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Outline of the talk

‣ CMS detector and data taking 

‣ EW processes at the LHC 

‣ Drell-Yan measurements

‣ EW production of Wjj 

‣ Multiboson production 

‣ Vector Boson Scattering

Selection of most recent results: not a comprehensive overview of all 
EW measurements of CMS 
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Compact Muon Solenoid 

CMS detector and data taking
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CMS detector and data taking
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Overall ~200 fb-1 of data in Run I and II 
of which 160 fb-1 at 13 TeV

A total of 300 fb-1 expected after Run III (2021-2024)



CMS detector and data taking
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Overall ~200 fb-1 of data in Run I and II 
of which 160 fb-1 at 13 TeV

A total of 300 fb-1 expected after Run III (2021-2024)

Results for 13 TeV 
mostly based on 2016  



EW processes at the LHC 
At least a weak boson, measurements up to three (including photons) 
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EW processes at the LHC 
Cross-sections span over 9 orders of magnitude

from single W,Z production 

to di-bosons and tri-bosons production 

to Vector Boson Fusion 
and Vector Boson Scattering
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Theory prediction

One or more weak bosons  decaying 
to e or µ leptons is the “golden” 
signature for EW processes
➡ Low background 
➡ Single bosons are “Standard 

candles” for SM physics
➡ Multibosons are very sensitive to 

BSM 



W/Z production at the LHC

To first order at LHC, W and Z are generated by a valence quark and a sea anti-
quark (Q~100 GeV)
Parton fractions are 10-3<x<10-1, so sea-sea contributions are also important
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W/Z Production @ LHC

‣ At first order, W and Z 
production at the LHC 
proceeds through the 
collision of a valence quark 
to a sea anti-quark (Q~100 
GeV)

‣ Since parton fractions are 
typically 10-3<x<10-1, sea-sea 
contributions are also 
important
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Production

LO (Drell-Yan)    +    NLO

gluons play a major role in 
associated jet production

 (W+jets)

Electroweak processes are ideal for 
precise measurements and tests of 

PDFs at the LHC !

       LO              

Single W and Z are clean and powerful probes for fundamental processes 
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To first order at LHC, W and Z are generated by a valence quark and a sea anti-
quark (Q~100 GeV)
Parton fractions are 10-3<x<10-1, so sea-sea contributions are also important
Furthermore NLO (W/Z+jets) depends also on gluon pdf!
EW processes allow precision measurements of fundamental parameters 
through their couplings, but most measurements will depend on PDFs
… can not forget QCD! 

W/Z production at the LHC

10

W/Z Production @ LHC

‣ At first order, W and Z 
production at the LHC 
proceeds through the 
collision of a valence quark 
to a sea anti-quark (Q~100 
GeV)

‣ Since parton fractions are 
typically 10-3<x<10-1, sea-sea 
contributions are also 
important

3

Production

LO (Drell-Yan)    +    NLO

gluons play a major role in 
associated jet production

 (W+jets)

Electroweak processes are ideal for 
precise measurements and tests of 

PDFs at the LHC !

       LO               +            NLO

Single W and Z are clean and powerful probes for fundamental processes 



Drell-Yan m𝓁𝓁 differential cross-section 
‣ Distribution of m𝓁𝓁 measured in the range 15-3000 GeV 

‣ Leading muon (electron): pT > 22 (30) GeV, |η| < 2.4 (2.5) 

‣ Trailing lepton: pT > 10 GeV

‣ Resolution effects and QED FSR are unfolded

‣ Then cross-section is obtained by correcting for acceptance A and 
efficiency ε 
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µµ µµ

) �i =
Ni

A✏L

   Results also given without A correction: 
“fiducial cross-section”

SMP-17-001
JHEP 12 (2019) 059



Drell-Yan m𝓁𝓁 differential cross-section 
Results for 13 TeV based on 2015 dataset of 2.8 fb-1

ee and µµ combined after unfolding FSR effects (“dressed leptons”)
Acceptance is the largest uncertainty at low mass while statistical ≈ systematics at high mass  
Excellent agreement with predictions from FEWZ (QCD NNLO + EW NLO) 
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Photon-initiated negligible 
except at very high mass 

SMP-17-001
JHEP 12 (2019) 059



AFB in DY events and sin2θW
Angular distribution in qqbar → Z/γ → 𝓁+𝓁−

The asymmetry                                       is due to the 

interference of vector and axial currents ⇒ sin2θW

Direction of incoming quark determined from the boost
‣ quarks are mainly originated from valence quarks and tend to have larger x than antiquarks 

‣ dilution of asymmetry with a strong dependence on the di-lepton rapidity 

13
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1 Introduction
We report a measurement of the effective leptonic weak mixing angle (sin2 q`eff) using the forward-
backward asymmetry (AFB) in Drell–Yan qq ! `+`� events, where ` stands for muon (µ) or
electron (e). The analysis is based on data from the CMS experiment at the CERN LHC. At
leading order (LO), lepton pairs are produced through the annihilation of a quark with its an-
tiquark into a Z boson or a virtual photon: qq ! Z/g ! `+`�. For a given dilepton invariant
mass m``, the differential cross section at LO can be expressed at the parton level as

ds

d(cos q⇤)
µ 1 + cos2 q⇤ + A4 cos q⇤, (1)

where the (1+ cos2 q⇤) term arises from the spin-1 of the exchanged boson, and the cos q⇤ term
originates from interference between vector and axial-vector contributions. The definition of
AFB is based on the angle q⇤ of the negative lepton (`�) in the Collins–Soper [1] frame of the
dilepton system:

AFB =
3
8

A4 =
sF � sB

sF + sB
, (2)

where sF and sB are, respectively, the cross sections in the forward (cos q⇤ > 0) and backward
(cos q⇤ < 0) hemispheres. In this frame, q⇤ is the angle of the `� relative to the axis that bisects
the angle between the direction of the quark and the reversed direction of the antiquark. In
proton-proton (pp) collisions, the direction of the quark is more likely to be in the direction
of the Lorentz boost of the dilepton. Therefore, cos q⇤ can be calculated using the following
variables in the laboratory frame:

cos q⇤ =
2(P+

1 P�
2 � P�

1 P+
2 )

q
m2

``(m
2
`` + p2

T,``)

pz,``

|pz,``|
, (3)

where m``, pT,``, and pz,`` are the mass, transverse momentum, and longitudinal momentum,
respectively, of the dilepton system, and the P±

i are defined in terms of the energies (Ei) and
longitudinal momenta (pz,i), of the negatively and positively charged leptons as P±

i = (Ei ±
pz,i)/

p
2 [1].

A non-zero AFB value in dilepton events arises from the vector and axial-vector couplings of
electroweak bosons to fermions. At LO, these respective couplings of Z bosons to fermions (f)
can be expressed as:

vf = Tf
3 � 2Qf sin2 qW, (4)

af = Tf
3, (5)

where Qf and Tf
3 are the charge and the third component of the weak isospin of the fermion,

respectively, and sin2 qW refers to the weak mixing angle, which is related to the masses of
the W and Z bosons through the relation sin2 qW = 1 � m2

W/m2
Z. Electroweak (EW) radiative

corrections affect these LO relations. In the improved Born approximation [2, 3], some of the
higher-order corrections are absorbed into an effective mixing angle. The effective weak mixing
angle is based on the relation vf/af = 1 � 4|Qf| sin2 qf

eff, with sin2 qf
eff = kf sin2 qW, where the

flavor-dependent kf is determined through EW corrections. The AFB for dilepton events is
sensitive primarily to sin2 q`eff.

We measure sin2 q`eff by fitting the mass and rapidity (y``) dependence of the observed AFB in
dilepton events to standard model (SM) predictions as a function of sin2 q`eff. The most pre-
cise previous measurements of sin2 q`eff were performed by the combined LEP and SLD exper-
iments [4]. There is, however, a known discrepancy of about 3 standard deviations between

sin2ϑW at hadron colliders
• Measure	forward-backward	asymmetry	in	Drell Yan	process:

• Asymmetry	is	related	to	the	interference	of	vector	and	axial	
currents

• Collins-Soper frame,	θ*	is	the	angle	between	lepton	and	q	direction
• Need	estimate	of	direction	of	the	incoming	quark
• At	Tevatron use	direction	of	proton	beam
• At	LHC	use	component	of	dilepton momentum	along	the	beam	axis

– quarks	are	mainly	originated	
from	valence	quarks	and	tend	
to	have	larger	x	than	antiquarks

– Dilution	of	asymmetry	when	
not	true	(mainly	for	central	
rapidities)
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True	AFB Diluted	AFB at	diff.	Y

Collins-Soper frame
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AFB in DY events and sin2θW
Measurement done differential in m𝓁𝓁 and y𝓁𝓁 

‣ sin2θW sensitivity mainly at Z peak 
‣ PDF constrained from AFB value above/below
Results for full 8 TeV dataset: 18.8 fb-1   

14

SMP-16-007
EPJC 78 (2018) 701



AFB in DY events and sin2θW
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variations for each eigenvector. As expected for Gaussian distributions, we obtain the same
central values and the total uncertainties that are extracted from Bayesian reweighting of the
corresponding set of replicas.

