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Are we done?

The Standard Model predicts….
A Particle content

 2



The Standard Model predicts….

e-𝞬/Z
e+

e-

γ/Z → ℓℓ, W → ℓν very well understood

WWV (V = W, Z, γ) measured at LEP and LHC

Higgs coupling to fermions and bosons observed 
at LHC 

Coupling of 4 gauge bosons → can be measured 
through vector boson scattering, tribosons..

Higgs self couplings not yet seen 

✔

✔
✔

How particles interact with each other 

SM searches!

Precision 
measurements!
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The Standard Model measurements….

15 order of 
magnitude!
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The Standard Model measurements this year!
Many new measurements by the ATLAS and CMS collaborations!

Outline

Many new Run 2 measurements
released by ATLAS and CMS:

� Transverse energy-energy
correlations and as extraction

� Diphoton production
� Collinear Z boson emission
� Lepton Flavour Universality test
� Search for W! pg in t t̄ events
� Observation of photon-induced WW

and dilepton production
� Electroweak Zjj differential cross

sections
� Polarization in electroweak W±W± jj

production
� Observation of electroweak W g jj,

WZjj and ZZjj production
� Evidence of electroweak Z g jj

production
� Observation of the production of

three massive gauge bosons VVV
� Inclusive 4` differential cross sections
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Status: May 2020

ATLAS Preliminary

Run 1,2
p
s = 5,7,8,13 TeV

Theory

LHC pp
p
s = 13 TeV

Data 3.2 � 139 fb�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb�1

LHC pp
p
s = 5 TeV

Data 0.025 fb�1

Standard Model Production Cross Section Measurements
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All results at: http://cern.ch/go/pNj7
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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
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Electroweak Zjj differential cross sections 
Polarization in electroweak WW jj production
Observation of electroweak Wγjj, WZjj and 
ZZjj production 
Evidence of electroweak Zγjj production
Observation of the production of three 
massive gauge bosons VVV

Diphoton production 
Collinear Z boson emission 
Lepton Flavour Universality test 
Search for W→ πγ in t t̄ events
Inclusive 4l differential cross sections 
Observation of photon-induced WW and 
dilepton production
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arXiv:2006.15458
https://linkinghub.elsevier.com/retrieve/pii/S037026932030513X
https://arxiv.org/abs/2008.10521
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub
https://arxiv.org/abs/2008.07013
https://doi.org/10.1007/JHEP06(2020)076
https://arxiv.org/abs/2006.11191
https://arxiv.org/abs/2006.11191
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-024/
https://cds.cern.ch/record/2718824
https://arxiv.org/abs/2007.14040
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-008/index.html
https://cds.cern.ch/record/2728051
https://cds.cern.ch/record/2727859
https://arxiv.org/abs/2009.14537


The W± boson

PDG reference

Lepton flavor universality?

rare decay? 
search for it!
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https://pdg.lbl.gov/2019/listings/rpp2019-list-w-boson.pdf


Testing the Lepton-Flavor Universality 
using W decays

Use a di-leptonic ttbar events to have a clean 
sample of probe W bosons, tag(e,μ)-and-probe(μ)

Look at the W coupling to charged leptons and 
calculate the ratio of the branching fractions

R(τ/μ) = BR(W → τντ )/BR(W → μνμ ) 

Results in agreement with SM expectation  

BR(W!!! t

t

tn

n

n)/BR(W!!! µ

µ

µn

n

n) in e-µµµ t t̄ events
arXiv:2007.14040 [hep-ex]

� Testing Lepton-Flavour Universality (LFU)

� Probing universality of W coupling to
charged leptons:
R(t/µ) = BR(W ! tn

t

)/BR(W ! µn

µ

)

� Using dileptonic t t̄ events as a sample of
probe W bosons, tag(e,µ)-and-probe(µ)

� In agreement with SM expectation:

R(t/µ) = 0.992 ± 0.013

� Flavour anomalies observed at LHCb:
[JHEP 08 (2017) 055]
[PRL 122 (2019) 191801]

� Long-standing 2.7s deviation from LEP
[Phys. Rept. 532 119]:

R(t/µ) = 1.070 ± 0.026

� Factor two in precision compared to LEP,
best precision achieved up to now
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R(τ/μ) = 0.992 ± 0.013
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Flavour anomalies observed at LHCb: [JHEP 08 
(2017) 055], [PRL 122 (2019) 191801] 

Long-standing 2.7σ deviation from LEP [Phys. Rept. 
532 119]

