, T2, M0, M1, M6, M7, S0, and S1 in W±W± and WZ channels, obtained
without using any unitarization procedure. The last two columns show the observed and ex-
pected limits for the combination of the W±W± and WZ channels.

Observed (W±W±) Expected (W±W±) Observed (WZ) Expected (WZ) Observed Expected
(TeV�4) (TeV�4) (TeV�4) (TeV�4) (TeV�4) (TeV�4)

fT0/L4 [-0.28,0.31] [-0.36,0.39] [-0.62,0.65] [-0.82,0.85] [-0.25,0.28] [-0.35,0.37]
fT1/L4 [-0.12,0.15] [-0.16,0.19] [-0.37,0.41] [-0.49,0.55] [-0.12,0.14] [-0.16,0.19]
fT2/L4 [-0.38,0.50] [-0.50,0.63] [-1.04,1.26] [-1.41,1.66] [-0.35,0.48] [-0.49,0.63]
fM0/L4 [-3.0,3.2] [-3.7,3.8] [-5.8,5.8] [-7.6,7.6] [-2.7,2.9] [-3.6,3.7]
fM1/L4 [-4.7,4.7] [-5.4,5.8] [-8.2,8.3] [-10.8,10.9] [-4.1,4.2] [-5.2,5.5]
fM6/L4 [-6.0,6.5] [-7.5,7.6] [-11.6,11.6] [-15.2,15.2] [-5.4,5.8] [-7.2,7.3]
fM7/L4 [-6.7,7.0] [-8.3,8.1] [-10.4,10.4] [-13.8,13.8] [-5.7,6.0] [-7.8,7.6]
fS0/L4 [-6.0,6.4] [-6.0,6.2] [-18.6,18.8] [-24.0,24.3] [-5.7,6.1] [-5.9,6.2]
fS1/L4 [-17.8,18.9] [-18.2,18.9] [-30.1,30.3] [-38.3,38.7] [-15.8,16.7] [-17.6,18.2]

The effective field theory (EFT) is not a complete model and the presence of nonzero aQGCs
will violate tree-level unitarity at sufficiently high energy. More physical limits can be obtained
by cutting the EFT expansion at the unitarity limit and adding the expected SM contribution
for generated events with VV invariant masses above the unitarity limit [69]. The unitarity
limits for each aQGC parameter were calculated using VBFNLO 1.4.0 [70–72] after applying
the appropriate Wilson coefficient conversion factors. Table 7 shows the individual lower and
upper limits for the coefficients of the T0, T1, T2, M0, M1, M6, M7, S0, and S1 operators by
cutting the EFT expansion at the unitarity limit. These limits are significantly less stringent
compared to the limits in Table 6, where the unitarity violation was not considered.

Table 7: Observed and expected lower and upper 95% CL limits on the parameters of the
quartic operators T0, T1, T2, M0, M1, M6, M7, S0, and S1 in W±W± and WZ channels by
cutting the EFT expansion at the unitarity limit. The last two columns show the observed and
expected limits for the combination of the W±W± and WZ channels.

Observed (W±W±) Expected (W±W±) Observed (WZ) Expected (WZ) Observed Expected
(TeV�4) (TeV�4) (TeV�4) (TeV�4) (TeV�4) (TeV�4)

fT0/L4 [-1.53,2.31] [-2.05,2.73] [-1.65,1.90] [-2,2.25] [-1.10,1.63] [-1.58,1.99]
fT1/L4 [-0.81,1.16] [-0.98,1.42] [-1.32,1.54] [-1.59,1.81] [-0.69,0.97] [-0.94,1.27]
fT2/L4 [-2.14,4.45] [-2.65,5.25] [-2.73,3.44] [-4.42,5.47] [-1.62,3.06] [-2.25,3.82]
fM0/L4 [-13.4,15.9] [-18.6,18.3] [-16.2,16.1] [-18.9,18.8] [-10.5,12.2] [-14.9,14.9]
fM1/L4 [-20.3,18.9] [-22,24.8] [-19.1,19.6] [-23.3,23.8] [-15,13.8] [-18,19.6]
fM6/L4 [-27.3,31.8] [-37.4,36.5] [-33.6,33.4] [-39,38.6] [-21.7,24.8] [-30.6,30]
fM7/L4 [-21.5,24.2] [-26.6,24.9] [-22.2,22] [-28.2,28] [-15.7,17.8] [-21.9,20.9]
fS0/L4 [-35,36.1] [-31.3,30.9] [-82.5,85.4] [-87.9,91.1] [-33.8,35] [-31,30.6]
fS1/L4 [-100,118] [-102,110] [-107,109] [-122,126] [-86.3,99.8] [-91,97]