Table 4: The central value and the PDF uncertainty in the measured sin2 q`eff in the muon and
electron channels, and their combination, obtained without and with constraining PDFs using
Bayesian c2 reweighting.

Channel Not constraining PDFs Constraining PDFs
Muons 0.23125 ± 0.00054 0.23125 ± 0.00032
Electrons 0.23054 ± 0.00064 0.23056 ± 0.00045

Combined 0.23102 ± 0.00057 0.23101 ± 0.00030

Finally, as a cross-check, we also repeat the measurement using different mass windows for
extracting sin2 q`eff, and for constraining the PDFs. Specifically, we first use the central five bins,
corresponding to the dimuon mass range of 84 < mµµ < 95 GeV, to extract sin2 q`eff. Then, we
use predictions based on the extracted sin2 q`eff in the lower three (60 < mµµ < 84 GeV) and
the higher four (95 < mµµ < 120 GeV) dimuon mass bins, to constrain the PDFs. We find
that the statistical uncertainty increases by only about 10%, and the PDF uncertainty increases
by only about 6% relative to the uncertainties obtained when using the full mass range to
extract the sin2 q`eff and simultaneously constrain the PDFs. The test thereby confirms that the
PDF uncertainties are constrained mainly by the high- and low-mass bins, and that we obtain
consistent results with these two approaches.

l
effθ2sin

0.229 0.23 0.231 0.232
NNPDF3.0 (100)
CT14

MMHT2014

NNPDF3.0 (1000)
CT10

 (8 TeV)-1Nominal PDF                                             18.8 fbCMS
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0.229 0.23 0.231 0.232
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CT14

MMHT2014

NNPDF3.0 (1000)
CT10

 (8 TeV)-1Weighted PDF                                            18.8 fbCMS

Figure 8: Extracted values of sin2 q`eff from the dimuon data for different sets of PDFs with the
nominal (left) and c2-reweighted (right) replicas. The horizontal error bars include contribu-
tions from statistical, experimental, and PDF uncertainties.

10 Summary
The effective leptonic mixing angle, sin2 q`eff, has been extracted from measurements of the mass
and rapidity dependence of the forward-backward asymmetries AFB in Drell–Yan µµ and ee
production. As a baseline model, we use the POWHEG event generator for the inclusive pp !
Z/g ! `` process at leading electroweak order, where the weak mixing angle is interpreted
through the improved Born approximation as the effective angle incorporating higher-order
corrections. With more data and new analysis techniques, including precise lepton-momentum
calibration, angular event weighting, and additional constraints on PDFs, the statistical and
systematic uncertainties are significantly reduced relative to previous CMS measurements. The
combined result from the dielectron and dimuon channels is:

sin2 q`eff = 0.23101 ± 0.00036 (stat) ± 0.00018 (syst) ± 0.00016 (theo) ± 0.00031 (PDF), (16)

or summing the uncertainties in quadrature,

sin2 q`eff = 0.23101 ± 0.00053. (17)

In future can help disentangle LEP/SLD tension!



AFB in DY events and sin2θW
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In future can help disentangle LEP/SLD tension!
(including new ATLAS preliminary result)

SMP-16-007
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Weak Mixing Angle Measurements

CT10 CT14 MMHT14 NNPDF31

sin
2 ✓`e↵ 0.23118 0.23141 0.23140 0.23146

Uncertainties in measurements

Total 39 37 36 38

Stat. 21 21 21 21

Syst. 32 31 29 31

eff
lθ2sin

0.23 0.231 0.232
 0.00036±0.23140 ATLAS: 8 TeV

 0.00043±0.23166 CFATLAS: ee

 0.00049±0.23119 
CC
µµ+CCATLAS: ee

 0.00120±0.23080 ATLAS: 7 TeV

 0.00053±0.23101 CMS: 8 TeV

 0.00106±0.23142 LHCb: 7+8 TeV

 0.00033±0.23148 Tevatron

 0.00026±0.23098 lSLD: A

 0.00029±0.23221 0,b
FBLEP-1 and SLD: A

 0.00016±0.23152 LEP-1 and SLD: Z-pole
ATLAS Preliminary Both experiments provide

results for multiple PDF

sets, but choose one

nominal set for the final

result

Assessing compatibility

between di↵erent PDF

sets non-trivial since

largely common input

datasets and methodology

imply large correlations

J. Bendavid Precision SM Measurements at LHC 15



Results given for fiducial cross-section (2016 data 35.9 fb-1): 
‣ leptons pT > 25 GeV and |η|<2.4  

‣ |m𝓁𝓁 – 91.2 GeV| < 15 GeV 

‣ both ee and µµ channel selected 

‣ background ~1% 

‣ largest syst. from lumi = 2.5%

‣ for normalized cross-section < 1% uncertainty in most bins

Differential Z production cross-section

17

SMP-17-010
JHEP 12 (2019) 061

FEWZ predicted (NNLO): σZ→ll = 719 ± 8 pb 

pT𝓁𝓁 |y𝓁𝓁| 𝜙*𝓁𝓁 ~ pT𝓁𝓁/m𝓁𝓁



Differential Z production cross-section
pT𝓁𝓁 distribution compared with predictions from: 

‣ PS MC: aMC@NLO (Z+0,1,2 jet NLO), POWHEG, MiNLO (Z+0,1 jet 
NLO) 

‣ Resummed calculations: PB TMD (NLL+ NLO), Resbos (NNLL+NLO), 
Geneva (NNLL+NNLO) 

‣ NNLO fixed order (for pT𝓁𝓁 > 32 GeV): ZjNNLO (Z+1 jet), FEWZ

Overall good agreement with data within the uncertainties:
‣ discrepancies at high pT for POWHEG, RESBOS, PB TMD (missing 

higher order Z+jets)

‣ Z+1 jet NNLO fixed order significantly reduces the scale uncertainties at 
high pT𝓁𝓁 

‣ 10%-20% EWK corrections for pT𝓁𝓁 > 500 GeV not included

18
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EW production of Wjj
‣ select µ(e) + missing momentum, 2 jets with pT > 50/30 GeV, 

mjj > 200 GeV and an event pT balance < 0.2 

‣ Train BDT using mjj, ∆ηjj, z∗, quark-gluon likelihood

‣ fsig = 2 % → 43% for BDT’ > 2.185 (BDT>0.95)

19 

SMP-17-011
arXiv:1903.04040

σ(EW 𝓁νjj) = 6.23 ± 0.12(stat) ± 0.61(syst) pb, signal strength μ = 0.91 ± 0.10 

http://arxiv.org/abs/1903.04040


EW production of Wjj
Hadronic activity in the rapidity gap studied in the signal region BDT > 0.95 
‣ sensitive to the treatment of the colour flow

‣ Herwig in good agreement down to jet pT ~ 10 GeV

‣ clear disagreement between Pythia and data (now fixed by “dipole recoil” option) 
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Multiboson production and VBS
Cross-sections are several order of magnitude smaller 

Measurements provide a powerful test of SM and an indirect search for new 
physics
‣ new phenomena can induce changes in TGCs/QGC

‣ enhanced cross-sections, especially at large boson pT 

‣ anomalous couplings usually interpreted in terms of coefficients for dim-6 and dim-8 
operators in the framework of effective field theory (EFT):
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Why do we study multiboson physics ?

• electroweak gauge bosons carry weak charge 
→ interaction vertices with three bosons (triple 
gauge coupling, TGC) or four bosons (quartic 
gauge coupling, QGC) are predicted in SM
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Introduction & motivation

Electroweak gauge boson self-couplings

EW gauge bosons carry weak charge ) their self-interactions should exist

triple gauge self-couplings (TGC)
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A. Vest, TU Dresden DPG 2014 5

TGC QGC

diboson production (5-300 pb) triboson production (0.1-0.005 pb)
vector boson scattering (< 0.01 pb)

• the measurements of multiboson production provide 

• an important test of SM

• an indirect search for new physics

• a detailed understanding of the background processes to the search of new physics

8.2 Limits on anomalous quartic gauge couplings 11

Table 7: Numbers of observed events for all signal regions, including predicted background
contributions and expected signal yields. The uncertainties presented include both the statisti-
cal and systematic uncertainties.