Factor two in precision compared to LEP,  
best precision achieved up to now 

arXiv:2007.14040

LEP (2.7σ) 

https://link.springer.com/article/10.1007/JHEP08(2017)055
https://link.springer.com/article/10.1007/JHEP08(2017)055
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801
https://authors.library.caltech.edu/43492/7/1302.3415v4.pdf
https://authors.library.caltech.edu/43492/7/1302.3415v4.pdf
https://arxiv.org/abs/2007.14040


Search for W → πγ in tt events 
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CMS-PAS-SMP-20-008 ̄Search for W!!! p

p

pg

g

g in t t̄ events
CMS-PAS-SMP-20-008

� First LHC search of the rare exclusive hadronic decay W ! pg: isolated photon
plus isolated track compatible with a pion (dedicated variable developed)

� Select tt̄ events with W ! `n (` = µ,e), signal discrimination with a Boosted
Decision Tree (BDT)

� Upper limits extracted from a fit to the m
pg

distribution:
B(W ! pg) < 1.51⇥10�5 (theoretical calculations in the range 10�9 �10�6)

Pion isolation variable BDT score in electron channel Fitted m
pg

distribution
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BDT score in electron channel Fitted mπγ  distribution

First LHC search of the rare exclusive hadronic decay W → πγ: isolated photon plus isolated track 
compatible with a pion (dedicated variable developed) 

Use ttbar events this time with only one  W → lν (l = μ,e), signal discrimination with a Boosted 
Decision Tree (BDT) 

Upper limits extracted from a fit to the mπγ distribution: 
B (W → πγ ) < 1.51 × 10-5 (theoretical calculations in the range 10-9 - 10-6 ) 

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-008/index.html


The multiboson interactions
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Photon induced processes at the LHC
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Observation of photon-induced dilepton production
arXiv:2009.14537 [hep-ex]

� 2017 dataset with the ATLAS Forward Proton (AFP) detector inserted, 14.6 fb�1

� Observation with significances of 9.7s (13s ) for ee (µµ)
� The first cross section measurement using proton tagging at the LHC

Feynman diagrams

Lydia Beresford1, ⇤ and Jesse Liu2, †

1Department of Physics, University of Oxford, Oxford OX1 3RH, UK
2Department of Physics, University of Chicago, Chicago, IL 60637, USA

(Dated: July 20, 2019)

Some Feynman diagrams made using feynmp for use.

I. INTRODUCTION

Precision measurements of electromagnetic couplings are fundamental tests of quantum electrodynamics (QED)
and powerful probes of new physics beyond the Standard Model (BSM). The electron anomalous magnetic moment
ae = 1

2 (ge � 2) is among the most precisely measured observables in nature [1, 2]. The muon counterpart aµ is
measured to 1 part in 107 [3] and reports a longstanding 3 � 4� deviation from the SM prediction, which may be a
harbinger of new physics.
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[2] D. Hanneke, S. Fogwell Hoogerheide, and G. Gabrielse, “Cavity Control of a Single-Electron Quantum Cyclotron: Measuring
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[3] G. W. Bennett et al. (Muon g-2), “Final Report of the Muon E821 Anomalous Magnetic Moment Measurement at BNL,”
Phys. Rev. D 73, 072003 (2006), arXiv:hep-ex/0602035 [hep-ex].
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Observation of proton scattering in association with lepton pairs   

•  Forward scattering of incident protons is a hallmark prediction of photon fusion 
 
•  Measured in ATLAS Forward Proton spectrometer (AFP)  

 

σfid (ee+p)  = 11.0 ± 2.6 (stat) ± 1.2 (syst) ± 0.3 (lumi)  fb 
σfid (µµ+p)  =   7.2 ± 1.6 (stat) ± 0.9 (syst) ± 0.2 (lumi)  fb 
 
Obs. significance: well above 5σ for both (ee) and (µµ)  

Good agreement with SM expectations 

ATLAS-CONF-2020-041  AFP data recorded 2017 at high µ  

Fractional proton energy  
loss from scattered proton   

Fractional proton energy  
loss from lepton kinematics  

First cross-section measurement using proton-tagging 
in photon-fusion processes at the LHC 

Fractional proton energy loss
of the scattered proton:
xAFP = 1�Escattered/Ebeam
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from lepton kinematics:
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Observation of photon-induced dilepton production
arXiv:2009.14537 [hep-ex]

� 2017 dataset with the ATLAS Forward Proton (AFP) detector inserted, 14.6 fb�1

� Observation with significances of 9.7s (13s ) for ee (µµ)
� The first cross section measurement using proton tagging at the LHC