9 Summary
Measurements of production cross sections of same-sign W±W± and WZ boson pairs in as-
sociation with two jets in proton-proton collisions at a center-of-mass energy of 13 TeV were
reported. The data sample corresponds to an integrated luminosity of 137 fb�1 collected with
the CMS detector during 2016–18. The measurements are performed in the leptonic decay
modes W±W±

! `±n`0±n and WZ ! `n`0`0, where `, `0 = e, µ. An observation of elec-
troweak production of WZ boson pairs is reported with an observed (expected) significance of
6.8 (5.3) standard deviations. Differential fiducial cross sections of the invariant masses of the
jet and lepton pairs as well as the leading lepton transverse momentum are measured for the
W±W± production and found to be consistent with standard model predictions. The differ-
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Figure 3: Distributions of the ZZ invariant mass with fit normalizations for fT9/L4 and for
events satisfying the ZZjj inclusive selection. Points represent the data, filled histograms the
fitted signal and background contributions, the gray band the uncertainties derived from the
fit covariance matrix. The expected distribution for an example value of fT9/L4 = 2 TeV�4 is
also shown. The last bin includes all contributions with mZZ > 1200 GeV.

Table 4: Expected and observed lower and upper 95% CL limits on the couplings of the quartic
operators T0, T1, and T2, as well as the neutral current operators T8 and T9. The unitarity
bounds are also listed. All coupling parameter limits are in TeV�4, while the unitarity bounds
are in TeV.

Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound
fT0/L4 -0.37 0.35 -0.24 0.22 2.9
fT1/L4 -0.49 0.49 -0.31 0.31 2.7
fT2/L4 -0.98 0.95 -0.63 0.59 2.8
fT8/L4 -0.68 0.68 -0.43 0.43 3.3
fT9/L4 -1.46 1.46 -0.92 0.92 3.3

Figure 3 shows the expected mZZ distribution for the SM and two aQGC scenarios. Table 4
lists the individual lower and upper limits obtained by setting all other anomalous couplings
to zero, as well as the unitarity bound. The unitarity bound is determined using the VBFNLO
framework [54] as the scattering energy mZZ at which the aQGC coupling strength set equal to
the observed limit would result in a scattering amplitude that would violate unitarity.

9 Summary
A search was performed for the electroweak production of two jets in association with two Z
bosons in the four-lepton final state in proton-proton collisions at 13 TeV. The data correspond

WW & WZ

ZZ

Wγ
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We are aiming to establish VVV production with 5σ and also disentangle 
individual modes
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VVV production has not been observed yet
(Latest result is CMS’ WWW result in 2019 and ATLAS’ VVV result in Moriond 2019)
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ATLAS may put 
out result soon!
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Heavy triboson production has ample physics content

ATLAS may put 
out result soon!

•Are	multi-boson	interaction	SM?	First	observation	VVV	
and	evidences	of	individual	channels.	

•Fit	four	signal	strength	across	21	categories	in	lepton	
number(2~6)/charge/flavour	….		

•Observed	the	production	of	heavy	triboson	production	
with a significance of 5.7σ	(5.9σ expected). 