mjj-in mjj-out 3`

e±e± e±µ± µ±µ± e±e± e±µ± µ±µ± 0 SFOS 1 SFOS 2 SFOS
Lost/three ` 0.8+0.6

�0.5 1.3+0.6
�0.5 3.0+0.7

�0.7 3.6+2.3
�1.6 4.9+1.9

�1.5 4.4+0.9
�0.9 0.5+0.2

�0.2 3.1+0.8
�0.7 10.1+1.3

�1.2
Irreducible 0.3+0.1

�0.1 1.0+0.2
�0.2 1.9+0.3

�0.3 1.3+0.2
�0.2 3.7+0.4

�0.4 3.9+0.4
�0.4 0.2+0.0

�0.0 0.1+0.1
�0.1 0.1+0.1

�0.1
Nonprompt ` 0.9+0.7

�0.7 0.9+0.8
�0.8 0.8+0.6

�0.6 0.6+0.6
�0.5 1.8+1.4

�1.4 0.8+0.5
�0.5 1.0+0.6

�0.5 0.1+0.1
�0.1 0.3+0.2

�0.2
Charge flips 0.2+0.2

�0.2 0.4+0.3
�0.2 <0.1 0.4+0.3

�0.3 0.5+0.3
�0.3 <0.1 0.2+0.1

�0.1 <0.1 <0.1
g ! nonprompt ` 0.2+0.1

�0.1 0.1+0.1
�0.1 <0.1 2.2+2.1

�2.1 0.4+0.5
�0.4 <0.1 <0.1 <0.1 <0.1

Background sum 2.4+1.0
�0.8 3.7+1.1

�1.0 5.6+1.0
�1.0 8.1+3.2

�2.8 11.3+2.5
�2.2 9.1+1.2

�1.1 1.8+0.6
�0.6 3.3+0.8

�0.7 10.4+1.3
�1.2

WWW signal 0.3+0.1
�0.1 1.8+0.3

�0.3 2.4+0.3
�0.3 0.4+0.2

�0.2 1.3+0.3
�0.3 1.5+0.4

�0.4 1.8+0.4
�0.4 1.5+0.3

�0.3 0.7+0.3
�0.3

Total 2.7+1.0
�0.8 5.5+1.1

�1.0 7.9+1.0
�1.0 8.5+3.2

�2.7 12.6+2.5
�2.2 10.6+1.3

�1.2 3.6+0.7
�0.7 4.8+0.9

�0.8 11.1+1.3
�1.2

Observed 0 3 10 4 10 18 2 2 10

A profile maximum likelihood method is used following the procedures set by the LHC Higgs
Combination Group [69] to extract the expected and observed significances of this analysis
to the SM WWW production process. The signal strength is constrained to be non-negative.
The systematic uncertainties are treated as nuisance parameters and are profiled in the maxi-
mum likelihood fit. Using the significance as metric, the most sensitive categories among those
shown in Fig. 2 are 0 SFOS, mjj-in e±µ±, 1 SFOS, and mjj-in µ±µ±. For quantifying the absence
of a signal, the modified frequentist CLs statistic [70, 71] is used and asymptotic formulae [72]
are used for quantifying the significance of an excess.

The expected significance for the combined SS and 3` categories is 1.78 standard deviations
(s.d.) assuming the SM production of WWW events, whereas the observed significance is
0.60 s.d. The corresponding expected and observed p-values for the null hypothesis are 0.038
and 0.274. The best fit for the observed signal strength, defined as the ratio of the observed
signal to the theoretically predicted one, is 0.34+0.62

�0.34. It follows that the measured cross section
is

s(pp ! W±W±W⌥) = 0.17+0.32
�0.17 pb.

The uncertainties include both statistical and systematic components. Assuming the presence
of background only, the observed (expected) 95% confidence level (CL) upper limit on the cross
section is 0.78 (0.60) pb.

8.2 Limits on anomalous quartic gauge couplings

The interaction of four gauge bosons depicted in Fig. 1 exists in the SM and contributes to
the production of the WWW final state. New physics beyond the SM could be manifested
as an apparent change in the coupling constant associated with the four-boson vertex, i.e., in
an aQGC. A description based on aQGCs is appropriate when the mass scale for new physics
L is much higher than the energy scale of the given process, in this case, WWW production
characterized by the squared invariant mass of the three W bosons, ŝWWW.

Anomalous couplings can be handled theoretically by extending the SM Lagrangian with the
operator product expansion [8]:

L = LSM + Â
i

ci

L2Oi + Â
j

f j

L4Oj + · · · ,

dim 6 dim 8 



Multiboson production at 13 TeV 
Many very recent results! 
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Production 
mode

Final state Dataset (13 TeV) Documents 

Diboson 
WZ lllν 35.9/fb JHEP 04 (2019) 122

ZZ llll 
llll + jets 101.2/fb 35.9/fb CMS PAS SMP-19-001  

PLB 789 (2019) 19
WW/WZ lνjj 35.9/fb JHEP 12 (2019) 062

Triboson WWW lll, SS ll+jj 35.9/fb PRD 100 (2019) 012004

VBS 

WW SS ll 35.9/fb PRL 120 (2018) 081801

WZ lllν 35.9/fb PLB 795 (2019)

ZZ llll 35.9/fb PLB 774 (2017) 682

WW/WZ/ZZ lνjj, lljj 35.9/fb PLB 798 (2019)134985

Zγ llγ 35.9/fb CMS PAS SMP-18-007



Diboson production: ZZ → 4𝓁 
Among first measurements with full Run 2
‣ this measurement 2017+2018: 101.2 fb-1

‣ combined with 2016: 35.9 fb-1 
Systematic uncertainties driven by lepton 
efficiencies and luminosity 

‣ correlations of the uncertainty across time are 
important
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8. Cross section measurement 7
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Figure 1: Distributions of (a) mZZ for ZZ events with 60 < mZ1,Z2
< 120 GeV; (b) mass of se-

lected Z boson candidates; (c) transverse momentum of the ZZ system ; (d) transverse momen-
tum of individual Z boson candidates. All decay channels for both 2017 and 2018 data taking
periods are added together. The results correspond to an integrated luminosity of 101.2 fb�1.
Points represent the data, shaded histograms represent the expected standard model predic-
tions and reducible background estimated from data.

Table 3: The measured fiducial cross section for each data sample, and combined. The pub-
lished result from Ref. [5] is also included.

Year Fiducial cross section, fb
2016 [5] 40.9 ± 1.3 (stat) ± 1.4 (syst) ± 1.0 (lumi)
2017 39.1 ± 1.2 (stat) ± 1.2 (syst) ± 1.0 (lumi)
2018 39.2 ± 1.0 (stat) ± 1.3 (syst) ± 1.0 (lumi)
Combined 39.9 ± 0.7 (stat) ± 1.0 (syst) ± 0.7 (lumi)

SMP-19-001



Diboson production: WZ → 3𝓁𝜈
‣ only multiboson process directly sensitive to WWZ coupling 

‣ limits on aTGC obtained from M(WZ) distribution
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SMP-18-002
JHEP 04 (2019) 122
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Figure 14: Differential distributions for W+ (left) and W� (right), in the full SR. The W boson
transverse momentum is unfolded at the dressed leptons level, as described in the text. The
red band around the POWHEG prediction represents the theory uncertainty in it; the effect on
the unfolded data of this uncertainty, through the unfolding matrix, is included in the shaded
bands described in the legend.

10 Confidence regions for anomalous triple gauge couplings
The WZ production process is sensitive to the presence of BSM physics through the presence
of deviations from the SM predictions of the coupling constants between the SM vector bosons.
Because of the dominant SM production modes, the process is expected to be particularly influ-
enced by TGCs of the W and Z bosons. Such couplings are called anomalous when they assume
values different from the SM predictions. The total set of allowed operators of dimension six
can be summarized in three independent parameters [64]. Usually the choice of a basis for
these parameters is based on the effective field theory (EFT) approach, where the anomalous
coupling Lagrangian can be written as:

dLAC =
cWWW

L2 Tr[WµnWnrWµ
r ] +

cW

L2

�
DµH

�† Wµn (DnH) +
cb
L2

�
DµH

�† Bµn (DnH) , (6)

where W±
µn, Bµn are the field strengths associated to the SM electroweak bosons and H is the SM

Higgs field. The parameters representing different aTGC effects are noted as {cW, cWWW, cb}.
Values predicted by the SM are cW = cWWW = cb = 0. The typical energy scale at which BSM
physics are dominant is represented by L2 and it is usually absorbed in the definition of the
aTGC parameters.

The behaviour of the SM prediction and those of different configurations of anomalous cou-
plings values are compared in Fig. 15 for two different observables that aim to reconstruct the
mass of a hypothetical BSM particle decaying to a WZ pair. The predictions corresponding to
four different anomalous couplings are drawn for comparison to outline the behaviour of the
most asymmetric one (cWWW).

The M(WZ) variable, defined in Section 9, is chosen to determine confidence regions for each
of the anomalous parameters considered. A different behaviour as a function of this variable is
expected at high energy values in the presence of anomalous couplings, because of the nature
of the proper anomalous terms, which include the momenta of the bosons through the field
strength terms.

‣ total cross-section 

‣ uncertainty dominated by lepton efficiencies

‣ result in agreement with MATRIX NNLO 
predictions 

8.1 Charge-dependent measurements 17

Table 5: Measured fiducial cross sections and their corresponding uncertainties for each of the
individual flavour categories, as well as for the combination of the four. The combined value
is the result of a simultaneous fit to the four categories, therefore both the central value and its
total uncertainty differ from the sum of the central values and the quadratic sum of the uncer-
tainties respectively, because of correlations among sources of uncertainty in the categorized
values.

Category sfid(pp ! WZ) [fb]

eee 63.7+3.8
�3.7 (stat)+0.6

�0.6 (theo)+5.3
�4.7 (syst) ± 1.9 (lumi)

eeµ 61.6+3.0
�2.9 (stat)+0.6

�0.5 (theo)+3.7
�3.3 (syst) ± 1.9 (lumi)

eµµ 63.4+2.6
�2.6 (stat)+0.6

�0.5 (theo)+3.5
�3.2 (syst) ± 1.9 (lumi)

µµµ 67.1+2.1
�2.0 (stat)+0.6

�0.5 (theo)+3.3
�3.0 (syst) ± 1.9 (lumi)

Combined 257.5+5.3
�5.0 (stat)+2.3

�2.0 (theo)+12.8
�11.6 (syst) ± 7.4 (lumi)

Table 6: Measured WZ production cross sections computed separately in each of the flavour
categories.

