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Lecture 1: Basic Concepts, the LHC and precision measurements with Drell-Yan W and Z processes.  


Lecture 2: Associated and multi- Vector boson production, and top quark 

Lecture 3: Higgs Physics


Lecture 4: More Higgs Physics and Global interpretation
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- Disclaimer: These lectures will be focused mostly on ATLAS and CMS (LHCb covered by Marco 
Gersabeck and QCD and jet physics covered by Peter Uwer)


- Excellent resources for keeping up-to-date with the latest results:  Physics Briefings from 
ATLAS and CMS.

Experimental SM and Higgs Physics at LHC



The Standard Model of Particle Physics

The Gauge sector of the Lagrangian density: 

Beauty: simplicity of these expressions, and 
interactions governed by gauge symmetries 
only 3 (EW) and 2 (QCD) parameters!

Ugliness: number of free parameters (26 altogether) 
not governed by symmetries

The Higgs Mechanism… postulates the Higgs field!

Back to the SM Lagrangian



åThe Higgs Field and Fundamental Questions

The Higgs particle is related to most of the fundamental questions we have about nature

The Higgs particle completes the Standard Model (SM) a theory that now explains all our observations at colliders.

- The origin of the asymmetry between matter and anti-matter in the universe? CP Violation and EW Phase transition

- Why is the electric dipole moment of the neutron so small? Answers involve a scalar field the axion The Strong CP problem

- The nature of Dark Matter , is the Higgs responsible for its mass?

- Why do electrons have precisely the same charge as the protons? Grand Unification

- The nature of neutrinos, their masses and the widely different masses between fermions. Flavour Hierarchy problem

However the SM is very far from explaining everything!

- The (origin of) Higgs mass is one of the greatest mysteries of fundamental physics! The Naturalness problem

- Gravity at small distance scales - attempted descriptions also often imply a fundamental scalar field the Dilaton

- What fuels inflation - involves the existence of a fundamental scalar, the inflaton?  
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- The nature of Dark Energy The cosmological constant problem



The Higgs and the Nucleon Masses

938.27208816(29) MeV/c2939.56542052(54) MeV/c2

4.7+0.5
−0.3 MeV/c2

2.2+0.5
−0.4 MeV/c2

The proton and the neutron are the same 
particle (same strong isospin double)…

The neutron-proton with a mass 
difference of ~0.1% 

95% of the mass of nucleons from quark condensates and confined quark and 
gluon kinetic energies.


 1% from electromagnetic effects (slightly larger for proton) 


 4% from its constituent quarks 

With even just slightly different masses, nuclei as we know them would not be stable…
This tiny difference is due to the Higgs coupling to quarks!

Other important fundamental 
concepts borrowed from quark 
condensates and the strong 
interaction…

https://en.wikipedia.org/wiki/Electronvolt#Mass
https://en.wikipedia.org/wiki/Electronvolt#Mass


An Accurate Analogy

1950 – Landau and Ginzburg

JETP 20 (1950) 1064

1957 – Bardeen, Cooper and Schrieffer 
Phys. Rev. 108 (1957) 1175

Higgs Mechanism

Higgs field

Weak charge

Mass of the W 
and Z bosons

(No dynamic explanation)

Cooper pair 

condensate

Electrically 
charged (2e)

Mass of the 
photon

SC (BCS) Theory

Further reading : L. Dixon, “From superconductors to supercolliders” 

(http://www.slac.stanford.edu/pubs/beamline/26/1/26-1-dixon.pdf)  

The universe
The universe Superconductivity

Is the Higgs boson composite?