Feynman diagrams
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Precision measurements of electromagnetic couplings are fundamental tests of quantum electrodynamics (QED)
and powerful probes of new physics beyond the Standard Model (BSM). The electron anomalous magnetic moment
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Observation of proton scattering in association with lepton pairs   

•  Forward scattering of incident protons is a hallmark prediction of photon fusion 
 
•  Measured in ATLAS Forward Proton spectrometer (AFP)  
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Observation of photon-induced dilepton 
production 
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arXiv:2009.14537

The ATLAS Forward Proton (AFP) detectors are placed 220m away from the interaction point to tag 
protons that emerge intact from collisions

The first cross section measurement 
using proton tagging at the LHC!

Observation with significances of 
9.7σ (13σ) for ee (μμ)!

Observation of photon-induced dilepton production
arXiv:2009.14537 [hep-ex]

� 2017 dataset with the ATLAS Forward Proton (AFP) detector inserted, 14.6 fb�1

� Observation with significances of 9.7s (13s ) for ee (µµ)
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•  Forward scattering of incident protons is a hallmark prediction of photon fusion 
 
•  Measured in ATLAS Forward Proton spectrometer (AFP)  
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Good agreement with SM expectations 

ATLAS-CONF-2020-041  AFP data recorded 2017 at high µ  

Fractional proton energy  
loss from scattered proton   

Fractional proton energy  
loss from lepton kinematics  

First cross-section measurement using proton-tagging 
in photon-fusion processes at the LHC 

Fractional proton energy loss
of the scattered proton:
xAFP = 1�Escattered/Ebeam

Fractional proton energy loss
from lepton kinematics:
x

±
`` = (m``/

p
s)e±y``

0.02− 0 0.02 0.04
A
ll
ξ − A

AFP
ξ

0
10
20
30
40
50
60
70

Ev
en

ts
 / 

0.
00

25
 

 ATLAS
1− = 13 TeV, 14.6 fbs

 [70, 105] GeV∉ llm
 < 0.12ξ, 0.02 < µµee+

Postfit

0.02− 0 0.02 0.04
C
ll
ξ − C

AFP
ξ

Data 2017
Uncertainty

)pµµ→γγp(→pp
ee)p→γγp(→pp

)p*µµ→γγp(→pp
ee)p*→γγp(→pp

Combinatorial bkg.

A. Ruiz (IFIC Valencia) ICPPA-2020, 5 October 2020 14

Look for photon induced di-lepton pairs in the 2017 
dataset (14fb-1) using the AFP to tag protons

Difference of the fractional proton energy loss as calculated by 
AFP and using lepton kinematics 

https://arxiv.org/abs/2009.14537


Observation of photon-induced WW 
production 

Direct access to triple γWW and quartic γγWW interactions, O(α2EM) 

!12

arXiv:2010.04019

Observation of photon-induced WW production
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Observation of this process by ATLAS [Phys. Rev. D 94 (2016) 032011] and CMS [JHEP 08 (2016) 119] 

https://arxiv.org/abs/2010.04019
https://doi.org/10.1103/PhysRevD.94.032011
https://doi.org/10.1007/JHEP08(2016)119
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Observation of photon-induced WW production
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Signal region Control regions
ntrk ntrk = 0 1  ntrk  4
peµT > 30 GeV < 30 GeV > 30 GeV < 30 GeV

�� ! WW 174 ± 20 45 ± 6 95 ± 19 24 ± 5
�� ! `` 5.5 ± 0.3 39.6 ± 1.9 5.6 ± 1.2 32 ± 7
Drell-Yan 4.5 ± 0.9 280 ± 40 106 ± 19 4700 ± 400
qq ! WW 101 ± 17 55 ± 10 1700 ± 270 970 ± 150
Non-prompt 14 ± 14 36 ± 35 220 ± 220 500 ± 400
Other qq initiated 7.1 ± 1.7 1.9 ± 0.4 311 ± 76 81 ± 15
Total 305 ± 18 459 ± 19 2460 ± 60 6320 ± 130

Data 307 449 2458 6332

Interaction vertex:

in the LAr calorimeter (1.37 < |� | < 1.52). Electron candidates are required to have transverse momenta
pT > 20 GeV.

Muons are built from tracks reconstructed using MS hits matched to ID tracks. A global fit using the hits
from both subdetectors is performed [60]. Each muon candidate is associated uniquely with exactly one ID
track and is required to satisfy |� | < 2.4 and pT > 20 GeV.