Category stot(pp ! WZ) [pb]

eee 47.11+5.01
�4.63 (total) = 47.11+2.88

�2.79 (stat)+0.46
�0.41 (theo)+3.89

�3.47 (syst) ± 1.41 (lumi)

eeµ 47.16+3.87
�3.61 (total) = 47.16+2.31

�2.29 (stat)+0.45
�0.38 (theo)+2.83

�2.52 (syst) ± 1.33 (lumi)

eµµ 47.70+3.58
�3.55 (total) = 47.70+2.00

�1.96 (stat)+0.45
�0.39 (theo)+2.66

�2.61 (syst) ± 1.42 (lumi)

µµµ 49.00+3.18
�3.03 (total) = 49.00+1.57

�1.53 (stat)+0.41
�0.35 (theo)+2.42

�2.22 (syst) ± 1.39 (lumi)

2n)2, are taken from the current world averages [47] and include both the direct leptonic decays
of the W and Z bosons and their decays to leptonically decaying t leptons. The acceptance A
accounts for the fraction of events in the total phase space that pass the requirements of the
fiducial region and is estimated using generator-level information. The same procedure used
in the fiducial measurement is applied to estimate the effect of theoretical uncertainties and the
limited number of simulated events used in the measurement.

The results obtained for each flavour category are listed in Table 6. The combined measurement
is defined as the measurement obtained from a simultaneous fit to the four categories; the
resulting value is:

stot(pp ! WZ) = 48.09+2.98
�2.78 pb = 48.09+1.00

�0.96 (stat)+0.44
�0.37 (theo)+2.39

�2.17 (syst) ± 1.39 (lumi) pb,

which can be compared to theoretical predictions at parton level [55] using MATRIX [55]
at NLO, sNLO(pp ! WZ) = 45.09+4.9%

�3.9% pb, and next-to-next-to-leading order (NNLO) [56],
sNNLO(pp ! WZ) = 49.98+2.2%

�2.0%, in perturbative QCD, as well as the prediction obtained with
POWHEG + PYTHIA at NLO QCD, of sNLO

Pow = 42.5+1.6
�1.4 (scale)± 0.6 (PDF)pb. Uncertainties in

the theoretical values are derived from scale variations.

8.1 Charge-dependent measurements

The signal process is further divided depending on the charge of the W boson in order to com-
pute the W+Z and W�Z production cross sections and their ratio; the value obtained for the
ratio is then compared with theoretical predictions. The procedure described in the previous
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Diboson production: WW/WZ → 𝓁𝜈 + jet
‣ “boosted” W/Z → qq reconstructed as a single jet 

‣ mass obtained from sub-jet structure: mSD 
‣ limits set with a 2-D fit to M(WV) and mSD
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SMP-18-008  JHEP 12 (2019) 062

‣ the limit on cB improves by a factor 10 



WWW 

‣ look for 2SS leptons or 3 leptons 

‣ result: 

‣ SM expectation:  0.509 ± 0.013 pb 

‣ signal strenght: 

‣ significance:  0.6(obs)  1.78 (exp) 

‣ upper limit: 0.78 pb (obs) 0.60 pb (exp)
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SMP-17-013
PRD 100 (2019) 012004

8.2 Limits on anomalous quartic gauge couplings 11

Table 7: Numbers of observed events for all signal regions, including predicted background
contributions and expected signal yields. The uncertainties presented include both the statisti-
cal and systematic uncertainties.

mjj-in mjj-out 3`

e±e± e±µ± µ±µ± e±e± e±µ± µ±µ± 0 SFOS 1 SFOS 2 SFOS
Lost/three ` 0.8+0.6

�0.5 1.3+0.6
�0.5 3.0+0.7

�0.7 3.6+2.3
�1.6 4.9+1.9

�1.5 4.4+0.9
�0.9 0.5+0.2

�0.2 3.1+0.8
�0.7 10.1+1.3

�1.2
Irreducible 0.3+0.1

�0.1 1.0+0.2
�0.2 1.9+0.3

�0.3 1.3+0.2
�0.2 3.7+0.4

�0.4 3.9+0.4
�0.4 0.2+0.0

�0.0 0.1+0.1
�0.1 0.1+0.1

�0.1
Nonprompt ` 0.9+0.7

�0.7 0.9+0.8
�0.8 0.8+0.6

�0.6 0.6+0.6
�0.5 1.8+1.4

�1.4 0.8+0.5
�0.5 1.0+0.6

�0.5 0.1+0.1
�0.1 0.3+0.2

�0.2
Charge flips 0.2+0.2

�0.2 0.4+0.3
�0.2 <0.1 0.4+0.3

�0.3 0.5+0.3
�0.3 <0.1 0.2+0.1

�0.1 <0.1 <0.1
g ! nonprompt ` 0.2+0.1

�0.1 0.1+0.1
�0.1 <0.1 2.2+2.1

�2.1 0.4+0.5
�0.4 <0.1 <0.1 <0.1 <0.1

Background sum 2.4+1.0
�0.8 3.7+1.1

�1.0 5.6+1.0
�1.0 8.1+3.2

�2.8 11.3+2.5
�2.2 9.1+1.2

�1.1 1.8+0.6
�0.6 3.3+0.8

�0.7 10.4+1.3
�1.2

WWW signal 0.3+0.1
�0.1 1.8+0.3

�0.3 2.4+0.3
�0.3 0.4+0.2
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A profile maximum likelihood method is used following the procedures set by the LHC Higgs
Combination Group [69] to extract the expected and observed significances of this analysis
to the SM WWW production process. The signal strength is constrained to be non-negative.
The systematic uncertainties are treated as nuisance parameters and are profiled in the maxi-
mum likelihood fit. Using the significance as metric, the most sensitive categories among those
shown in Fig. 2 are 0 SFOS, mjj-in e±µ±, 1 SFOS, and mjj-in µ±µ±. For quantifying the absence
of a signal, the modified frequentist CLs statistic [70, 71] is used and asymptotic formulae [72]
are used for quantifying the significance of an excess.

The expected significance for the combined SS and 3` categories is 1.78 standard deviations
(s.d.) assuming the SM production of WWW events, whereas the observed significance is
0.60 s.d. The corresponding expected and observed p-values for the null hypothesis are 0.038
and 0.274. The best fit for the observed signal strength, defined as the ratio of the observed
signal to the theoretically predicted one, is 0.34+0.62

�0.34. It follows that the measured cross section
is

s(pp ! W±W±W⌥) = 0.17+0.32
�0.17 pb.

The uncertainties include both statistical and systematic components. Assuming the presence
of background only, the observed (expected) 95% confidence level (CL) upper limit on the cross
section is 0.78 (0.60) pb.

8.2 Limits on anomalous quartic gauge couplings

The interaction of four gauge bosons depicted in Fig. 1 exists in the SM and contributes to
the production of the WWW final state. New physics beyond the SM could be manifested
as an apparent change in the coupling constant associated with the four-boson vertex, i.e., in
an aQGC. A description based on aQGCs is appropriate when the mass scale for new physics
L is much higher than the energy scale of the given process, in this case, WWW production
characterized by the squared invariant mass of the three W bosons, ŝWWW.

Anomalous couplings can be handled theoretically by extending the SM Lagrangian with the
operator product expansion [8]:

L = LSM + Â
i

ci

L2Oi + Â
j

f j

L4Oj + · · · ,
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WWW: inclusive cross section

• significance物0.6σ (obs.) and 1.78σ (exp.)

•
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Vector Boson Scattering: same sign W±W± 

Largest ratio of EWK to QCD production compared to other VBS processes
‣ small background because of same sign leptons (mainly non prompt and WZ)
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 ss WW
QCD 

background 

‣ significance︎: 5.5σ (obs.)  5.7σ (exp.)

‣ σfid = 3.83 ± 0.66(stat) ± 0.35(syst) fb 

‣ σpred = 4.25 ± 0.27 (scale + PDF) fb 

First observation of VBS!



Vector Boson Scattering: WZ 

Large QCD WZ background
‣ EW+QCD cross-section measured in a tight fiducial region 

‣ Fit EW on 2D distribution of mjj and ∆ηjj 
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Figure 3: The one-dimensional representation of the 2D distribution of mjj and |Dhjj|, used for
the EW signal extraction. The x axis shows the mjj distribution in the indicated bins, split into
three bins of Dhjj: Dhjj 2 [2.5, 4], [4, 5],� 5. The dashed line represents the EW WZ contribution
stacked on top of the backgrounds that are shown as filled histograms. The hatched bands
represent the total and relative systematic uncertainties on the predicted yields. The bottom
panel shows the ratio of the number of events measured in data to the total number of expected
events. The predicted yields are shown with their best-fit normalizations.

section for the EW WZ process in the tight fiducial region. The significance of the signal is
quantified by calculating the local p-value for an upward fluctuation of the data relative to
the background prediction using a profile likelihood ratio test statistic and asymptotic formu-
lae [75]. The observed (expected) statistical significance for EW WZ production is 2.2 (2.5) stan-
dard deviations. A modification to the predicted cross section used in the fit trivially rescales
the signal strength but does not impact the significance of the result. The total uncertainty of
the measurement is dominated by the statistical uncertainty of the data. The post-fit yields for
the signal and background corresponding to the best-fit signal strength for EW WZ production
are shown in Table 3.