Already more than a Decade Ago!
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The international journal of science / 7 July 2022

HIGGS 
AT 10
Probing the 
properties  
of the most  
elusive particle 
in physics

Higgs 10 symposium at CERN

CMS news

ATLAS news

CERN news

https://indico.cern.ch/event/1135177/timetable/
https://cms.cern/cms-updates
https://atlas.cern/Updates/News
https://home.cern/news


H
<latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit>

f
<latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit>

f
<latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="utZja+0HcpJlzuAJv61gSYQ/Kgs="></latexit><latexit sha1_base64="utZja+0HcpJlzuAJv61gSYQ/Kgs="></latexit><latexit sha1_base64="xZWqA82GAlETUSVjk4mppuqMmto="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit>

H
<latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit>

H
<latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit>

H
<latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit>

H
<latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit>

H
<latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit>

H
<latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit>

H
<latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit><latexit sha1_base64="vNrnIUCanOwdP5kMVmXalNG/Lfs="></latexit>

V
<latexit sha1_base64="J96yXKuZEbMxaah77yiM21A8I/k="></latexit><latexit sha1_base64="J96yXKuZEbMxaah77yiM21A8I/k="></latexit><latexit sha1_base64="J96yXKuZEbMxaah77yiM21A8I/k="></latexit><latexit sha1_base64="J96yXKuZEbMxaah77yiM21A8I/k="></latexit>

V
<latexit sha1_base64="J96yXKuZEbMxaah77yiM21A8I/k="></latexit><latexit sha1_base64="J96yXKuZEbMxaah77yiM21A8I/k="></latexit><latexit sha1_base64="J96yXKuZEbMxaah77yiM21A8I/k="></latexit><latexit sha1_base64="J96yXKuZEbMxaah77yiM21A8I/k="></latexit>

mf

v
<latexit sha1_base64="1JdFWxi437c7u1x+Yaj6Ll8hN0s="></latexit><latexit sha1_base64="1JdFWxi437c7u1x+Yaj6Ll8hN0s="></latexit><latexit sha1_base64="1JdFWxi437c7u1x+Yaj6Ll8hN0s="></latexit><latexit sha1_base64="1JdFWxi437c7u1x+Yaj6Ll8hN0s="></latexit>

2m2
V

v
<latexit sha1_base64="voSgPo5Um1j3lbQDVdVGzRQFX3g="></latexit><latexit sha1_base64="voSgPo5Um1j3lbQDVdVGzRQFX3g="></latexit><latexit sha1_base64="voSgPo5Um1j3lbQDVdVGzRQFX3g="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="wwEp1yoE3fYwB8c5cJBi/mEBNo8="></latexit><latexit sha1_base64="wwEp1yoE3fYwB8c5cJBi/mEBNo8="></latexit><latexit sha1_base64="HOkfVLZWa7SZEX/L5JbVxypyVDA="></latexit><latexit sha1_base64="voSgPo5Um1j3lbQDVdVGzRQFX3g="></latexit><latexit sha1_base64="voSgPo5Um1j3lbQDVdVGzRQFX3g="></latexit><latexit sha1_base64="voSgPo5Um1j3lbQDVdVGzRQFX3g="></latexit><latexit sha1_base64="voSgPo5Um1j3lbQDVdVGzRQFX3g="></latexit><latexit sha1_base64="voSgPo5Um1j3lbQDVdVGzRQFX3g="></latexit><latexit sha1_base64="voSgPo5Um1j3lbQDVdVGzRQFX3g="></latexit>

3m2
H

v
<latexit sha1_base64="ja+QdLiVDp/9WiZUHleiXZvg54U="></latexit><latexit sha1_base64="ja+QdLiVDp/9WiZUHleiXZvg54U="></latexit><latexit sha1_base64="ja+QdLiVDp/9WiZUHleiXZvg54U="></latexit><latexit sha1_base64="ja+QdLiVDp/9WiZUHleiXZvg54U="></latexit>

3m2
H

v2
<latexit sha1_base64="YbOP5nh3TY8yKc2dC/gF8y6bs18="></latexit><latexit sha1_base64="YbOP5nh3TY8yKc2dC/gF8y6bs18="></latexit><latexit sha1_base64="YbOP5nh3TY8yKc2dC/gF8y6bs18="></latexit><latexit sha1_base64="YbOP5nh3TY8yKc2dC/gF8y6bs18="></latexit>

Three Pillars of Higgs Physics

Proof of 
condensate!
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This term could 
not exist 

without a vev
vHV

µ
Vµ
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Is the shape of the 
Higgs potential that 

predicted by the 
Standard Model?

Is the Higgs boson responsible for the EW 
symmetry breaking also responsible for the 
masses of fermions?

Is the Higgs boson responsible for the masses 
of all fermions?