Identification and isolation criteria are applied to electron and muon candidates to suppress non-prompt
leptons from hadron decays. Identification criteria are based on shower shapes and track parameters for the
electrons, and on track parameters for the muons. The isolation criteria use information on ID tracks and
calorimeter deposits in a fixed cone of �R = 0.2 around the leptons. Electrons must satisfy the medium
identification as well as the loose isolation criteria described in Ref. [59]. Muon candidates are required to
satisfy the medium identification and loose isolation criteria introduced in Ref. [60]. The significance of
the transverse impact parameter, defined as the absolute value of d0, divided by its uncertainty, �d0 , must
satisfy |d0 |/�d0 < 3 for muons and |d0 |/�d0 < 5 for electrons.

The decision on whether or not the event is recorded is made using single-electron or single-muon triggers
based on requirements on lepton identification and isolation similar to those applied o�ine. The transverse
momentum thresholds for these triggers were 24 GeV for electrons [61] and 20 GeV for muons [62] in 2015,
whilst during the 2016–2018 data taking period the thresholds were both raised to 26 GeV and requirements
on lepton identification and isolation were tightened. Complementary triggers with higher pT thresholds
and no isolation or looser identification criteria are used to increase the trigger e�ciency.

Events are required to contain exactly two leptons of opposite electric charge with the above criteria. One
of the leptons must have a transverse momentum exceeding pT > 27 GeV and be matched to one of the
triggers used for the readout and storage of the event. The invariant mass of the two selected leptons must
exceed m�� = 20 GeV. Both same-flavour (ee/µµ) and di�erent-flavour (eµ) events are accepted either for
auxiliary measurements or the signal extraction.

The interaction vertex is reconstructed from the leptons as the weighted average z-position of the tracks
extrapolated to the beam line:

z��vtx =
z�1 sin2 ��1 + z�2 sin2 ��2

sin2 ��1 + sin2 ��2

, (1)

where sin2 �� approximately parametrises the resolution of the z-position [10]. This definition of the
interaction vertex is unbiased by the presence of additional tracks from hadronic activity in association with
the dilepton pair production as well as additional tracks from close-by pileup interactions. It results in an
improved resolution and larger e�ciency than a primary vertex selection based on the sum of squared track
transverse momenta [63]. Requirements are placed on the longitudinal impact parameter |(z� � z��vtx) sin � |
of each lepton such that it lies within 0.5 mm of the z��vtx-position.

A window of �z = ±1 mm around z��vtx defines the region in which ID tracks are associated with the
interaction vertex. The number of tracks in this window, excluding those used in the reconstruction
of leptons, are counted as ntrk. Signal �� ! WW event candidates are selected using the exclusivity
requirement that ntrk = 0. Events with low track multiplicities, 1 � ntrk � 4, are used to evaluate
backgrounds. The modelling of ntrk is therefore vital to the extraction of the �� ! WW signal and this is
discussed further in the following section.
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The number of tracks ntrk in a window around the vertex and the momentum of the lepton pairs 
used to built signal and control regions
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Muons are built from tracks reconstructed using MS hits matched to ID tracks. A global fit using the hits
from both subdetectors is performed [60]. Each muon candidate is associated uniquely with exactly one ID
track and is required to satisfy |� | < 2.4 and pT > 20 GeV.

Identification and isolation criteria are applied to electron and muon candidates to suppress non-prompt
leptons from hadron decays. Identification criteria are based on shower shapes and track parameters for the
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improved resolution and larger e�ciency than a primary vertex selection based on the sum of squared track
transverse momenta [63]. Requirements are placed on the longitudinal impact parameter |(z� � z��vtx) sin � |
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interaction vertex. The number of tracks in this window, excluding those used in the reconstruction
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pTeμ for the ntrk=0 bin

SR

Number of reconstructed tracks

Very clear signal! Observation with 8.4σ (6.7σ exp)

Measured fiducial cross section

to be compared with predictions from MG5_aMC@NLO+Pythia8 𝜎theo = 4.3 ± 1.0 (scale) ± 0.12 (PDF) fb  

or a scaled Herwig7 𝜎theo = 2.34 ± 0.27 fb

𝜎meas = 3.13 ± 0.31 (stat.) ± 0.28 (syst.) fb

SR

https://arxiv.org/abs/2010.04019
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Vector boson scattering



Cross-section for longitudinal WL
+WL

− → WL
+WL

− 

scattering: [Denner, Hahn, 1997]  

Theoretical answer
A possible approach to test this, is to remove the quartic vertex from the SM Lagrangian.
) Cross section for longitudinal W+

L W-
L ! W+

L W-
L scattering: [Denner, Hahn, 1997]

The scope of such an approach is, however,
theoretically limited as the SM Lagranian with removed
quartic EW couplings is not gauge invariant any more!