9 Limits on anomalous quartic gauge couplings

Events satisfying the EW signal selection are used to constrain aQGCs in the effective field
theory approach [76]. Results are obtained following the formulation of Ref. [21] that pro-
poses nine independent dimension-eight operators, which assume the SU(2)⇥U(1) symmetry
of the EW gauge sector as well as the presence of an SM Higgs boson. All operators are charge
conjugation and parity-conserving. The WZjj channel is most sensitive to the T0, T1, and T2
operators that are constructed purely from the SU(2) gauge fields, the S0 and S1 operators that
involve interactions with the Higgs field, and the M0 and M1 operators that involve a mixture
of gauge and Higgs field interactions.

The presence of nonzero aQGCs would enhance the production of events with high WZ mass.
This motivates the use of the transverse mass of the WZ system, defined as

mT(WZ) =

q
[ET(W) + ET(Z)]

2
� [~pT(W) + ~pT(Z)]

2,

with ET =

p

m
2
+ p

2
T, where the W candidate is constructed from the ~pmiss

T and the lepton asso-

‣ EW+QCD result (tight region): 

‣ predicted: 
 [ EW only:                                              ]

‣ 2D fit yields:  

‣ significance of EW: 2.2σ (obs.) 2.5σ (exp.)
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total uncertainty in the signal strength to the result from the nominal fit. The prompt back-
ground normalization uncertainty includes the scale and PDF uncertainties in the background
processes estimated using MC simulations.

8 Fiducial WZjj cross section measurement and search for EW WZ

production

The cross section for WZjj production, without separating by production mechanism, is mea-
sured with a combined maximum likelihood fit to the observed event yields for the EW signal
selection. The likelihood is a combination of individual likelihoods for the four leptonic decay
channels (eee, eeµ, µµe, µµµ) for the signal and background hypotheses with the statistical
and systematic uncertainties in the form of nuisance parameters. To minimize the dependence
of the result on theoretical predictions, the likelihood function is built from the event yields per
channel without considering information about the distribution of events in kinematic vari-
ables. The expected event yields for the EW- and QCD-induced WZjj processes are taken from
the MADGRAPH5 aMC@NLO v2.4.2 predictions. The WZjj signal strength µWZjj, which is the
ratio of the measured signal yield to the expected number of signal events, is treated as a free
parameter in the fit.

The best-fit value for the WZjj signal strength is used to obtain a cross section in the tight
fiducial region defined in Table 1. The measured fiducial WZjj cross section in this region is

sfid
WZjj = 3.18+0.57

�0.52 (stat)+0.43
�0.36 (syst) fb = 3.18+0.71

�0.63 fb.

This result can be compared with the predicted value of 3.27 +0.39
�0.32 (scale) ± 0.15 (PDF) fb. The

EW WZ and QCD WZ contributions are calculated independently from the samples described
in Section 3 and their uncertainties are combined in quadrature to obtain the WZjj cross sec-
tion prediction. The predicted EW WZ cross section is 1.25+0.11

�0.09 (scale) ± 0.06 (PDF) fb, and the
interference term contribution in this region is less than 1% of the total cross section.

Results are also obtained in a looser fiducial region, defined in Table 1 following Ref. [34], to
simplify comparisons with theoretical calculations. The acceptance from the loose to tight fidu-
cial region is (72.4 ± 0.8)%, computed using MADGRAPH5 aMC@NLO interfaced to PYTHIA.
The uncertainty in the acceptance is evaluated by combining the scale and PDF uncertainties
in the EW WZ and QCD WZ predictions in quadrature. The scale uncertainty in the QCD WZ
contribution is the dominant component of the uncertainty. The resulting WZjj loose fiducial
cross section is

sfid,loose
WZjj = 4.39+0.78

�0.72 (stat)+0.60
�0.50 (syst) fb = 4.39+0.98

�0.87 fb,

compared with the predicted value of 4.51+0.59
�0.45 (scale)± 0.18 (PDF) fb. The EW WZ and QCD WZ

contributions and their uncertainties are treated independently with the same approach as de-
scribed for the tight fiducial region. The predicted EW WZ cross section in the loose region is
1.48+0.13

�0.11 (scale) ± 0.07 (PDF) fb, and the relative contribution from the interference term is less
the 1%.

Separating the EW- and QCD-induced components of WZjj events requires exploiting the dif-
ferent kinematic signatures of the two processes. The relative fraction of the EW WZ process
with respect to the QCD WZ process and other backgrounds grows with increasing values of
the mjj and |Dhjj| of the leading jets, as demonstrated in Fig. 2. This motivates the use of a 2D
distribution built from these variables for the extraction of the EW WZ signal via a maximum
likelihood fit. This 2D distribution, shown as a one-dimensional histogram in Fig. 3, along
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Figure 2: The mjj (left) and |Dhjj| (right) of the two leading jets for events satisfying the EW sig-
nal selection. The last bin contains all events with mjj > 2500 GeV (left) and |Dhjj| > 7.5 (right).
The dashed line shows the expected EW WZ contribution stacked on top of the backgrounds
that are shown as filled histograms. The hatched bands represent the total and relative statis-
tical uncertainties on the predicted yields. The bottom panel shows the ratio of the number
of events measured in data to the total number of expected events. The predicted yields are
shown with their pre-fit normalizations.

with the yield in the QCD WZ sideband region, are combined in a binned likelihood involving
the expected and observed numbers of events in each bin. The likelihood is a combination of
individual likelihoods for the four decay channels.

The systematic uncertainties are represented by nuisance parameters that are allowed to vary
according to their probability density functions, and correlation across bins and between differ-
ent sources of uncertainty is taken into account. The expected number of signal events is taken
from the MADGRAPH5 aMC@NLO v2.4.2 prediction at LO, multiplied by a signal strength µEW
which is treated as a free parameter in the fit.

Table 3: Post-fit event yields after the signal extraction fit to events satisfying the EW signal
selection. The EW WZ process is corrected for the observed value of µEW.

Process µµµ µµe eeµ eee Total yield
QCD WZ 13.5 ± 0.8 9.1 ± 0.5 6.8 ± 0.4 4.6 ± 0.3 34.1 ± 1.1
t+V/VVV 5.6 ± 0.4 3.1 ± 0.2 2.5 ± 0.2 1.7 ± 0.1 12.9 ± 0.5
Nonprompt 5.2 ± 2.0 2.4 ± 0.9 1.5 ± 0.6 0.7 ± 0.3 9.8 ± 2.3
VV 0.8 ± 0.1 1.6 ± 0.2 0.4 ± 0.0 0.7 ± 0.1 3.5 ± 0.2
Zg 0.3 ± 0.1 1.2 ± 0.8 <0.1 0.6 ± 0.2 2.2 ± 0.8
Pred. background 25.5 ± 2.1 17.4 ± 1.5 11.2 ± 0.8 8.3 ± 0.6 62.4 ± 2.8
EW WZ signal 6.0 ± 1.2 4.2 ± 0.8 2.9 ± 0.6 2.1 ± 0.4 15.1 ± 1.6
Data 38 15 12 10 75

The best-fit value for the signal strength µEW is

µEW = 0.82+0.51
�0.43,

consistent with the SM expectation at LO of µEW, LO = 1, with respect to the predicted cross



Vector Boson Scattering: WV and ZV
WV → 𝓁𝜈 or ZV → 𝓁𝓁 + a jet 

pTjet > 200 GeV + tight dijet selection and centrality of W/Z
Signal region: 65 GeV < mV < 105 GeV  
Large background from V+jets
Not sensitive to SM yet but sets most stringent limits on EFT operators 
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VBS: final states with neutral bosons
Some operators involve U(1) fields only accessible with EW ZZjj and Z𝜸jj

‣ ZZjj: 

‣ significance: 2.7σ (obs.) 1.6σ (exp.)  

