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During Run 2 the LHC 
produced 1016 collisions

Large samples of various 
particles produced: 

• W bosons: 12 billion

• Z bosons: 3 billion 

• Top quarks: 300 million

• Higgs bosons: 8 million

The LHC: high energy and high luminosity  

Event displays showing a Zàll candidate produced with 65 reconstructed
proton-proton collisions (top: 100 MeV tracks, bottom 1 GeV tracks)

These samples allow for precision measurements of electroweak processes, for the in-
depth characterization of the Higgs boson, and detailed studies of the top quark
Can’t cover all the work performed on those topics in this talk:  I present a selection of
results mainly focused on electroweak interactions of the top, Higgs, and weak bosons 
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Precision Mass Measurements

Front. Astron. Space Sci., 18 December 2018

LHC experiments producing precision 
mass measurements of top quark, W 
boson, and Higgs boson 

• Important self-consistency test of the 
Standard Model

• Contributions from BSM particles can 
impact SM particle masses



W Mass Measurements

Recent W mass measurement result from CDF 
II (with an uncertainty of ~9 MeV) renews 
interest for updates from LHC experiments: 

• ATLAS result (EPJC 78 (2018) 110) achieved a 
total uncertainty of 19 MeV, surpassing LEP 
combination precision

• LHCb achieved an uncertainty of 32 MeV. With
different systematics. Result will contribute to
the LHC combination precision

• Dedicated low pileup runs were taken during 
Run 2 (ATLAS results from early Run 1)

• Awaiting first result from CMS and updates from 
ATLAS.  Looking forward to see how the tension 
with the CDF II result evolves 

Science 376 (2022) 170



Top Mass Measurements

Very large sample of top quarks at the LHC 
make statistical uncertainty negligible. 
Many sources of systematic uncertainties 
contribute and must be understood. 
Recent result by CMS provides most precise
single measurement: 171.77 ± 0.38 GeV 
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Note: best precision achieved by 
measuring the “Monte Carlo” mass.  There 
is an uncertainty associated with how this 
relates to the pole mass. 

Current measurement precision is 
comparable to this uncertainty. Further 
theory progress on this is important



Higgs Mass Measurements

Standard Model predicts production and decay 
rates of the Higgs boson as a function of Higgs
mass. It does not predict the Higgs mass: it
must be measured.

Precision on the Higgs boson mass now at the 
0.1% level. Precision will improve with statistics

PLB 805 (2020) 135425

ATLAS-CONF-2020-005
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•At mH = 125 GeV, many decay 
channels can be studied

Process Br 
bb 0.58

WW 0.22
tt 0.06
ZZ 0.027
gg 0.0023
Zg 0.0016
µµ 0.0002

SM Decay Modes
(MH = 125.0 GeV)

Higgs Boson Physics



Higgs Boson Physics: where we are now

~8M Higgs bosons (per experiment) 
produced in Run 2 allows for 
precision tests of SM Higgs sector:  

Major progress in last few years:
• Observation of Hàbb decay

• Observation of ttH production

• Evidence of Hàµµ decay
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At the end of Run 2:
• Mass measurement precision ~0.1%
• All major production and decay modes 

have been observed. Other targets for 
future runs:

• Find evidence for Zg decay mode 
• Observe µµ, then increase precision
• Di-Higgs production and self-coupling

• Comprehensive studies of kinematics of 
production and decay 

• Study CP properties
• Look for non-SM Decays 



Production cross sections and branching ratios
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Analyses performed by ATLAS and/or  
CMS have targeted the production 
and decay modes below:

Right figure:
Higgs production cross sections 
times branching fractions normalised
to Standard Model

WW ZZ gg bb tt µµ

ggH X X X X X X
VBF X X X X X X
WH X X X X X X
ZH X X X X X X
ttH X X X X X X



Update on Higgs Couplings Fit

Higgs analyses combined in “kappa” 
framework fit with varying assumptions 
• Coupling strength modifier k = 1 

corresponds to SM prediction

ATLAS coupling strength modifiers:

11

Probes prod. 
and decay 
loops



Where we are now: comprehensive kinematic studies

After observation, vast program of 
kinematic measurements was launched  

12
ATLAS-CONF-2019-037



Higgs Self-Coupling 

Making progress towards testing the shape of 
the Higgs potential through the Higgs self-
coupling (l3)
Sensitivity to SM-strength coupling will require 
HL-LHC but much progress has been made in 
recent years 
Recent bbtt result from CMS (left), combination 
of bbtt and bbgg from ATLAS (right)
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Limit on k

l
[-1.8 and 8.8] 

CMS-PAS-HIG-20-010

ATLAS-CONF-2021-052

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-010/index.html


HL-LHC: Higgs Self-Coupling  
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• Significance of HH signal at 
the 4s level (both exp.)