All the couplings of the Higgs boson to Standard Model particles 
(except itself) were known before the discovery of the Higgs boson!



Ultimate DetectorsHL-LHC is a Higgs Factory

Outcome of the 2013 European Strategy: HL-LHC! 
European Strategy 2012-2013 Recommendations 

HL-LHC is a Higgs factory ~160 M Higgs events

In comparison Future ee up to ~1.3 M Higgs Events, but much cleaner and « usable » events
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Process ggF HH ttH
13 TeV / 8 TeV 2.3 2.4 3.9

13.6 TeV / 13 TeV 7% 11% 13%

14 TeV / 13.6 TeV 6% 7% 7%

https://indico.cern.ch/event/218030/contributions/450426/attachments/350864/489101/European-Strategy_EPS-ECFA.pdf


Signatures of the Higgs Boson

Gluon fusion process 

Vector Boson Fusion 

W and Z Associated Production

Two forward jets and a large rapidity gap

Top Assoc. Prod.

~8 M events produced

~600 k events produced

~400 k events produced

~80 k evts produced

Production rates at Run 2 (13 TeV) for ~150 fb-1
10

H

H

H

γ, Z

γ

Br(H → WW*) = 22 %

Br(H → ZZ*) = 3 %

Br(H → γγ) = 0.2 %

Br(H → Zγ) = 0.2 %

Br(H → bb) = 57 %

Br(H → τ+τ−) = 6.3 %

Br(H → cc) = 3 %

Br(H → μ+μ−) = 0.02 %

W*, Z*

W, Z

b, c, τ, μ

b, c, τ, μ

Decay branching fractions



Channel

categories Br

ggF  VBF   VH   ttH

Cross Section 13 TeV (8 TeV) 48.6 (21.4) pb* 3.8 (1.6) pb 2.3 (1.1) pb 0.5 (0.1) pb
γγ 0.2 % ✓ ✓ ✓ ✓

ZZ 3% ✓ ✓ ✓ ✓

WW 22% ✓ ✓ ✓ ✓
    ττ           6.3 % ✓ ✓ ✓ ✓

   bb 55% ✓ ✓ ✓ ✓

Zγ and γγ∗ 0.2 % ✓ ✓ ✓ ✓

µµ 0.02 % ✓ ✓ ✓ ✓

Invisible 0.1 % ✓ (monojet) ✓ ✓ ✓

Nano Overview of Main Higgs Analyses at (HL) LHC 

O
bs

er
ve

d 
m

od
es

Remaining to be 
observed

Limits

Most channels already covered at the Run 2 with only 3% (80 fb-1) of full HL-LHC dataset!

~4 M vets produced ~300 k vets produced ~200 k vets produced ~40 k evts produced

*N3LO



The Discovery Channels 



åThe Discovery of the Higgs Boson

The discovery of the Higgs boson is a landmark result in particle physics 

- A textbook discovery (achieved faster than anticipated)

- A gift of nature (a Higgs boson mass maximising the number of channels in 
which to measure its coupling properties)

At the time of the discovery the Higgs boson mass was already 
known to be 125 GeV at 0.5% precision. 3



The Discovery Channels
« Bread and Butter » Mass peak signals: the diphoton channel

- Low signal over background but overall relatively 
high statistics of signal (O(300) at Run 1)


- If observed implies that it does not originate from 
spin 1 : Landau-Yang theorem 


- High mass resolution channel O(1%) allowing data 
driven estimate of background in the sidebands.
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- Channel with High s/b ratio

- Very low rate due to branchings of ZZ and Z 

to leptons! Efficiency is key!

- The trailing lepton is at low pT. 
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 (13 TeV)-1137.1 fbPreliminary 2016 + 2017 + 2018 CMS

Full 
Run 2 !

Full 
Run 2 !



4 muon event 
with mass 124.4 
GeV, one Z mass 
of 89,3 GeV and 
the lower mass of 
33 GeV, one 
electron, four jets,  
lowest pT has 
tighest b-tagging.

s/b ⇠ 30
<latexit sha1_base64="JRZynlKiEfEAKcPxNs8K2Jkp/Bo="></latexit>



First Precision Measurement at the LHC!

