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The Standard Model predicts....
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The Standard Model predicts....

How particles interact with each other

"4 v/Z = 02, W — 2v very well understood
& WWV (V =W, Z, y) measured at LEP and LHC

# Higgs coupling to fermions and bosons observed
at LHC

[0 Coupling of 4 gauge bosons — can be measured
through vector boson scattering, tribosons..

[0 Higgs self couplings not yet seen

SM searches!

Precision
measurements!



The Standard Model measurements....

Standard Model Production Cross Section Measurements

Status: May 2020
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The Standard Model measurements this year!

Many new measurements by the ATLAS and CMS collaborations!

Diphoton production © Electroweak Zjj differential cross sections
Collinear Z boson emission © Polarization in electroweak WW jj production
Lepton Flavour Universality test ® Observation of electroweak Wyijj, WZjj and
Search for W— Tty in tt events ZZjj production
Inclusive 4l differential cross sections @ Evidence of electroweak Zyjj production
Observation of photon-induced WW and © Observation of the production of three
dilepton production massive gauge bosons VVV

_ May 2020 CMS Preliminary
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All results at: http://cern.ch/go/pN;j7
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The W= boson

rare decay?
search for it!

Lepton flavor universality?

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update

w+ DECAY MODES

W™ modes are charge conjugates of the modes below.

Mode Fraction (I';/T) Confidence level
AR [a] (10.86+ 0.09) %
[, ety (10.71+ 0.16) %
s putv (10.63+ 0.15) %
fn 7Tv (11.38+ 0.21) %
[ hadrons (67.41+ 0.27) %
6 7ty < 7 x 1076 95%
r; Df~ < 13 x 103 95%
g ¢cX (333 + 26 )%
Mo cs @1 B )%
10 invisible [b] (14 £ 29)%

[a] £ indicates each type of lepton (e, i, and 7), not sum over them.

[b] This represents the width for the decay of the W boson into a charged
particle with momentum below detectability, p< 200 MeV.

PDG reference



https://pdg.lbl.gov/2019/listings/rpp2019-list-w-boson.pdf

arXiv:2007.14040

Testing the Lepton-Flavor Universality o)

using Wdecays TLA
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Search for W - nty in tt events

CMS-PAS-SMP-20-008

First LHC search of the rare exclusive hadronic decay W — r1ty: isolated photon plus isolated track
compatible with a pion (dedicated variable developed)

Use ttbar events this time with only one W — |v (I = u,e), signal discrimination with a Boosted
Decision Tree (BDT)

Upper limits extracted from a fit to the mny distribution:
B (W — iy ) <1.51 x 10-5 (theoretical calculations in the range 109 - 106 )
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-008/index.html

The multiboson interactions




Photon induced processes at the LHC

How?
P2 > P2 > > P2 p2 >
4
4
Pl > P1 > X P1 -
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arXiv:2009.14537

Observation of photon-induced dilepton o
production TLA

EXPERIMENT

The ATLAS Forward Proton (AFP) detectors are placed 220m away from the interaction point to tag
protons that emerge intact from collisions
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https://arxiv.org/abs/2009.14537

arXiv:2010.04019

Observation of photon-induced WW P

production TL
LHC protons can radiate ISR photons and stay intact or dissociate
24% /3% 2%
b2

D1

Direct access to triple YWW and quartic yyYWW interactions, O(a2em)

8 wt W+

Y w— W

Observation of this process by ATLAS [Phys. Rev. D 94 (2016) 032011] and CMS [JHEP 08 (2016) 119]
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https://arxiv.org/abs/2010.04019

Observation of photon-induced WW

production

arXiv:2010.04019

)

TL

EXPERIMENT

The number of tracks nwk in @ window around the vertex and the momentum of the lepton pairs
used to built signal and control regions
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Very clear signal! Observation with 8.4c (6.70 exp)

Measured fiducial cross section
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omeas = 3.13 £ 0.31 (stat.) £ 0.28 (syst.) fb

120
P [GeV]

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

or a scaled Herwig"? otheo = 2.34 + 0.27 fb
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Why Vector Boson scattering is interesting?