‣ Z𝜸jj : 

‣ significance: 4.7σ (obs.) 5.5σ (exp.) [Run1+2016] 
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Zγ VBS: aQGC

• limits on aQGCs are extracted with MZγ

• the results are competitive or more 
stringent than previous constraints
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10. Summary 11

Observed Limits (TeV�4) Expected Limits (TeV�4) Unitarity Bound
-19.3 < FM,0/L4 < 20.2 -15.0 < FM,0/L4 < 15.1 1.0
-47.8 < FM,1/L4 < 46.9 -30.1 < FM,1/L4 < 30.0 1.2
-8.16 < FM,2/L4 < 8.04 -6.09 < FM,2/L4 < 6.06 1.3
-20.9 < FM,3/L4 < 21.1 -13.2 < FM,3/L4 < 13.3 1.5
-15.2 < FM,4/L4 < 15.8 -11.7 < FM,4/L4 < 11.7 1.5
-24.9 < FM,5/L4 < 24.4 -19.1 < FM,5/L4 < 18.2 1.8
-38.6 < FM,6/L4 < 40.5 -30.0 < FM,6/L4 < 30.1 1.0
-60.8 < FM,7/L4 < 62.6 -46.1 < FM,7/L4 < 46.3 1.3
-0.74 < FT,0/L4 < 0.69 -0.56 < FT,0/L4 < 0.51 1.4
-1.16 < FT,1/L4 < 1.15 -0.73 < FT,1/L4 < 0.72 1.5
-1.96 < FT,2/L4 < 1.85 -1.48 < FT,2/L4 < 1.37 1.5
-0.70 < FT,5/L4 < 0.74 -0.51 < FT,5/L4 < 0.57 1.8
-1.64 < FT,6/L4 < 1.67 -1.23 < FT,6/L4 < 1.26 1.7
-2.59 < FT,7/L4 < 2.80 -1.91 < FT,7/L4 < 2.12 1.8
-0.47 < FT,8/L4 < 0.47 -0.36 < FT,8/L4 < 0.36 1.6
-1.26 < FT,9/L4 < 1.27 -0.95 < FT,9/L4 < 0.95 1.5

Table 4: 95% C.L. Zg shape-based exclusion limits listed for each aQGC parameter. The uni-
tarity bounds are also listed. All coupling parameter limits are in units of TeV�4, while the
unitarity bounds are in units of TeV. No form factor is applied.

10 Summary
In this paper, we have presented a measurement of vector boson scattering in the Zg final state.
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 two identified leptons along
with two jets that have a large rapidity separation and a large dijet mass. The observed signal
significance for the 2016 dataset is 3.9 standard deviations, where a significance of 5.2 standard
deviations is expected based on the standard model. When this new result is combined with
8 TeV CMS results, the observed (expected) significance is 4.7 (5.5). The best-fit electroweak
(EW) Zgjj signal strength in the fiducial region is µEW = 0.64+0.23

�0.21, corresponding to a fiducial
cross section of 3.20 ± 1.15 fb. The best-fit signal strength of EW + quantum chromodynamics
(QCD) Zgjj in the fiducial region is µEW+QCD = 0.96+0.15

�0.13, corresponding to a fiducial cross sec-
tion 15.07 ± 2.40 fb. Constraints are placed on anomalous quartic gauge couplings in terms of
dimension-eight effective field theory operators and the results are competitive or more strin-
gent than previous constraints.
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ZZ VBS: aQGC

• MZZ is used to constrain the aQGCs

• the results are statistically limited so far

• set the most stringent limits on T8 and T9 aQGCs to date
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region is simultaneously fit with the signal region. A p value that represents the probability
to obtain the data given the background-only hypothesis is computed with a profile likelihood
ratio test statistic [29–31]. The p value is then converted to a significance based on the area in
the tail of a normal distribution. The observed (expected) significance of the signal is 3.9 (5.2)
standard deviations with the 2016 dataset. After combining the 13 TeV results with the CMS
Collaboration’s previously reported 8 TeV results [6], the observed (expected) significance is
4.7 (5.5). In the combination of the 13 TeV results based on 2016 data and the 8 TeV results
based on 2012 data, theoretical uncertainties are treated as correlated between the two datasets
while experimental uncertainties are treated as uncorrelated between the two datasets. The
post-fit 2D distributions in the dimuon plus barrel photon category and the dielectron plus
barrel photon category are shown in Fig. 3.
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Figure 3: The post-fit 2D distribution region in the dimuon plus barrel photon category (left)
and the dielectron plus barrel photon category (right). The data (solid symbols with error bars
representing the statistical uncertainties) are compared to the prediction in the signal region.
The hashed bands represent the full uncertainties.

8 Fiducial cross section measurement
A fiducial cross section is extracted using the same mjj–Dhjj binning as in the significance calcu-
lation, and the same simultaneous fit with the control region. The fiducial region is defined in
Table 1. The leptons are defined at particle level with final state radiation recovered by dressing
photons within DR = 0.1 of the lepton direction. We define the cross section as sf = sg · µ̂ · ag f ,
where sg is the cross section for the generated signal events, µ̂ is the signal strength, and ag f

is the acceptance for the generated events in the fiducial region, evaluated using simulation.
The fiducial cross section of EW Zg predicted by MADGRAPH5 aMC@NLO with LO accuracy is
4.97 ± 0.25 (scale) ± 0.14 (PDF) fb. The best-fit value for the EW Zg signal strength is 0.64+0.23

�0.21
and the measured fiducial cross section is

sfid
EW = 3.20 ± 0.07 (lumi) ± 1.00 (stat) ± 0.57 (syst) fb = 3.20 ± 1.15 fb.
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Figure 3: Distribution of the BDT output in the control region obtained by selecting ZZjj events
with mjj < 400 GeV or |Dhjj| < 2.4 (left) and for the ZZjj selection (right). Points represent the
data, filled histograms the expected signal and background contributions.

induced production from the background-enriched region of the BDT distribution.

The systematic uncertainties are treated as nuisance parameters in the fit and profiled [54]. The
post-fit values are then used to extract the signal strength. The signal strength is measured to
be µ = 1.39+0.72

�0.57 (stat) +0.46
�0.31 (syst) = 1.39+0.86

�0.65 and the background-only hypothesis is excluded
with a significance of 2.7 standard deviations (1.6 standard deviations expected).

The measured signal strength is used to determine the fiducial cross section for the EW pro-
duction. The fiducial volume is almost identical to the selections imposed at the reconstruc-
tion level, the only difference being the lepton thresholds of p

`
T > 5 GeV and |h|` < 2.5. The

generator-level lepton momenta are corrected by adding the momenta of generator-level pho-
tons within DR(`, g) < 0.1. The kinematic selection of the Z bosons and the final ZZjj candidate
proceeds as the reconstruction-level selection. The observed signal strength corresponds to
a fiducial cross section of sEW(pp ! ZZjj ! ```0`0jj) = 0.40+0.21

�0.16 (stat) +0.13
�0.09 (syst) fb, compatible

with the SM prediction of 0.29+0.02
�0.03 fb.

8 Limits on anomalous quartic gauge couplings
The events in the ZZjj selection are used to constrain aQGCs in the effective field theory ap-
proach. The ZZjj channel is sensitive to the operators T0, T1, and T2, as well as the neutral
current operators T8 and T9 [7]. The former operators are constructed from the SUL(2) gauge
fields, while the latter only involve the UY(1) fields. As a consequence, the T8 and T9 oper-
ators are experimentally accessible only via final states involving the neutral gauge bosons.
The effect of a nonzero aQGC is to enhance the production cross section at large masses of
the ZZ system. Thus the mZZ distribution is used to constrain the aQGC parameters fTi/L4.
The increase of the yield exhibits a quadratic dependence on the anomalous coupling, and a
parabolic function is fitted to the per-mass bin yields, allowing for an interpolation between
the discrete coupling parameters of the simulated signals. The statistical analysis employs
the same methodology used for the signal strength, including the profiling of the systematic
uncertainties. The distributions of the background model, including the EW component, are
normalized to their respective SM predictions. The Wald Gaussian approximation and Wilks’
theorem are used to derive 95% confidence level (CL) limits on the aQGC parameters [55–57].
The measurement is statistically limited.
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region is simultaneously fit with the signal region. A p value that represents the probability
to obtain the data given the background-only hypothesis is computed with a profile likelihood
ratio test statistic [29–31]. The p value is then converted to a significance based on the area in
the tail of a normal distribution. The observed (expected) significance of the signal is 3.9 (5.2)
standard deviations with the 2016 dataset. After combining the 13 TeV results with the CMS
Collaboration’s previously reported 8 TeV results [6], the observed (expected) significance is
4.7 (5.5). In the combination of the 13 TeV results based on 2016 data and the 8 TeV results
based on 2012 data, theoretical uncertainties are treated as correlated between the two datasets
while experimental uncertainties are treated as uncorrelated between the two datasets. The
post-fit 2D distributions in the dimuon plus barrel photon category and the dielectron plus
barrel photon category are shown in Fig. 3.
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Figure 3: The post-fit 2D distribution region in the dimuon plus barrel photon category (left)
and the dielectron plus barrel photon category (right). The data (solid symbols with error bars
representing the statistical uncertainties) are compared to the prediction in the signal region.
The hashed bands represent the full uncertainties.

8 Fiducial cross section measurement
A fiducial cross section is extracted using the same mjj–Dhjj binning as in the significance calcu-
lation, and the same simultaneous fit with the control region. The fiducial region is defined in
Table 1. The leptons are defined at particle level with final state radiation recovered by dressing
photons within DR = 0.1 of the lepton direction. We define the cross section as sf = sg · µ̂ · ag f ,
where sg is the cross section for the generated signal events, µ̂ is the signal strength, and ag f

is the acceptance for the generated events in the fiducial region, evaluated using simulation.
The fiducial cross section of EW Zg predicted by MADGRAPH5 aMC@NLO with LO accuracy is
4.97 ± 0.25 (scale) ± 0.14 (PDF) fb. The best-fit value for the EW Zg signal strength is 0.64+0.23

�0.21
and the measured fiducial cross section is

sfid
EW = 3.20 ± 0.07 (lumi) ± 1.00 (stat) ± 0.57 (syst) fb = 3.20 ± 1.15 fb.