• Measurement done exclusively in the 
diphoton and 4-leptons channel.


• Systematics dominated by experimental 
uncertainties.


• Reached at Run 1 a precision of 0.2%.


• Precision reached 0.09% (below permil!)

Higgs boson mass measurement

Similar precision by CMSPrecision foreseen at HL-LHC 10-20 MeV



Fiducial and Unfolded Differential Cross Sections

Differential (fiducial and unfolded) Cross Section Measurements

Partially fiducial and unfolded differential cross section measurement in pT (not updated for illustration)
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Indirect measurement of the b and c Yukawa 
couplings through loop:

Current 95% CL limits on :κc

~4 x SM

~8 x SM

Parametrised 
branchings

Shape only

Branching fractions 
w/ couplings 
dependency

Fiducial and Unfolded Differential Cross Sections

Differential (fiducial and unfolded) Cross Section Measurements

Fiducial and unfolded differential cross section measurement in pT CMS HL-LHC projection (see YR)

From G. Zanderighi HH2019

�19 < c < 24
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Significant at large values of κc

Searches for Higgs production 
with charm tagged are starting.
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CP Properties of Higgs Couplings in  Diboson Channels 
19

Illustration of 5 production 
and decay angles for the 4-
leptons (most sensitive to 
the CP mixing)


Example Measurement from CMS based on amplitudes and 
angular distributions of leptons!

CP odd Higgs couplings to vector bosons only at higher orders 
(expected to be suppressed) 

Similar analysis also done in ATLAS

CP violating fraction for a scalar Higgs of <2% at 68% 
CL (and ~10-20% at 95% CL)



Hybrid Approach: Simplified Template Cross Sections

- Define fiducial cuts at truth particle 
level on the pT of the Higgs (not 
its decay products!) and number 
and kinematics of the additional 
jets or leptons in the events. 


- Define reconstruction level cuts 
corresponding to the fiducial 
volume of interest.


- The definition of the fiducial volume 
is guided both by the TH interest 
and the experimental capabilities. 

Example in the four leptons channel: the goal is to measure as precisely as possible individual 
production processes (ggF, VBF, VH and ttH) in different regions of phase space.

20



Hybrid Approach
Four lepton channel example

Similar measurements can be done in a more exclusive approach 
with more fiducial cuts are defined:

These still rely on assumption of (SM) acceptances but are very 
useful in the case of an EFT approach.

Specific processes total cross sections are extracted from a global fit

These measurements rely on the specific (SM) predicted 
acceptance of each process and the fact that no additional 
production processes are present.

All our couplings measurements are based on this assumption.

21



The Discovery Channels
A discovery channel of a different kind: the WW

WW(lvlv) candidate event

ATLAS

Channel where each of the W decays to leptons, the mass 
resolution is spoiled by the neutrinos! 

Large event rate, but also large backgrounds from the 
WW and top production.

Requires good simulation of backgrounds and control regions in the 
data.

Uses the V-A nature of the W 
coupling that transfers the W spin 
correlation to the electrons.

Run 2



Observation and Measurement of 3d generation Yukawa Couplings
The Run 2 Landmark Results



Higgs boson decays to Taus

VBF process
With two forward jets and a large rapidity 
gap between the jets (due to the color 
singlet exchange in the t-channel 

Background is Z production with two jets, in this 
region of phase space it is difficult to predict! 

Analysis requires data driven methods 
e.g. the embedding of taus in Z to di-
muon events.

Analysis based on several channels depending on 
the decay mode of the tau.

Tau to leptons ~18% (rest is hadrons) 

24

Eur. Phys. J. C 83 (2023) 562

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010/index.html


Higgs boson decays to Taus

VBF process
With two forward jets and a large rapidity 
gap between the jets (due to the color 
singlet exchange in the t-channel 

Background is Z production with two jets, in this 
region of phase space it is difficult to predict! 

Analysis based on several channels depending on 
the decay mode of the tau.

25

Eur. Phys. J. C 83 (2023) 562

Analysis done in large number of categories 
covering ggH, VBF, WH and ZH production 
processes (STXS bins)

With two analyses NN and CB (Cut Based)
Analysis requires data driven methods 
e.g. the embedding of taus in Z to di-
muon events.