• Uncertainty on kl of 50%
• 2nd minimum excluded at > 

99% CL

• Note that HH observation 
analysis and kl analysis 
require different optimizations

• kl

CERN-LPCC-2018-04



Testing the Electroweak Sector of the SM

With the Run 2 dataset, analyses can now probe final states where the 
electroweak quartic couplings of the SM contribute

15
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Vector Boson Scattering and Triboson Final States

From Yee Chinn Yap



ZZjj Candidate Event



WZjj differential cross section 
measurements consistent with SM 
predictions, with observed 
significance of 6.8σ (5.3σ) 

Probing WWWW and WWZZ Couplings

18

Phys. Lett. B 809 (2020) 135710 



Observation of WWW Production
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Observation:   8.2s
SM expected: 5.4s



EWK Physics: Wy Observation in VBS Final State
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• VBS Signature 
• Signal extracted using 2D 

mjj and mlg fit
• Observed (expected 

significance): 4.9 (4.6)
• Adding 8 TeV analysis

gives obs. 5.3 
• Anomalous coupling limits 

set using mWg distribution



Photon-induced WW production
Challenge: isolate production process in busy 
LHC environment: use number of Primary Vertex
tracks
Significance of signal > 8s

The Large Photon Collider:  ggWW

21



Probing the WWZg vertex, Zg Observation

22

• VBS Signature 
• Observed significance 

much greater than 5

• Measure differential cross 
section in 4 variables

• Anomalous coupling limits 
set using mZg distribution



Top pair production measured very
precisely: ~ 2.5% precision in dilepton eµ
channel
Strong evidence for the production of four 
top quarks

• Run 3 should allow the observation of 
this spectacular process by both 
experiments

Top Pair and Top Quadruplet Production

23



Candidate Event: Four Top Quarks
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Measure top quark polarization in 
single top events: test V-A nature 
of Wtb vertex 

SM predicts the polarization of the W
boson in top quark decays as a
function of the top mass

• Excellent agreement with the 
prediction of the SM 

Electroweak Physics and the Top Quark

25

CERN-EP-2021-263



Very large sample of top quarks allows for
stringent limits on rare top decays and 
FCNCs in top decay (down to BRs ~10-5)

Results interpreted in the context of top 
quark–vector boson operators in Effective 
Field Theories

Rare Decays and Limits on EFT Operators
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EFT Interpretations of Electroweak, Top quark
and Higgs boson Measurements

BSM 
Physics

From I. Brivio, 
S. Dawson

If physics beyond the Standard Model exists above the 
energy scale of the LHC, it could still impact the results 
of various measurements:
• Can be sensitive to small deviations thanks to high 

precision of many measurements

• Deviations can be amplified in high-pT tails of 
kinematic distributions 



Combinations of different 
measurements will increase 
sensitivity to possible higher 
order operators
Challenging to perform these 
combinations in a coherent way 
with all correlations 
• Some operators will impact both

the signal and background 
(shape and/or normalization) 

• Some examples of coherent
treatment in:

• ATLAS HWW and WW    
(ATL-PHYS-PUB-2021-010) 

• CMS Hgg and gg continuum 
(HIGG-2019-13)

Towards Global EFT Combinations

28

Large scale global combination effort 
between ATLAS and CMS has started: 
will include top, Higgs and electroweak 
measurements 

CERN-TH-2020-202



LHC EFT Working Group 
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A LHC working group associated with the LPCC was created 2 years ago:

• Next General Meeting soon:  Monday May 23 2022 
• Indico agenda: https://indico.cern.ch/event/1136803/
• Status of global combinations mentioned before will be covered



Conclusions

The Run 2 dataset has allowed LHC experiments to observe new electroweak 
production processes, some sensitive to the quartic couplings

New Higgs production processes were observed in Run 2 and evidence is 
emerging of the Higgs coupling to 2nd generation particles. Couplings to 
bosons measured with precision of 5%, top and tau fermions in the 7-12% 
range

The very large top quark data sample has been used to perform precision 
tests of the Standard Model.  New top mass measurement precision at the 
level 0.2%.  Great laboratory for tests of electroweak theory

The results presented in this talk use 5% of the total dataset that is planned 
for the LHC.  Combination of precision SM measurements using Run 2 and 
future datasets will allow for powerful searches for new phenomena in the 
framework of Effective Field Theories
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Search for Higgs decay to muons 

A new frontier: the 2nd generation
• Challenging! small couplings in the SM and large backgrounds 