•Evidences	for	the	WWW	3.3σ  (3.1σ expected) and	WWZ	
3.3σ  (4.1σ expected).	Hints	for	WZZ	1.7σ  (0.7σ expected)	

•signal	strength	of	VVV	production	μ = 1.02+0.26
−0.23

https://cds.cern.ch/record/2721420
https://cds.cern.ch/record/2721420
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Search	for	W± → π±γ	in	 	eventstt̄

•Exclusive	hadronic	decay	of	W	
boson	
•provide	insights	on	QCD	
factorization	and	meson	form	
factors	at	high	energy	scales	
•possible	a	new	precision	
measurement	of	the	W	boson	
•Large	theoretical	range	of	
branching	fraction	in	the	range	of	
10-9-10-6		
•Isolated	single	track	+	photon	in	tt	
enriched	sample.	

•Expect	limit	0.86	X	10-5	and	
observe
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Figure 3: Distribution of mpg for the sum of the lepton channels. In the MC signal, represented
by the dashed red line, the branching fraction for W ! pg is assumed to be 10�4. The blue line
represents the best fit to the data using the model described in Eq. (2).

No significant excess above the expected background is observed. An upper limit at a 95% CL
is set on the branching fraction of the W boson to a pion and a photon by using the CLs method
[30]:

B(W ! pg) < 1.51 ⇥ 10�5 , (5)

while the expected upper limit is 8.6+5.2
�2.9 ⇥ 10�6.

The total uncertainty is dominated by the statistical uncertainty.

9 Summary
In summary, the first search of the rare exclusive hadronic decay W ! pg at the LHC has
been presented. The search is based on the proton-proton data collected at a center-of-mass
energy of 13 TeV by the CMS experiment in 2016, 2017 and 2018, corresponding to an integrated
luminosity of 137 fb�1. The measurement is performed on tt events, where one of the produced
W bosons decays into leptons. The rare decay is characterized by an isolated photon and an
isolated track compatible with that of a pion, for which a specific pion isolation variable is
defined. The data are compatible with the background only hypothesis. The upper limit on the
branching fraction of the W boson to a pion and a photon is 1.51 ⇥ 10�5 at 95% CL. This result
demonstrates the possibility of performing a search for rare hadronic decays of the W bosons
at the LHC, and defines a suitable search strategy.
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LHC	pp	physics	is	QCD	physics
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Extraction	of	αs
•Extracted	αs	=0.1175±0.0026	(NNLO,±2.3%)	via	12	precise	W,Z	x-sections:
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•Extracted	αs	=0.1135±0.0020	(NLO,	PDF	dep.)	via	precise	ttbar+Njet	

x-sections:

arxiv:1904.05237

JHEP06(2020)018
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Data	vs	pQCD	@NnLO
•Z+c	in	good	agreement	with	Madgraph	LO	
predictions.	Madgraph	NLO	and	Sherpa	tend	to	
overestimate	the	data.
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CMS-PAS-SMP-19-004

SV	mass	after	applying	NN	b-tagging

•Z+c/b	measurements	observe	some	disagreement	between	
measurements	and	theoretical	predictions,	e.g.	for	R(c/j)	for	
madgraph	LO	and	NLO	and	R(b/j)	for	MCFM.	R(c/b)	is	OK.
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Data	vs	pQCD	-	Z+c/b
•Z+c/b	measurements	observe	some	disagreement	between	
measurements	and	theoretical	predictions,	e.g.	for	R(c/j)	for	
madgraph	LO	and	NLO	and	R(b/j)	for	MCFM.	R(c/b)	is	OK.

24

 [GeV]jet
T

p
40 60 80 100 120 140 160 180 200

R
(c

/b
)

0.5

1

1.5

2

2.5

Data

MG5_aMC [NLO, FxFx]

MG5_aMC [LO, MLM]

MCFM MMHT NLO

MCFM NNPDF 3.0 NLO

MCFM NNPDF 3.0 LO

CMSPreliminary  (13 TeV)-135.9 fb

40 60 80 100 120 140 160 180 200

0.5

1

1.5

MG5_aMC [NLO, FxFx] MG5_aMC [LO, MLM]