Tau to leptons ~18% (rest is hadrons) 

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010/index.html


Higgs Yukawa to taus CP Properties
CP properties of the 
tau Yukawa  
through polarisation 
correlations in 

 decayH → τ+τ−

Boosted  
candidate event

H → τ+τ−

26

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/


The CKM sector CP violation is insufficient for baryogenesis, 
pseudoscalar coupling of the Higgs boson to fermions could 
be an important source of CP violation! Non zero  implies CP violation in the Yukawa 

interaction
κ̃f

�fp
2

�
fh f f + i̃fh f�5 f

�

<latexit sha1_base64="dqNgYXVkRYbO9tSsyNO3RSN18mw="></latexit>

EDMs of the electron (and neutron, proton) are an important 
probe for CP violating effects. Very suppressed in the SM/
CKM (where it arises at four loops).  

de/e < 10�38 cm
<latexit sha1_base64="ZtiYmfw5A+Gx6PF6wZz1lXJmnGA="></latexit>

Larger if neutrinos are Majorana

Higgs Yukawa to taus CP Properties

The electron EDM constraint is weaker for taus ̃⌧ < 0.3
<latexit sha1_base64="3J2V98FrwCGn2h2JQT2y97sRYXI="></latexit>

From J. Brod., U. Haisch and J. Zupan 2013
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<latexit sha1_base64="wqPdyztMmMERqW69aceoj8dJeTY="></latexit>
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<latexit sha1_base64="JqWTxu7EdUixefocgW3fqTn1wXA="></latexit> ����
de
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���� < 1.1 10�29 cm
<latexit sha1_base64="KhETURRSKm2rfS9lq13UZ3Ka+l8="></latexit>

ACME II limit:

Assuming electron Yukawa SM ̃t < 0.001
<latexit sha1_base64="J+frH0CQpzQsYOjUtSd7JeXChiM="></latexit>

Careful, constraints from eEDM are already strong!



Higgs Yukawa to taus CP Properties
28

ϕτ = 9 o ± 5 o (sys) ± 16 o (stat)

Pure CP-Odd hypothesis 
excluded at 3.4σ
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Boosted and 
VBF (using a 
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Using several 
decay modes of 
the taus

Zero Momentum 
Frame

IP directions Tau 
transverse 

spin 
correlation 
sensitive 
variable

Fit the  parameter to the ϕτ ϕ*CP

Use tau polarisation variables in tau 
decays of the Higgs boson!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-032


Higgs boson decays to b-quarks

Analysis based on three main channels targeting WH and ZH 
production, based on the W or Z decays both in the resolved and 
boosted regimes: 


- 0 « leptons » (for neutrino decays of the Z) 

- 1-lepton (W decaying to an electron or a muon)

- 2-leptons (Z decaying to electrons or muons)

29

Analysis is sensitive to Z decays to b-quarks, 
provide an important check.

Main background are V+jets (in particular b-jets) and top 
production, relies on a simulation and ancillary 
measurements, but is controlled in the mass side-bands!

Very important measurement of VZ process with Z to 
b quarks as a check.

Now both the WH and ZH have been firmly established!



Boosting the Higgs Boson!
30

It can play an important role in the measurements of the 
inclusive production at high transverse momentum!

Extremely interesting for indirect NP constraints!

Was thought to be completely impossible!

VBF significance is 3.0 σ (0.9 σ)

ggF significance of 1.2 σ (0.9 σ) 



Higgs boson decays to b-quarks in VBF Production

VBF analysis with Higgs in bb including 
channel with photon

Taking advantage of the VBF with a photon 
topology which reduces significantly QCD 
background which has a destructive 
interference! It is also very useful to trigger on.

Non trivial 
trigger 
requirements!

EPJC 81 (2021)

VBF-photon Fit of signal (and peaking 
background) on smoothly fallen background 

VBF-inclusive Continuous background from 
low selection NN - Z background from 
embedding! 

2.7σ (2.9σ expected)

1.3σ (1.0σ expected)

31

http://Eur.%20Phys.%20J.%20C.%2081%20(2021)%20537


3.0σ  (3.0σ expected)
Evidence!