In a similar way this has been done at LEP when
measuring triple EW gauge couplings for the first time:
[LEP Physics Report, Fig 5.1]
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Why Vector Boson scattering is interesting?

[Denner, Hahn, 1997] 

Example: Cross-section for longitudinal WL+WL− → WL+WL− scattering

Test of electroweak sector and EW Symmetry Breaking 
Complementary to “direct” Higgs boson property studies
Differences in this sector will be indications of  new physics
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Vector Boson Scattering at the LHC
Protons in LHC serve as source of vector boson beams.

As experimentalist we can only access final state VVjj

VBS with triple and quartic couplings
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gauge structure of the Standard 
Model

electroweak symmetry 
breaking

EWK non-VBS

QCD

EWK Signal

QCD Background
Interference

VBS
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signal
signal

signal

jet

jet

lepton neutrino

lepton neutrino

VBS distinctive detector signature

Two jets in forward and backward regions (tagging jets)

Two bosons produced ~back-to-back (lepton centrality ζ)

Hadronic activity suppressed between the two jets

The experimental challenge

very low rate (O(fb)) 

large background, generally from QCD production 
of same final state

Vector Boson Scattering topology 

→ 3rd jet centrality
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Sensitive to the Vector Boson Fusion (VBF) production 
mechanism (very close topology to VBS but much larger stat)

Measured data are sufficiently precise to distinguish between 
different state-of-the-art theoretical predictions calculated using 
POWHEG+PYTHIA8, HERWIG7+VBFNLO and Sherpa2.2 

Large QCD background miss-modeling, huge efforts to extract it in 
a data driven way!

Electroweak Zjj differential cross sections
arXiv:2006.15458 [hep-ex]
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Electroweak Zjj differential cross sections
arXiv:2006.15458 [hep-ex]
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Electroweak Zjj differential cross sections
arXiv:2006.15458 [hep-ex]

� Sensitive to the Vector Boson Fusion (VBF) production mechanism

� Measured data are sufficiently precise to distinguish between different

state-of-the-art theoretical predictions calculated using POWHEG+PYTHIA8,

HERWIG7+VBFNLO and SHERPA 2.2

EW Zjj

Strong Zjj

q q

q q q q

q

qZ

Z

q

q q q

q

Z

Z

q

g

g

(a) (b)

(c) (d)
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EWK signal 

QCD 
background

Di-jet invariant mass
Regions to constrain the QCD backgroundSR

arXiv:2006.15458EWK Zjj differential cross sections 

https://arxiv.org/abs/2006.15458


EWK Zjj differential cross sections 
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arXiv:2006.15458Electroweak Zjj differential cross sections
arXiv:2006.15458 [hep-ex]

Differential cross sections as a function of four observables: mjj , |�yjj |, pT,`` and �fjj

Inclusive Zjj production EW Zjj production
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Differential cross sections as a function of four observables: mjj , |∆yjj |, pT,ll and ∆φjj 

EWK+QCD Zjj production EWK Zjj production

https://arxiv.org/abs/2006.15458
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EWK same charge WW production 
W±W± →ℓνℓν 

 [Phys. Rev. Lett. 123 (2019) 161801]

Di-jet invariant mass

Best EWK/QCD over background ratio!

Main background WZ QCD mediated production:
Normalization taken from data
Shape taken from simulation

Theory uncertainties applied (PDF, scale, shower)

Other
2 %

e/ 𝛾 conversions
11 %

Misid. leptons
12 %

WZ QCD
23 %

WWjj QCD
6 %

WWjj EW
47 %

Signal extraction strategy → Fitting framework development

Simultaneous fit of dijet invariant mass (Mjj>200GeV) 
and WZ control region

Observed (expected with Sherpa) 
significance is 6.5σ (4.4σ)

Observation !!

 21

EWK WW

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801


Signal extraction strategy

Boosted Decision Tree trained on simulation events, to separate 
WZjj-EW from backgrounds

15 discriminant variables used

Observed (expected with Sherpa) 
significance is 5.3σ (3.2σ)

Observation !!