• Full Run 2 dataset search for Higgs à µµ

• Results: ATLAS: 2.0σ (obs), 1.7σ (exp),  CMS 3.0s (obs), 2.5s (exp)
Results consistent with SM prediction, stats-limited à looking forward to Run 3
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Electroweak production of (single)
top quarks studied in 3 main
production modes (t-channel, s-
channel and Wt production) 

Program of cross section
measurements of associated 
production of top quarks and EWK 
bosons underway

EWK production and Associated Production with an EWK Boson
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Observation of ttH Production 

Coupling of Higgs to top quark probed 
through ggH production but assumes 
no other contribution in production loop

• ttH production probes coupling 
more directly and tests particle 
loop content

• Process now observed in very 
rare ttH(gg): now most sensitive 
channel after Run 2

• First studies of CP properties of  
t-H interaction performed. Run 3 
dataset will significantly improve 
sensitivity
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“Simplified Template Cross Sections” (STXS)

35CERN-EP-2020-164 Sub. to JHEP CERN-EP-2020-117  Sub. to PLB

STXS probe Higgs production in 
kinematics bins that can be 
combined between channels 



Impact of various coefficients on kinematic regions (in STXS framework):

Example: ATLAS Higgs EFT fit using Simplified Template Cross 
Sections
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Effective Field Theory Interpretations
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Right:
EFT fit to Higgs Simplified Template  
Cross Section combination 

Below:
ATLAS and LHC EFT WG preparing for 
large global EFT fits using wide variety 
of measurements

From V. Sanz



Electroweak Multiboson Production 
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Observation of Vector Boson Scattering in ZZjj

Higgs boson regularizes the weak boson scattering cross section at high energies

ZZjj analysis exploits decays to four charged leptons (ℓℓℓℓ ) and (ℓℓnn)

Multivariate analysis to separate EW signal from backgrounds (e.g. QCD ZZ)

Observed (expected) 
significance for EW 
production: 5.5σ (4.3σ)
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Figure 1: Typical diagrams for the EW (first row) and QCD (second row) production of Z Z j j.

2 ATLAS detector70

The ATLAS experiment [11, 12] at the LHC is a multi-purpose particle detector with a forward-backward71

symmetric cylindrical geometry and a near 4⇡ coverage in solid angle.1 It consists of an inner tracking72

detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field,73

electromagnetic and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers74

the pseudorapidity range |⌘ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation75

tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy76

measurements with high granularity. A hadron (steel/scintillator-tile) calorimeter covers the central77

pseudorapidity range (|⌘ | < 1.7). The end-cap and forward regions are instrumented with LAr calorimeters78

for both EM and hadronic energy measurements up to |⌘ | = 4.9. The muon spectrometer (MS) surrounds79

the calorimeters and is based on three large air-core toroidal superconducting magnets with eight coils each.80

The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon81

spectrometer includes a system of precision tracking chambers and fast detectors for triggering. A two-level82

trigger system [13] is used to select events for o�ine analysis. The first-level trigger is implemented in83

hardware and uses a subset of the detector information. This is followed by the software-based high-level84

trigger, reducing the event rate to about 1 kHz.85

3 Data and simulation86

The data sets for this analysis were recorded using single and multi-lepton triggers. The transverse87

momentum (pT) thresholds of these triggers vary from 8 to 26 GeV, depending on the lepton flavour and88

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.

June 29, 2019 – 20:25 4
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ATLAS also observed 
vector boson scattering at:

• 6.9σ in WW channel

• 5.3σ in WZ channel

à All VBF VV channels 
have now been observed

arXiv:2004.10612



Combination of ATLAS and CMS for systematic uncertainty scenario 2
• Theory uncertainty remains the largest component for most measurements

HL-LHC: Branching Ratios and Cross Sections  

40



Combined results for ATLAS and CMS for systematic uncertainty scenario 2
• Coupling ratios on the right allow for reduced uncertainties in general 

HL-LHC: Couplings and Coupling Ratios  
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Combined results for ATLAS and CMS for systematic uncertainty scenario 2
• Coupling ratios on the right allow for reduced uncertainties in general  

HL-LHC: Couplings and Coupling Ratios  
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Where we are now: recent developments

CP properties: CP-odd 
component to couplings with 
fermions?

• Recent result from CMS 
using tau polarization 
information 
• challenging!

• Analysis excludes pure CP-
odd coupling at more than 
3s C.L.

CMS-REF
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Note: analyses using ttH production by ATLAS and CMS exclude pure CP-odd top 
coupling at more than 3s C.L.



Tension from LEP in ratio of decays 
of W to taus vs electrons and muons

New results from CMS consistent with 
SM expectation

Consistent with recent ATLAS results 
for Rt/µ

Large LHC samples allow for 
improved precision over LEP

Tests of Lepton Universality in W Decays
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