Example: Cross-section for longitudinal W +W_ - = W +W_- scattering
[Denner, Hahn, 1997]
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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

o VBS with triple and quartic couplings

e EW non-VBS (including tribosons)
o QCD-mediated diboson production

gauge structure of the Standard | electroweak symmetry
breaking

17



Vector Boson Scattering topology

The experimental challenge
very low rate (O(fb))

large background, generally from QCD production
of same final state

VBS distinctive detector signature

Two jets in forward and backward regions (tagging jets)

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

Hadronic activity suppressed between the two jets
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arXiv:2006.15458

EWK Zjj differential cross sections o)

q
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https://arxiv.org/abs/2006.15458

EWK Zjj differential cross sections

Differential cross sections as a function of four observables: m;j, 1Ay I, pti and Agj; EXPER]

EWK+QCD Zjj production
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https://arxiv.org/abs/2006.15458

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

EWK same charge WW production e (5

W=W= — gvov 47 %
ATLAS
EXPERIMENT
Best EWK/QCD over background ratio! Oztr;/er
Main background WZ QCD mediated production: _
o Normalization taken from data e/ y conversi
o Shape taken from simulation 11 %
o Theory uncertainties applied (PDF, scale, shower)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801

[arXiv:1812.09740]

EWK W/Zjj production WZj EW o
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https://arxiv.org/abs/1812.09740

Phys. Lett. B 809 (2020) 135710

Electroweak WZjj and W*W=jj productio

CM/S\
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ATLAS: arXiv:2004.10612
CMS: arXiv:2008.07013

EWK ZzZjj production )

ATLAS
. _ o _ CMS lllljj Matrix element discriminant

ZZjj analysis performed exploiting leptonic decays: CaoMs 97w (e Ty

® ATLAS: lllljj and llvvjj channels 5 e
® CMS: lllljj channel g =2 1 EWK ZZ

102 Jqq - 22 |

Mgy ~2Z 3

Signal extraction strategy mmEWZZj ] /

CMS: Matrix element discriminant

ATLAS: Multivariate discriminants
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EWK Zyjj production

Zy: JHEP 2020) 07
Wy: arXiv:2008.10521

Zy 200y
. . HHY channel 35.9 fb' (13 TeV)
Signal extraction strategy c T T T T T T 3
_ _ _ _ f 50 '_MMY ¢ Data Nonprompt 1
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Why Vector Boson scattering is interesting?

Example: Cross-section €r longitudinal W +W_ - = W +*W_- scattering

o | M =100 GeV /(\

| | |
200 200 1000 2000 5000 10000 +/s/GeV

AW+ T ~1/E

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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arXiv:2009.09429

Polarization in W*W?zjj production

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

Two different BDTs were trained to separate

o WW_. and WxWr processes — not enough statistics to measure double longitudinal polarization
o W_ Wx and WtWr+ processes

Measurement of EW W=W= production with at least one longitudinally polarized W boson with a
significance of 2.30 (3.10 exp)

BDT for W W vs WxWr discrimination BDT for W Wx vs WtWr discrimination
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Why Vector Boson scattering is interesting?

[Denner, Hahn, 1997]
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Why Vector Boson scattering is interesting?
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[Denner, Hahn, 1997]
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Testing the electroweak sector and EW )
Symmetry Breaking ATLAS

\s=13 TeV, 36.1 fb"

Events / 25 GeV

EEEEEEEEEE

. No quartic coupling A
—=I  ATLAS
\s=13TeV, 36.1fb"
W-Wjj EW

BTN

no HWW vertex
e N0 WWWW vertex
Unitary gauge
TITTIbbbly ==eeee- no WWWW vertex
Feynman gauge

No Higgs

W*W*jj EW in the SM
Gauge dependent non-SM calculations
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Testing the electroweak sector and EW )
Symmetry Breaking ATLAS 2T

\s=13TeV, 36.1 fb"
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Conclusions

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 — 1ty

First measurements of production cross sections for polarized vector bosons in W=W=
Evidence/Observation of rare processes:

©® QObservation of photon-induced processes: yy = WW and yy — |l

© Observation of electroweak production of WWijj, Wyijj, WZjj and ZZjj

o Evidence of electroweak production of Zyjj

© Observation of production of massive VVV (withV =W, Z)

More information:

O

ATLAS https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
© CMS https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResulisSMP
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