W±Z →ℓνℓℓ tZj+VVV
4 %tt+V

3 %Misid. leptons
5 %

ZZ
8 %

WZjj QCD
54 %

WZjj EW
26 %

Fiducial cross section measurement 

LO Sherpa cross-section (No EW/QCD interference)

Results:

mjj, Njets, pTj1,pTj2, ηj1, ∆ηjj, ∆φjj

|yl,W − yZ|, pTW , pTW,  ηW, mTWZ

∆R(j1, Z), RpThard, ζlep 

Simultaneous fit of BDT in signal region with 3 Control region 
regions (WZ QCD, ZZ and tZj)

BDT using 15 discriminant variable

 22

EWK WZjj production
  [arXiv:1812.09740]

EWK WZ

https://arxiv.org/abs/1812.09740


Electroweak WZjj and W±W±jj production 

!23

Phys. Lett. B 809 (2020) 135710

6 The CMS Collaboration / Physics Letters B 809 (2020) 135710

Table 3
List and description of all the input variables used in the BDT analysis for the WZ SR.

Variable Definition

mjj Mass of the leading and trailing jets system
|!ηjj| Absolute difference in rapidity of the leading and trailing jets
!φjj Absolute difference in azimuthal angles of the leading and trailing jets
pj1

T pT of the leading jet
pj2

T pT of the trailing jet
ηj1 Pseudorapidity of the leading jet
|ηW − ηZ | Absolute difference between the rapidities of the Z boson and the 

charged lepton from the decay of the W boson
z∗
ℓi

(i = 1 − 3) Zeppenfeld variable of the three selected leptons
z∗

3ℓ Zeppenfeld variable of the vector sum of the three leptons
!R j1,Z !R between the leading jet and the Z boson

|p⃗T
tot|/∑

i pi
T Transverse component of the vector sum of the bosons and tagging 

jets momenta, normalized to their scalar pT sum

Fig. 3. Distributions of mjj (upper left) and mℓℓ (upper right) in the W±W± SR, and the distributions of mjj (lower left) and BDT score (lower right) in the WZ SR. The 
predicted yields are shown with their best fit normalizations from the simultaneous fit. Vertical bars on data points represent the statistical uncertainty in the data. The 
contribution of the QCD W±W± process is included together with the EW W±W± process. The histograms for tVx backgrounds include the contributions from tt V and 
tZq processes. The histograms for other backgrounds include the contributions from double parton scattering and VVV processes. The histograms for wrong-sign background 
include the contributions from oppositely charged dilepton final states from tt , tW, W+W− , and Drell–Yan processes. The overflow is included in the last bin. The bottom 
panel in each figure shows the ratio of the number of events observed in data to that of the total SM prediction. The gray bands represent the uncertainties in the predicted 
yields.

Signal extraction strategy

Fit together ssWWjj and WZjj signal regions 
⟶ coherent normalization factors for WZ 
QCD

For each signal region 2D distributions were 
fitted:

ssWWjj: Dijet invariant mass (Mjj) and 
dilepton mass (mll)

WZjj: Dijet invariant mass (Mjj) and 
Boosted Decision Tree trained on 
simulation

W±Z →ℓνℓℓ and W±W± →ℓνℓν 

WZjj: dijet invariant mass WZjj: BDT score

WWjj: dijet invariant mass WWjj: dilepton invariant mass

Observation !!
Results:

Observation of electroweak 
production of WZ at 6.8σ (5.3σ exp) 
significance and same charge WW

EWK WW EWK WW

EWK WZ EWK WZ

https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub


Evidence/Observation of electroweak ZZjj production
ATLAS: arXiv:2004.10612 [hep-ex], CMS: arXiv:2008.07013 [hep-ex]

� ZZjj analysis performed exploiting leptonic decays:
� ATLAS: ````jj and ``nnjj channels
� CMS: ````jj channel

� All VVjj channels have been observed now
� ATLAS observation: 5.5s (4.3s ), CMS evidence: 4.0s (3.5s )

ATLAS ````jj ATLAS ``nnjj CMS ````jj
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EWK ZZjj production 

!24

ATLAS: arXiv:2004.10612  
CMS: arXiv:2008.07013

ZZjj analysis performed exploiting leptonic decays: 
ATLAS: lllljj and llννjj channels
CMS: lllljj channel 

Signal extraction strategy
CMS: Matrix element discriminant
ATLAS: Multivariate discriminants

ATLAS lllljj Multivariate discriminant ATLAS llvvjj Multivariate discriminant

Observation/Evidence !!