 [GeV]jet

T
p

40 60 80 100 120 140 160 180 200

Pr
ed

./D
at

a

0.5

1

1.5

MCFM NNPDF 3.0 NLO MCFM NNPDF 3.0 LO

 [GeV]jet
T

p
40 60 80 100 120 140 160 180 200

0.5

1

1.5 MCFM MMHT NLO

 [GeV]jet
T

p
40 60 80 100 120 140 160 180 200

R
(b

/j)

0.02

0.04

0.06

0.08

0.1

0.12

Data

MG5_aMC [NLO, FxFx]

MG5_aMC [LO, MLM]

MCFM MMHT NLO

MCFM NNPDF 3.0 NLO

MCFM NNPDF 3.0 LO

CMSPreliminary  (13 TeV)-135.9 fb

40 60 80 100 120 140 160 180 200

0.5

1

1.5

MG5_aMC [NLO, FxFx] MG5_aMC [LO, MLM]

 [GeV]jet

T
p

40 60 80 100 120 140 160 180 200

Pr
ed

./D
at

a

0.5

1

1.5

MCFM NNPDF 3.0 NLO MCFM NNPDF 3.0 LO

 [GeV]jet
T

p
40 60 80 100 120 140 160 180 200

0.5

1

1.5

MCFM MMHT NLO

 [GeV]jet
T

p
40 60 80 100 120 140 160 180 200

R
(c

/j)

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Data

MG5_aMC [NLO, FxFx]

MG5_aMC [LO, MLM]

MCFM MMHT NLO

MCFM NNPDF 3.0 NLO

MCFM NNPDF 3.0 LO

CMSPreliminary  (13 TeV)-135.9 fb

40 60 80 100 120 140 160 180 200

0.5

1

1.5

MG5_aMC [NLO, FxFx] MG5_aMC [LO, MLM]

 [GeV]jet

T
p

40 60 80 100 120 140 160 180 200

Pr
ed

./D
at

a

0.5

1

1.5

MCFM NNPDF 3.0 NLO MCFM NNPDF 3.0 LO

 [GeV]jet
T

p
40 60 80 100 120 140 160 180 200

0.5

1

1.5

MCFM MMHT NLO

CMS-PAS-SMP-19-004

https://cds.cern.ch/record/2684607
https://cds.cern.ch/record/2684607


Rong-Shyang Lu / NTUEnergy Frontier in Particle Physics: 
LHC and Future Colliders Oct 5-6, 2020

Data	vs	pQCD	-	Z/γ+jets
•γ+jets	measurement	directly	test	pQCD	
@NLO	and	is	also	sensitive	to	the	gluon	
PDF	over	a	wide	range	of	x	(momentum	
fraction)	and	Q2	(energy	scale)

25
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•Differential	measurement	of	cross	section	
ratio	of	Z/γ	vs	boson	pT	

•Ratio	can	constrain	higher	order	QCD	and	
electroweak	corrections	that	vary	with	
boson	pT	
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Other	QCD	measurements
•Parton	Distribution	Functions	
constraint	:	All	differential	cross-
sections:	

•dijet,	W, Z, γ, 	…	

•W/Z/γ	+	jets/c/b	

•Jet	substructure	:	dijet	&	 	events	

•MPI	:	same	sign	WW,	double	ϒ;	UE	:	
Z+jet

tt̄

tt̄

26
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Summary
•CMS	performs	analyses	on	testing	
fundamental	aspects	of	the	Standard	
Model.		

•The	precision	measurements	study	its	
EFT-based	extensions	if	any	hint	

•Increasingly	precise	QCD	observables	
are	experimentally	studied.	It	leads	to	
improved	analytic	and	MC	models	and	
better	control	of	pQCD.

27
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ATLAS	γγ->WW and R(τ/µ) from W decay

29

50

100

150

Ev
en

ts
 / 

5 
G

eV ATLAS Preliminary
-1 = 13 TeV, 139 fbs

 = 0trkn
 Data

WW→γγ 
ττ→γγ 

 Drell-Yan
WW→ qq

 Non-prompt
 Other qq initiated
 Total uncertainty

0 20 40 60 80 100 120
 [GeV]µe

T
p

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d.