VBF analysis with Higgs in bb including 
channel with photon

Taking advantage of the VBF with a photon 
topology which reduces significantly QCD 
background which has a destructive 
interference! It is also very useful to trigger on.

Non trivial 
trigger 
requirements!

EPJC 81 (2021)

32
Higgs boson decays to b-quarks in VBF Production

http://Eur.%20Phys.%20J.%20C.%2081%20(2021)%20537


Probing the Top Yukawa Coupling
Outstanding goal of the LHC as likely* the next collider to provide 
a direct measurement would be a future radon collider!

*Possible at an  collider but would require high c.o.m. energye+e−
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Direct probe of the top Yukawa coupling
ttH Analyses at LHC: Massively Complex!

bW bW

b`⌫, bjj b`⌫, bjj

��

bb

ZZ⇤

W+W ⇤�

⌧+⌧�

4`, 2`2⌫, 2`2j

`⌫`⌫, `⌫2j

⌧+h ⌧�h , ⌧+h ⌧�l

- Large number of final states which are typically very 
complex (mixture of b-jets, leptons, taus and 
photons)


- Different backgrounds and different systematic 
uncertainties and therefore also a strength!


top-quark 

top-quark 

b-jet

b-jet

light-jet

light-jet

light-jet

light-jet

Higgs (bb)
b-jet

b-jet

top-quark 

top-quark 

b-jet

b-jet

light-jet
light-jet

lepton

neutrino

Higgs (bb)
b-jet

b-jet top-quark 

top-quark 

b-jet

b-jet

lepton

lepton

neutrino

neutrino

Higgs (bb)
b-jet

b-jet

top-quark 

top-quark 

b-jet

b-jet

light-jet

light-jet

light-jet

light-jet

Higgs lepton

lepton

lepton

lepton
top-quark 

top-quark 

b-jet

b-jet

light-jet
light-jet

lepton

neutrino

lepton

lepton

lepton

lepton

Higgs 

ttH(bb)
Very large backgrounds of 
top pair production 
associated with b jets

ttH(WW, ZZ and tau tau)

Large number of topologies 
intricate reducible 
backgrounds of jets faking 
leptons. 

Dominated by background 
modelling uncertainties

So-called multi-lepton 
channel

*Large increase of cross section from Run 1 to Run 2!
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Direct probe of the top Yukawa coupling

bW bW

b`⌫, bjj b`⌫, bjj

��

bb
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4`, 2`2⌫, 2`2j
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top-quark 

top-quark 

b-jet

b-jet

light-jet

light-jet

light-jet

light-jet

Higgs photon

photon

top-quark 

top-quark 

b-jet

b-jet

light-jet

light-jet

lepton

neutrino

Higgs photon

photon

Most sensitive channel at the time of the ttH discovery

Background and signal modelled using analytic functions.

4.9� (4.2�)
<latexit sha1_base64="co43BK25deM41s2BUPNBzJWa0Xc="></latexit>

Observed 4.9� (4.2�)
<latexit sha1_base64="co43BK25deM41s2BUPNBzJWa0Xc="></latexit>

Expected 

Cross section dominated by statistical uncertainties:

Clear observation!!

In combination with the other channels:

Expected 
Observed 

5.1�
<latexit sha1_base64="qbByFXfzartig+t8YOGrcz/p2nk="></latexit>

6.3�
<latexit sha1_base64="NfqRTjIVXv026oauIo5Ficgy6Yg="></latexit>
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Direct probe of the top Yukawa coupling
ttH Analyses at LHC: Massively Complex!

bW bW

b`⌫, bjj b`⌫, bjj

��

bb

ZZ⇤

W+W ⇤�

⌧+⌧�

4`, 2`2⌫, 2`2j

`⌫`⌫, `⌫2j

⌧+h ⌧�h , ⌧+h ⌧�l

The 2L-SS and 3L-SS are the most sensitive:

- Dominant backgrounds from ttW and ttZ which require a very good modelling! 

- To get there requires an excellent rejection of fake leptons!

36

“Inclusive approach” (still) with 10 channels: 1L, 2L-SS, and 3L as well as 0-, 1- 
and 2-hadronically decaying taus 
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Direct probe of the top Yukawa coupling
ttH Analyses at LHC: Massively Complex!

bW bW

b`⌫, bjj b`⌫, bjj

��

bb

ZZ⇤

W+W ⇤�

⌧+⌧�

4`, 2`2⌫, 2`2j

`⌫`⌫, `⌫2j

⌧+h ⌧�h , ⌧+h ⌧�l
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Above 5 s.d. deviation sensitivity and 4.7 s.d. observed significance! 

Result also covers single-top-
Higgs production modes.
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Direct probe of the top Yukawa coupling
ttH Analyses at LHC: Massively Complex!

bW bW

b`⌫, bjj b`⌫, bjj

��

bb

ZZ⇤

W+W ⇤�

⌧+⌧�

4`, 2`2⌫, 2`2j

`⌫`⌫, `⌫2j
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ATLAS-CONF-2019-045

Similar analysis in ATLAS: 
Normalisation of the ttW 
background is high by 
approximately 2 s.d. (also high in 
CMS): 

An improved description of the ttW 
background is needed to reach 
greater precision in the future. (see 
yesterday’s lecture) 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/
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Direct probe of the top Yukawa coupling in ttH(bb)
ttH Analyses at LHC: Massively Complex!
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Extremely challenging channel
top-quark 
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b-jet
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Very large combinatorial background 4 b-jets in all cases!
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Complex final state requiring a large number of possible topologies!

Full Run 2 Dataset and all topologies, including the 
intricate fully hadronic final state!
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Direct probe of the top Yukawa coupling
ttH Analyses at LHC: Massively Complex!
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Extremely challenging channel
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Very large combinatorial background 4 b-jets in all cases!
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Full Run 2 Dataset and all topologies, including the 
intricate fully hadronic final state!
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ttH Analyses at LHC: Massively Complex!
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Extremely challenging channel
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Very large combinatorial background 4 b-jets in all cases!
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SL as expected is the most powerful equivalent stat-syst contributions

FH Dominated by syst uncertainties

DL Stat still largest 

Direct probe of the top Yukawa coupling in ttH(bb)
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• Expected sensitivity of the channel is 4.1 s.d.

• Observed excess has only 1.3 s.d.

• Compatibility with SM at the level of ~2.6 s.d. (fairly significant deficit evenly 

distributed across years but not as a function of Higgs pT - see STXS 
measurements)


• The ATLAS ttH(bb) in the 1L channel is consistent with the results seen in CMS.

Direct probe of the top Yukawa coupling in ttH(bb)
A closer look
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ttB events with at least one additional jet containing a B hadron 
in the fiducial volume

tt + 2b fiducially close to each other is a separate contribution 
since subject to different systematic uncertainties referred to as 
collinear gluon splitting.

 

Direct probe of the top Yukawa coupling in ttH(bb)



Ancillary Measurement of ttbb by CMS
44

Measurements done in all channels both in the full tt phase 
space with two additional HF jets and in the fiducial phase 
space*.

1 2 3 4 5 6 7 8 9
ættbb [pb]

L+jets
35.9 fb°1

JHEP07(2020)125

Dilepton
35.9 fb°1

JHEP07(2020)125

Dilepton
41.5 fb°1

arxiv:2012.09225

Fully hadronic
35.9 fb°1

PLB(803)2020 135285

CMS Preliminary June 2021

POWHEG+PYTHIA8

aMC@NLO+PYTHIA8(FXFX)

POWHEG+HERWIG++

aMC@NLO+PYTHIA8

Measurement

±stat.

±stat. © ±syst.

This summary of results reports the full phase space 
measurements.

*Additional jet pT requirements are not uniform across measurements.

Associated production of a top quark pair and additional 
two b quarks in the final state



Early evidences for Rare processes



Evidence for H → μ+μ−

ttHWH ZH 

VBF ggH

46



Evidence for Second Generation Yukawa Coupling 

- Approximately 2k events produced but very small signal-to-noise 

- Requires a very accurate description of the backgrounds.

- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Summary of all categories Estimate the background parameters through a fit of an analytical form!

47

Very challenging channel!



Evidence for Second Generation Yukawa Coupling 

Summary of all categories Estimate the background parameters through a fit of an analytical form!
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Result dominated by statistical uncertainty, but watch systematics! 

Expected    

Observed   

2.5σ
3.0σ

CMS Result

μ = 1.19 ± 0.43

JHEP 01 (2021) 148

ATLAS Result

Expected    

Observed   

1.7σ
2.0σ

μ = 1.2 ± 0.6

PLB 812

- Approximately 2k events produced but very small signal-to-noise 

- Requires a very accurate description of the backgrounds.

- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Very challenging channel!

~5%HL-LHC

http://www.apple.com/uk
https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub


ggF VBF 
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Evidence for H → γ*ℓ+ℓ−



Merged electron reconstruction where a calorimeter (electron-like) cluster 
is associated to two tracks and conversions are carefully rejected! 

Evidence for H → γ*ℓ+ℓ−

Key experimental challenge is to go to low dilepton mass this 
required a new reconstruction technique:

~ 1.7% of Br(γγ)

m`+`� < 50 GeV
<latexit sha1_base64="RY1KTHs5T1Gem6oNhoy1AZPNaVg="></latexit>

Search initially made in this case in the 
dimuon channel only (in the low di-lepton 
mass limit the shower of electrons merge).

�
<latexit sha1_base64="Y9OFLjKtBShdL0eNsw8geGsxyPI="></latexit>

Z/�⇤
<latexit sha1_base64="2dhaOsayK8KI6+bhe/WgfFLo+6w="></latexit>

`+
<latexit sha1_base64="bdZJIokR6WGfo0zJr5DQw8gO4f0="></latexit>

`�
<latexit sha1_base64="ygd9NYt+5+2R3mR63Q+Bp3rxzg4="></latexit>

h
<latexit sha1_base64="J16lRymcTpm7oDAUVpEQCJYjwWs="></latexit>
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Expected    

Observed   

2.1σ
3.2σ

- 3 x 3 categories 
(VBF, high pT 
ggF, low pT 
ggF)  (ee 
resolved, ee 
merged, )


- Contributions 
from  are 
removed with a 
mass cut

⊗

μμ

J/ψ

Phys. Lett. B 819 (2021) 136412

https://arxiv.org/pdf/2103.10322.pdf


Searches for the  Decay ModeH → Zγ

h
<latexit sha1_base64="J16lRymcTpm7oDAUVpEQCJYjwWs="></latexit>

�
<latexit sha1_base64="Y9OFLjKtBShdL0eNsw8geGsxyPI="></latexit>

Z/�⇤
<latexit sha1_base64="2dhaOsayK8KI6+bhe/WgfFLo+6w="></latexit>

`+
<latexit sha1_base64="bdZJIokR6WGfo0zJr5DQw8gO4f0="></latexit>

`�
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~ 2.3% of Br(γγ)|H2|W a
µ⌫W

µ⌫a
<latexit sha1_base64="70VT6B36LbHxydW8L2d/hvxsIAw="></latexit>

Field tensor coupling not measured yet!

Z-photon
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Expected    

Observed   

1.2σ
2.2σ

ATLAS Result
ggF and VBF enriched
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Expected    

Observed   

1.2σ
2.7σ

CMS Result
ggF, VBF, VH and ttH enriched

~10%HL-LHC

Combined search yields  observed and  expected 
(consistent with the SM expectation at the ): First evidence!

3.4σ 1.6σ
1.9σ

Combined ATLAS and CMS mass spectrum! 



More Rare Decays and Production
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Invisible decays

2.5%HL-LHC

<11% @ 95% CL

Potentially sensitive 
to charm Yukawa

Potentially sensitive 
to strange Yukawa

Potentially sensitive to 
light Yukawa

Quarkonia-photon

~100 x SM

~200 x SM

~50 x SM

Lepton flavor violating decays

FCNC decays of the top quark

Various decay 
channels of the 
Higgs boson

(diphoton, bb) 

Single top associated production

Tree level 
interference 
between W 
and top



Invisible Higgs Decays 

To be precise: upper limit on the H→invisible 
branching of 0.107 (0.077) at the 95% CL

In the SM the H→invisible branching of 0.1%
Should reach 2% level at HL-LHC! Major milestone for Run 3