ATLAS Observation: 5.5σ (4.3σ), 
CMS Evidence: 4.0σ (3.5σ) 

Results:

Evidence/Observation of electroweak ZZjj production
ATLAS: arXiv:2004.10612 [hep-ex], CMS: arXiv:2008.07013 [hep-ex]

� ZZjj analysis performed exploiting leptonic decays:
� ATLAS: ````jj and ``nnjj channels
� CMS: ````jj channel

� All VVjj channels have been observed now
� ATLAS observation: 5.5s (4.3s ), CMS evidence: 4.0s (3.5s )
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CMS lllljj Matrix element discriminant

Fiducial cross-section in agreement 
with the SM EWK ZZ

EWK ZZ

EWK ZZ

https://arxiv.org/abs/2004.10612
https://arxiv.org/abs/2008.07013


Evidence of electroweak Z g

g

gjj production
JHEP 06 (2020) 076

� Zgjj measurement with 36 fb�1: 3.9s (5.2s exp) significance (4.7s obtained if
combined with 8 TeV data)

� Signal extracted from a mjj and �hjj two-dimensional fit

� Fiducial cross-section in agreement with the SM

� Constraints on aQGCs
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EWK Z𝛾jj production 

!25

Zy: JHEP 06 (2020) 076 
Wy: arXiv:2008.10521

Signal extraction strategy
Signal extracted from a Mjj and ∆ηjj two-dimensional fit

Results

μμ𝛾 channel

Evidence !!

Evidence 3.9σ (5.2σ exp) significance (4.7σ 
obtained if combined with 8 TeV data) 

Signal extraction strategy

Signal extracted from a Mjj and ml𝛾 two-dimensional fit

Results Observation !!

Significance 4.9σ (4.6σ), after combining 
with 8 TeV 5.3σ (4.8σ)

EWK W𝛾jj production Electron barrel channel

Z𝛾 →ℓℓ𝛾

W𝛾 →ℓν𝛾

EWK W𝛾

EWK Z𝛾QCD Z𝛾

QCD W𝛾

https://link.springer.com/article/10.1007/JHEP06(2020)076
https://arxiv.org/abs/2008.10521


Cross-section for longitudinal WL
+WL

− → WL
+WL

− 

scattering: [Denner, Hahn, 1997]  

Theoretical answer
A possible approach to test this, is to remove the quartic vertex from the SM Lagrangian.
) Cross section for longitudinal W+

L W-
L ! W+

L W-
L scattering: [Denner, Hahn, 1997]

The scope of such an approach is, however,
theoretically limited as the SM Lagranian with removed
quartic EW couplings is not gauge invariant any more!

In a similar way this has been done at LEP when
measuring triple EW gauge couplings for the first time:
[LEP Physics Report, Fig 5.1]

Stefanie Todt - TU Dresden - Quartic couplings in VBS 3 / 5
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In a similar way this has been done at LEP when
measuring triple EW gauge couplings for the first time:
[LEP Physics Report, Fig 5.1]

Stefanie Todt - TU Dresden - Quartic couplings in VBS 3 / 5

Why Vector Boson scattering is interesting?

[Denner, Hahn, 1997] 

Example: Cross-section for longitudinal WL+WL− → WL+WL− scattering

Test of electroweak sector and EW Symmetry Breaking 
Complementary to “direct” Higgs boson property studies
Differences in this sector will be indications of  new physics

 26

Can we measure the 

longitudinal component alone?



Polarization in W±W±jj production 

!27

arXiv:2009.09429

First try to measure cross sections for polarized same sign W±W± pairs

Two different BDTs were trained to separate

WLWL and WXWT processes ⟶ not enough statistics to measure double longitudinal polarization
WLWX and WTWT processes

Measurement of EW W±W± production with at least one longitudinally polarized W boson with a 
significance of 2.3σ (3.1σ exp) 

Polarization in electroweak W ±±±W ±±±jj production
arXiv:2009.09429 [hep-ex]

� Deviations in VBS production of longitudinally polarized gauge bosons predicted
in many BSM models

� First measurements of production cross sections for polarized W±W±

� Two different BDTs used to separate either the W±
L W±

L and W±
X W±

T processes
or the W±

L W±
X and W±

T W±
T processes

� EW W±W± production with at least one longitudinally polarized W boson
measured at 2.3s (3.1s exp) significance
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Polarization in electroweak W ±±±W ±±±jj production
arXiv:2009.09429 [hep-ex]

� Deviations in VBS production of longitudinally polarized gauge bosons predicted
in many BSM models

� First measurements of production cross sections for polarized W±W±

� Two different BDTs used to separate either the W±
L W±

L and W±
X W±

T processes
or the W±

L W±
X and W±

T W±
T processes

� EW W±W± production with at least one longitudinally polarized W boson
measured at 2.3s (3.1s exp) significance
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BDT for WLWL vs WXWT discrimination BDT for WLWX vs WTWT discrimination

https://arxiv.org/abs/2009.09429


Cross-section for longitudinal WL
+WL

− → WL
+WL

− 

scattering: [Denner, Hahn, 1997]  

Theoretical answer
A possible approach to test this, is to remove the quartic vertex from the SM Lagrangian.
) Cross section for longitudinal W+

L W-
L ! W+

L W-
L scattering: [Denner, Hahn, 1997]

The scope of such an approach is, however,
theoretically limited as the SM Lagranian with removed
quartic EW couplings is not gauge invariant any more!