 

ATLAS-CONF-2020-038

γ

γ

W−

W+

W

γ

γ

W−

W+

•	Probing	universality	of	W	coupling	to	charged	
leptons:	fundamental	property	of	SM		
•di-lepton	(eµ,	µµ)	tt	̄events	provide	a	sample	
of	probe	W-bosons	
•differentiate	W->τν and	W→	µννν:	pTμ	and|dμ|

BR(W→τυ)/BR(W→μυ) measurement in tt̄ events

      ICHEP 2020                                                   B. Malaescu – Top / EW / SM                                                                     16

arXiv:2007.14040

Probing universality of W coupling to charged leptons: fundamental property of SM 
→ di-lepton (eμ, μμ) tt̄ events provide a sample of probe W-bosons (trigger on e or μ on opposite side of the event)
→ differentiate W→τυ→μυυυ and W→μυ: pT

μ and |d0
μ|

     |d0| template for prompt muons: taken from Z→μμ to improve the simulation

→ R(τ/μ) derived by profile likelihood fit to 2d (pT
μ and |d0

μ|, 3x8 bins)
     good agreement between e-μ and μ-μ channels, 
     confirming the SM expectation: best precision achieved up to now

𝑅(𝜏/𝜇) = 0.992 ± 0.013 [±0.007 (stat) ± 0.011 (syst)]

CMS reports σlτ / σll = 0.973±0.009 (stat)±0.066 (syst), consistent with lepton universality (JHEP02(2020)191)0.98 1 1.02 1.04 1.06 1.08 1.1
)νµ→W(Β)/ντ→W(Β)=µ/τR(
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arXiv:2007.14040

Probing universality of W coupling to charged leptons: fundamental property of SM 
→ di-lepton (eμ, μμ) tt̄ events provide a sample of probe W-bosons (trigger on e or μ on opposite side of the event)
→ differentiate W→τυ→μυυυ and W→μυ: pT

μ and |d0
μ|

     |d0| template for prompt muons: taken from Z→μμ to improve the simulation

→ R(τ/μ) derived by profile likelihood fit to 2d (pT
μ and |d0

μ|, 3x8 bins)
     good agreement between e-μ and μ-μ channels, 
     confirming the SM expectation: best precision achieved up to now

𝑅(𝜏/𝜇) = 0.992 ± 0.013 [±0.007 (stat) ± 0.011 (syst)]

CMS reports σlτ / σll = 0.973±0.009 (stat)±0.066 (syst), consistent with lepton universality (JHEP02(2020)191)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-038/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-038/
https://arxiv.org/abs/2007.14040
https://arxiv.org/abs/2007.14040
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W±W±	&	WZ	VBS:	Event	Selection	&	
Background	Estimation

•WZ	SR	is	dominated	by	QCD	WZ	events	after	the	kinematic	selection	
•MultiVariate	Analysis	for	WZ	→	enhance	WZ	EWK	production	w.r.t	
large	WZ	QCD	production	
•Overall	good	separation	between	EWK	signal	and	background	
•BACKGROUND	ESTIMATION	:	
•Backgrounds	estimated	from	simulation	marked	with	[*]	have	
normalization	assessed	from	data,	others	are	normalized	to	the	best	
theoretical	cross	section	prediction

30

Variable W±W± WZ
Leptons 2 leptons, pT > 25/20 GeV 3 leptons, pT > 25/10/20 GeV
pj

T >50 GeV >50 GeV
|m`` � mZ| >15 GeV (ee) <15 GeV
m`` >20 GeV —
m``` — >100 GeV
pmiss

T >30 GeV >30 GeV
b quark veto Required Required
max(z⇤` ) <0.75 <1.0
mjj >500 GeV >500 GeV
|Dhjj| >2.5 >2.5

EVENT SELECTION IN SIGNAL REGIONS
Category Estimation

Non Prompt From Data-Driven technique

Wrong sign
From charge mis-ID scale 

factors and simulated opposite 
sign events

QCD WZ[*], ZZ[*], tZq[*], WW 
QCD, WW DPS, VVV From simulation