µEW = 0.64+0.23
�0.21

µEW = 1.39+0.86
�0.65



VBS: final states with neutral bosons
Some operators only accessible with EW ZZjj and Z𝜸jj
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‣ significance: 2.7σ (obs.) 1.6σ (exp.)  

‣ Z𝜸jj : 
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region is simultaneously fit with the signal region. A p value that represents the probability
to obtain the data given the background-only hypothesis is computed with a profile likelihood
ratio test statistic [29–31]. The p value is then converted to a significance based on the area in
the tail of a normal distribution. The observed (expected) significance of the signal is 3.9 (5.2)
standard deviations with the 2016 dataset. After combining the 13 TeV results with the CMS
Collaboration’s previously reported 8 TeV results [6], the observed (expected) significance is
4.7 (5.5). In the combination of the 13 TeV results based on 2016 data and the 8 TeV results
based on 2012 data, theoretical uncertainties are treated as correlated between the two datasets
while experimental uncertainties are treated as uncorrelated between the two datasets. The
post-fit 2D distributions in the dimuon plus barrel photon category and the dielectron plus
barrel photon category are shown in Fig. 3.
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Figure 3: The post-fit 2D distribution region in the dimuon plus barrel photon category (left)
and the dielectron plus barrel photon category (right). The data (solid symbols with error bars
representing the statistical uncertainties) are compared to the prediction in the signal region.
The hashed bands represent the full uncertainties.

8 Fiducial cross section measurement
A fiducial cross section is extracted using the same mjj–Dhjj binning as in the significance calcu-
lation, and the same simultaneous fit with the control region. The fiducial region is defined in
Table 1. The leptons are defined at particle level with final state radiation recovered by dressing
photons within DR = 0.1 of the lepton direction. We define the cross section as sf = sg · µ̂ · ag f ,
where sg is the cross section for the generated signal events, µ̂ is the signal strength, and ag f

is the acceptance for the generated events in the fiducial region, evaluated using simulation.
The fiducial cross section of EW Zg predicted by MADGRAPH5 aMC@NLO with LO accuracy is
4.97 ± 0.25 (scale) ± 0.14 (PDF) fb. The best-fit value for the EW Zg signal strength is 0.64+0.23

�0.21
and the measured fiducial cross section is

sfid
EW = 3.20 ± 0.07 (lumi) ± 1.00 (stat) ± 0.57 (syst) fb = 3.20 ± 1.15 fb.
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Figure 3: Distribution of the BDT output in the control region obtained by selecting ZZjj events
with mjj < 400 GeV or |Dhjj| < 2.4 (left) and for the ZZjj selection (right). Points represent the
data, filled histograms the expected signal and background contributions.

induced production from the background-enriched region of the BDT distribution.

The systematic uncertainties are treated as nuisance parameters in the fit and profiled [54]. The
post-fit values are then used to extract the signal strength. The signal strength is measured to
be µ = 1.39+0.72

�0.57 (stat) +0.46
�0.31 (syst) = 1.39+0.86

�0.65 and the background-only hypothesis is excluded
with a significance of 2.7 standard deviations (1.6 standard deviations expected).

The measured signal strength is used to determine the fiducial cross section for the EW pro-
duction. The fiducial volume is almost identical to the selections imposed at the reconstruc-
tion level, the only difference being the lepton thresholds of p

`
T > 5 GeV and |h|` < 2.5. The

generator-level lepton momenta are corrected by adding the momenta of generator-level pho-
tons within DR(`, g) < 0.1. The kinematic selection of the Z bosons and the final ZZjj candidate
proceeds as the reconstruction-level selection. The observed signal strength corresponds to
a fiducial cross section of sEW(pp ! ZZjj ! ```0`0jj) = 0.40+0.21

�0.16 (stat) +0.13
�0.09 (syst) fb, compatible

with the SM prediction of 0.29+0.02
�0.03 fb.

8 Limits on anomalous quartic gauge couplings
The events in the ZZjj selection are used to constrain aQGCs in the effective field theory ap-
proach. The ZZjj channel is sensitive to the operators T0, T1, and T2, as well as the neutral
current operators T8 and T9 [7]. The former operators are constructed from the SUL(2) gauge
fields, while the latter only involve the UY(1) fields. As a consequence, the T8 and T9 oper-
ators are experimentally accessible only via final states involving the neutral gauge bosons.
The effect of a nonzero aQGC is to enhance the production cross section at large masses of
the ZZ system. Thus the mZZ distribution is used to constrain the aQGC parameters fTi/L4.
The increase of the yield exhibits a quadratic dependence on the anomalous coupling, and a
parabolic function is fitted to the per-mass bin yields, allowing for an interpolation between
the discrete coupling parameters of the simulated signals. The statistical analysis employs
the same methodology used for the signal strength, including the profiling of the systematic
uncertainties. The distributions of the background model, including the EW component, are
normalized to their respective SM predictions. The Wald Gaussian approximation and Wilks’
theorem are used to derive 95% confidence level (CL) limits on the aQGC parameters [55–57].
The measurement is statistically limited.
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region is simultaneously fit with the signal region. A p value that represents the probability
to obtain the data given the background-only hypothesis is computed with a profile likelihood
ratio test statistic [29–31]. The p value is then converted to a significance based on the area in
the tail of a normal distribution. The observed (expected) significance of the signal is 3.9 (5.2)
standard deviations with the 2016 dataset. After combining the 13 TeV results with the CMS
Collaboration’s previously reported 8 TeV results [6], the observed (expected) significance is
4.7 (5.5). In the combination of the 13 TeV results based on 2016 data and the 8 TeV results
based on 2012 data, theoretical uncertainties are treated as correlated between the two datasets
while experimental uncertainties are treated as uncorrelated between the two datasets. The
post-fit 2D distributions in the dimuon plus barrel photon category and the dielectron plus
barrel photon category are shown in Fig. 3.
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Figure 3: The post-fit 2D distribution region in the dimuon plus barrel photon category (left)
and the dielectron plus barrel photon category (right). The data (solid symbols with error bars
representing the statistical uncertainties) are compared to the prediction in the signal region.
The hashed bands represent the full uncertainties.

8 Fiducial cross section measurement
A fiducial cross section is extracted using the same mjj–Dhjj binning as in the significance calcu-
lation, and the same simultaneous fit with the control region. The fiducial region is defined in
Table 1. The leptons are defined at particle level with final state radiation recovered by dressing
photons within DR = 0.1 of the lepton direction. We define the cross section as sf = sg · µ̂ · ag f ,
where sg is the cross section for the generated signal events, µ̂ is the signal strength, and ag f

is the acceptance for the generated events in the fiducial region, evaluated using simulation.
The fiducial cross section of EW Zg predicted by MADGRAPH5 aMC@NLO with LO accuracy is
4.97 ± 0.25 (scale) ± 0.14 (PDF) fb. The best-fit value for the EW Zg signal strength is 0.64+0.23

�0.21
and the measured fiducial cross section is

sfid
EW = 3.20 ± 0.07 (lumi) ± 1.00 (stat) ± 0.57 (syst) fb = 3.20 ± 1.15 fb.

µEW = 0.64+0.23
�0.21

µEW = 1.39+0.86
�0.65
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So far no disagreement found with theory over 9 order of magnitude
More results to come using full Run2 and (in future) Run3: stay tuned! 
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9 Uncertainties in the PDFs
The observed AFB values depend on the size of the dilution effect, as well as on the relative
contributions from u and d valence quarks to the total dilepton production cross section. The
uncertainties in the PDFs translate into sizable changes in the observed AFB values. However,
changes in PDFs affect the AFB(m``, y``) distribution in a different way than changes in sin2 q`eff.

Changes in PDFs produce large changes in AFB, when the absolute values of AFB are large, i.e.,
at large and small dilepton mass values. In contrast, the effect of changes in sin2 q`eff are largest
near the Z boson peak, and are significantly smaller at high and low masses. Because of this
behavior, which is illustrated in Fig. 5, we apply a Bayesian c2 reweighting method to constrain
the PDFs [48–50], and thereby reduce their uncertainties in the extracted value of sin2 q`eff.
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Figure 5: Distribution in AFB as a function of dilepton mass, integrated over rapidity (left), and
in six rapidity bins (right) for sin2 q`eff = 0.23120 in POWHEG. The solid lines in the bottom panel
correspond to six changes at sin2 q`eff around the central value, corresponding to: ±0.00040,
±0.00080, and ±0.00120. The dashed lines refer to the AFB predictions for 100 NNPDF3.0 repli-
cas. The shaded bands illustrate the standard deviation in the NNPDF3.0 replicas.

As a baseline, we use the NLO NNPDF3.0 PDFs. In the Bayesian c2 reweighting method,
PDF replicas that offer good descriptions of the observed AFB distribution are assigned large
weights, and those that poorly describe the AFB are given small weights. Each weight factor is
based on the best-fit c2

min,i value obtained by fitting the AFB (m``,y``) distribution with a given
PDF replica i:

wi =
e�

c2
min,i

2

1
N ÂN

i=1 e�
c2

min,i
2

, (13)

where N is the number of replicas in a set of PDFs. The final result is then calculated as a
weighted average over the replicas: sin2 q`eff = ÂN

i=1 wisi/N, where si is the best-fit sin2 q`eff
value obtained for the ith replica.

Figure 6 shows a scatter plot of the c2
min vs. the best-fit sin2 q`eff value for the 100 NNPDF3.0

replicas for the µµ and ee samples, and for the combined dimuon and dielectron results. All
sources of statistical and experimental systematic uncertainties are included in a 72⇥72 covari-
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Figure 1: The relative statistical and systematic uncertainties from various sources for the ab-
solute cross section measurements in bins of pZ

T (upper), |yZ | (middle), and f⇤

h (lower). The left
plots correspond to the dimuon final state and the right plots correspond to the dielectron final
state. The uncertainty in the trigger efficiency is included as part of the lepton identification
uncertainty.
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Diboson production: WW/WZ → 𝓁𝜈 + jet
‣ Plots for the electron channel

‣ Contour of EFT parameters
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41

EPS HEP 2019 Ghent 2019/7/13

ZZ VBS (2/2)

• seven variables used in BDT to separate EW- and QCD-induced production
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Figure 1: Representative Feynman diagrams for the EW- (top row and bottom left) and QCD-
induced production (bottom right) of the ZZjj ! ```0`0jj (`, `0= e or µ) final state. The scattering
of massive gauge bosons as depicted in the top row is unitarized by the interference with am-
plitudes that feature the Higgs boson (bottom left).

QCD-induced production, is used to extract the signal significance and to measure the cross
section for the EW production in a fiducial volume. Finally, the selected ```0`0jj events are used
to constrain aQGCs described by the operators T0, T1, and T2 as well as the neutral-current
operators T8 and T9 [7].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are silicon pixel and strip
tracking detectors, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity h coverage provided by the barrel and
endcap detectors up to |h| < 5. Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated particles
with 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [19].

Electrons are measured in the pseudorapidity range |h| < 2.5 using both the tracking system
and the ECAL. The momentum resolution for electrons with pT ⇡ 45 GeV from Z ! e+e�
decays ranges from 1.7% for nonshowering electrons in the barrel region (|h| < 1.479) to 4.5%
for showering electrons in the endcaps [20].
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QCD-induced production, is used to extract the signal significance and to measure the cross
section for the EW production in a fiducial volume. Finally, the selected ```0`0jj events are used
to constrain aQGCs described by the operators T0, T1, and T2 as well as the neutral-current
operators T8 and T9 [7].
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The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are silicon pixel and strip
tracking detectors, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity h coverage provided by the barrel and
endcap detectors up to |h| < 5. Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated particles
with 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [19].

Electrons are measured in the pseudorapidity range |h| < 2.5 using both the tracking system
and the ECAL. The momentum resolution for electrons with pT ⇡ 45 GeV from Z ! e+e�
decays ranges from 1.7% for nonshowering electrons in the barrel region (|h| < 1.479) to 4.5%
for showering electrons in the endcaps [20].
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Figure 1: Representative diagrams for EW and QCD Zgjj production at the LHC. (a)-(e) are EW
diagrams: (a) bremsstrahlung, (b) multiperipheral, (c,d) VBF with TGC, and (e) VBS including
QGC. (f) is a QCD diagram.

3 Signal and background simulation
The signal and background processes are simulated using the Monte Carlo (MC) generator
MADGRAPH5 aMC@NLO 2.4.2 and 2.6.0 [9]. The EW Zgjj signal is simulated at leading-order
(LO) in quantum chromodynamics (QCD) and the main background, QCD Zg, is simulated
with 0 and 1 jets at next-to-leading-order (NLO) in QCD with the FxFx jet merging scheme [10].
The interference between the EW and QCD processes is several percent in the signal region
and is treated as a systematic uncertainty. Other background contributions that are considered
include diboson processes (WW/WZ/ZZ) simulated with PYTHIA 8 [11], single top processes
simulated with POWHEG 2.0 [12], and ttg simulated using MADGRAPH5 aMC@NLO interfaced
with PYTHIA 8 with the FxFx scheme.

The simulation of the anomalous quartic gauge boson couplings (aQGC) processes is per-
formed at LO using MADGRAPH5 aMC@NLO. The matrix element reweighting feature in
MADGRAPH5 aMC@NLO is used to obtain scans of the coefficients of each of the anomalous
coupling operators probed in the analysis.

The PYTHIA 8.212 [11] package is used for parton showering, hadronization, and underlying
event simulation, with the tune CUETP8M1 [13, 14]. The NNPDF 3.0 [15] set is used as the
default set of parton distribution functions (PDFs). The CMS detector response in the simulated
events is modeled using the GEANT package [16]. The tag-and-probe [17] technique is used to
correct for data to MC differences in the trigger efficiency, as well as the reconstruction and
selection efficiencies. Additional proton-proton interactions are superimposed over the hard
scattering interaction with a distribution of primary vertices matching that obtained from the
collision data.
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Figure 2: The mjj distributions measured in the (left) dimuon plus barrel photon and (right)
dielectron plus barrel photon categories. The data (solid symbols with error bars representing
the statistical uncertainties) are compared to a data-driven background estimation, combined
with MC predictions. The hatched bands represent the statistical uncertainty of the combined
prediction of the signal and all of the backgrounds. The last bin includes overflow events.

measured using the tag-and-probe technique, are 3%. The jet energy scale (JES) and resolu-
tion (JER) uncertainties are calculated in simulated events by scaling and smearing the relevent
observables and propagating bin-by-bin the effects to the variables used for the signal extrac-
tion and for the aQGC search. The uncertainties due to the JES and the JER vary in the ranges
0.3-31% and 0.3-13%, respectively. An uncertainty of 2.5% in the integrated luminosity deter-
mination [27] is considered for all processes estimated from simulation and for the fiducial
cross section. The statistical uncertainties due to the finite sizes of both the simulated and the
data samples used in our background and signal prediction are taken into account assuming
Poisson statistics. The statistical uncertainty is 5–46% for the EW Zgjj signal, 10–50% for the
QCD Zg background, and 20–100% for the nonprompt photon background.

An overall systematic uncertainty in the nonprompt photon background estimate is defined
as the in-quadrature sum of the systematic uncertainties from several distinct sources. An
uncertainty due to the choice of isolation variable sideband is evaluated by re-estimating the
nonprompt photon fraction with alternative choices of the isolation variable sideband [6]. A
non-closure uncertainty is defined by performing the nonprompt photon fraction fits on simu-
lated data and comparing the fit results with the known fractions. The non-closure uncertainty
is the dominant part of the overall systematic uncertainty. The overall nonprompt photon back-
ground systematic uncertainty is in the range 9–45%.

Theoretical uncertainties have the largest impacts on the measurement. The QCD scale uncer-
tainty is estimated by varying simultaneously the renormalization and factorization scales up
and down by a factor of two from their nominal value in each event. The differences between
the maximal and minimal variations are taken to be the uncertainties. The PDF uncertainties
are estimated by combining the predictions from the members of the NNPDF3.0 set accord-
ing to the procedure described in Ref. [28]. For the signal process, the scale uncertainty varies
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within the range of 2-14% and the PDF uncertainty varies within the range 3-11% with in-
creasing mjj and

���Dhjj

���. The scale uncertainty of QCD Zg, which has very large impact on the
measurement, varies in the range 5–25%. It is constrained significantly by the simultaneous
constraint given by the low mjj control region. The PDF uncertainty of QCD Zg is in the range
of 1-3%. The interference between the EW and QCD processes is estimated at particle level
using MADGRAPH5 aMC@NLO and is treated as a systematic uncertainty of 4-8%.

All of the systematic uncertainties described are applied in both the signal significance mea-
surement and the aQGC search. They are also propagated to the uncertainty in the measured
fiducial cross section, with the exception of the theoretical uncertainties associated with the
signal cross section. All the systematic uncertainties except those that arise from the trigger
efficiency and lepton identification are considered to be correlated between electron and muon
channels.

The dominant systematic uncertainties are summarized in Table 2.

Table 2: The dominant systematic uncertainties in the signal extraction measurement.

Source of systematic uncertainty Relative uncertainty [%]
QCD Zg scale 5 - 25
EW Zg scale 2 - 14
JES 1 - 31
JER 1 - 13
Interference 4 - 8
Nonprompt photon 9 - 37
Integrated luminosity 2.5

7 Measurement of the signal significance
The simulated signal and background yields as well as the observed data yields in the EW
signal region are shown in Table 3.

Table 3: Expected signal and background yields and observed data event counts after the final
selection for the EW signal search. The statistical and systematic uncertainties are added in
quadrature.

muon channel electron channel
Nonprompt photon 47.6 ± 4.5 39.3 ± 4.0
Other background 7.4 ± 1.4 2.7 ± 0.8
QCD Zgjj 62.9 ± 3.1 49.6 ± 2.7
EW Zgjj 36.5 ± 0.7 25.4 ± 0.6
Total background 117.9 ± 5.6 91.6 ± 4.8
Data 172 ± 13 113 ± 11

In order to quantify the significance of the measured EW Zg signal, a statistical analysis of
the event yields in a two-dimensional (2D) mjj–Dhjj grid is performed. There are 4 categories
within the signal region due to the choice of barrel versus endcap photon and the choice of
electron versus muon final state. All background contributions are allowed to vary within the
associated uncertainties. In order to constrain the dominant background, QCD Zg, the control
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