In a similar way this has been done at LEP when
measuring triple EW gauge couplings for the first time:
[LEP Physics Report, Fig 5.1]
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Can we measure the 

longitudinal component alone?



Cross-section for longitudinal WL
+WL

− → WL
+WL

− 

scattering: [Denner, Hahn, 1997]  

Theoretical answer
A possible approach to test this, is to remove the quartic vertex from the SM Lagrangian.
) Cross section for longitudinal W+

L W-
L ! W+

L W-
L scattering: [Denner, Hahn, 1997]

The scope of such an approach is, however,
theoretically limited as the SM Lagranian with removed
quartic EW couplings is not gauge invariant any more!

In a similar way this has been done at LEP when
measuring triple EW gauge couplings for the first time:
[LEP Physics Report, Fig 5.1]

Stefanie Todt - TU Dresden - Quartic couplings in VBS 3 / 5

Theoretical answer
A possible approach to test this, is to remove the quartic vertex from the SM Lagrangian.
) Cross section for longitudinal W+

L W-
L ! W+

L W-
L scattering: [Denner, Hahn, 1997]

The scope of such an approach is, however,
theoretically limited as the SM Lagranian with removed
quartic EW couplings is not gauge invariant any more!

In a similar way this has been done at LEP when
measuring triple EW gauge couplings for the first time:
[LEP Physics Report, Fig 5.1]

Stefanie Todt - TU Dresden - Quartic couplings in VBS 3 / 5

Theoretical answer
A possible approach to test this, is to remove the quartic vertex from the SM Lagrangian.
) Cross section for longitudinal W+

L W-
L ! W+

L W-
L scattering: [Denner, Hahn, 1997]

The scope of such an approach is, however,
theoretically limited as the SM Lagranian with removed
quartic EW couplings is not gauge invariant any more!

In a similar way this has been done at LEP when
measuring triple EW gauge couplings for the first time:
[LEP Physics Report, Fig 5.1]

Stefanie Todt - TU Dresden - Quartic couplings in VBS 3 / 5

Theoretical answer
A possible approach to test this, is to remove the quartic vertex from the SM Lagrangian.
) Cross section for longitudinal W+

L W-
L ! W+

L W-
L scattering: [Denner, Hahn, 1997]

The scope of such an approach is, however,
theoretically limited as the SM Lagranian with removed
quartic EW couplings is not gauge invariant any more!

In a similar way this has been done at LEP when
measuring triple EW gauge couplings for the first time:
[LEP Physics Report, Fig 5.1]

Stefanie Todt - TU Dresden - Quartic couplings in VBS 3 / 5

Why Vector Boson scattering is interesting?

[Denner, Hahn, 1997] 

 29

Need to find a variable 

sensitive to the center of mass 

energy, not evident for vector 

boson scattering



Testing the electroweak sector and EW 
Symmetry Breaking
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Theoretical answer
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Testing the electroweak sector and EW 
Symmetry Breaking

Theoretical answer
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So far compatible 

with the SM, but still limited by 

statistics!



Conclusions
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Many new results with the latest and greatest Run 2 dataset by ATLAS and CMS, legacy Run 
2 measurements are being published and much more are expected to come!

Comprehensive tests of the Standard Model over 15 orders of magnitude in cross section and 
going more differential, results compared to theory predictions from state-of-the-art MC and 
fixed-order calculations ⟶ The standard model resist the test!

LFU test in agreement with SM with the best precision achieved up to now 

First LHC search of the rare exclusive hadronic decay W → πγ 

First measurements of production cross sections for polarized vector bosons in W±W±

Evidence/Observation of rare processes: 

Observation of photon-induced processes: γγ → WW and γγ → ll

Observation of electroweak production of WWjj, Wγjj, WZjj and ZZjj

Evidence of electroweak production of Zγjj

Observation of production of massive VVV (with V = W , Z ) 

More information: 

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

CMS https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP  

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP

