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The SM : a theoretical success
■ Founded on gauge invariance principles

□ SU(3) ⨉ SU(2) ⨉  U(1) ⟹ EW and strong 

interactions


■ Is completed with a scalar sector (Higgs)

□ new complex scalar doublet with a potential 

with a v.e.v. ≠ 0


■ Is a renormalizable QFT that is valid up to 
the Planck scale
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The SM is a beautifully elegant theory 
of Nature’s mechanisms
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The SM : an experimental success
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Standard Model Production Cross Section Measurements

Astonishing capability to 
describe the observations of 

collider experiments

■ The SM is a solid theory well 
corroborated by experiments


■ Are we back to the end of the 
XIX century where “it seems 
probable that most of the grand 
underlying principles have been 
firmly established” (Albert 
Michelson) ?
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So why BSM?

■ Astrophysical observations and cosmological considerations

□ dark matter

□ matter/antimatter asymmetry

□ isotropy and homogeneity of early universe (→ inflation)


■ Theoretical limitations or puzzles

□ vacuum stability

□ hierarchy problem

□ neutrino masses

□ why 3 families?

□ …
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The SM cannot explain our Universe

Physics beyond the SM needed to address these questions 

Several limitations of the SM

From SM elegance to the caos of BSM models
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Astrophysical motivations: dark matter

■ Clear astrophysical evidences for dark matter…

□ the gravitational behaviour differs from the one expected from 

visibile matter


■ … but no suitable dark matter candidate in SM!


■ DM is 85% of the total matter in the Universe

5

Baryonic matter 
(from X ray emission)

Dark matter 
(inferred from weak lensing)

■ If DM is a particle and has 
minimal interactions with the 
SM particles, search for

□ its annihilaton (astro)

□ its production (collider)

□ its scattering (direct detection)
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A dark sector of the SM
■ Traditional simplified models at the LHC: 

one DM particle and one mediator


■ But a more rich “dark sector” might exist

□ a “dark mirror” or the SM with its own particle 

content and interactions

□ messengers connect the dark sector to the 

SM (e.g. Higgs portals models)

6

SM Dark sector

3m

1m

Figure 1: A schematic depiction of pair production of dark quarks forming two emerging jets.
Shown is an x � y cross section of a detector with the beam pipe going into the page. The
approximate radii of the tracker and calorimeter are also shown. The dark mesons are represented
by dashed lines because they do not interact with the detector. After traveling some distance,
each individual dark pion decays into Standard Model particles, creating a small jet represented
by solid colored lines. Because of the exponential decay, each set of SM particles originates a
di↵erent distance from the interaction point, so the jet slowly emerges into the detector.

3

■ Dark sector and SM weakly coupled → long lifetime of dark 
particles


■ Can be produced at the LHC in pp collisions, decay back to 
SM particles within the volume of the detector 
⟹ emerging jets


■ Challenging signatures for detectors
→ Talk by Guillaume Albouy
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Matter / antimatter asymmetry

■ Sakharov conditions

1. baryon number violation (we expect universe to start symmetric between B and anti-B)

2. CP violation (treat B and anti-B differently to remove antimatter)

3. out-of-thermal equilibrium (suppress inverse processes)


■ The observed asymmetry between baryons and anti-baryons is 1017 larger than the SM prediction

□ no mechanism for baryogenesis can be build within the SM to accommodate this level of asymmetry


■ Physics beyond the SM needed to explain the observed imbalance

7

Where has all antimatter gone?

→ Talk by Christopher Greenberg
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Loop corrections to mH are 
divergent

Theoretical motivations : hierarchy problem

■ Any particle contributing with a large term to mH

□ other massive SM particles are protected by symmetries

□ but no symmetry protects the Higgs boson itself


■ A very accurate cancellation must happen to maintain mH close 
to the EW scale

8
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Theoretical motivations : hierarchy problem

■ Any particle contributing with a large term to mH

□ other massive SM particles are protected by symmetries

□ but no symmetry protects the Higgs boson itself


■ A very accurate cancellation must happen to maintain mH close 
to the EW scale

9

It’s like finding exactly the 
same number of mogettes in 
different jars 

Not forbidden, but highly 
unlikely
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Theoretical motivations : hierarchy problem

■ Any particle contributing with a large term to mH

□ other massive SM particles are protected by symmetries

□ but no symmetry protects the Higgs boson itself


■ A very accurate cancellation must happen to maintain mH close 
to the EW scale
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The Higgs boson mass is 
improbably small

Or like finding a mention of 
mogettes in several talks in a 
particle physics meeting 

Not forbidden, but there is 
likely a hidden reason behind
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Theoretical motivations : hierarchy problem
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=  -1 ⨉
A mechanism to ensure that divergent 

contributions cancels

■ Supersymmetry: each fermion (boson) has a supersymmetric boson (fermion) partner: natural 
cancellation of divergences 

■ Vector-like fermions: new quarks that receive mass with direct mass terms and are non-chiral 
(both L and R charged currents)
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Supersymmetry at the LHC

■ Thoroughly tested at the LHC 
in a multitude of signatures


■ No sign of SUSY particles
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ATLAS SUSY Searches* - 95% CL Lower Limits
March 2022

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Addressing the hierarchy problem

■ Supersymmetry: each fermion (boson) has a supersymmetric boson (fermion) partner: natural 
cancellation of divergences 

■ Vector-like fermions: new quarks that receive mass with direct mass terms and are non-chiral 
(both L and R charged currents)

□ masses around 1 TeV

□ decays to 1 boson + 1 quark

13

=  -1 ⨉
A mechanism to ensure that divergent 

contributions cancels

→ Talk by Ji Eun Choi 
→ Talk by Benjamin Blancon
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Searching for BSM physics at colliders

14

Direct Indirect

BSM searches

Stress-test of the SM 
predictions searching for 

deviations 

Precision

Detection of new 
BSM particles  

Resonances 
New particles
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Searching for BSM physics at colliders

15

Direct

Detection of new 
BSM particles  

Resonances 
New particles

■ “Traditional” searches for 
new states decaying to SM 
particles (WW, ZZ, HH, μμ, 
𝜏𝜏, …)
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Figure 2: The invariant mass distribution of pairs of (left) electrons and (right) muons ob-
served in data (black dots with statistical uncertainties) and expected from the SM processes
(stacked histograms). For the dimuon channel, a prescaled trigger with a pT threshold of 27 GeV
was used to collect events in the normalization region (NR) with mµµ < 120 GeV. The corre-
sponding offline threshold is 30 GeV. Events in the signal region (SR) corresponding to masses
above 120 GeV are collected using an unprescaled single-muon trigger. The bin width grad-
ually increases with mass. The ratios of the data yields after background subtraction to the
expected background yields are shown in the lower plots. The blue shaded band represents
the combined statistical and systematic uncertainties in the background. Signal contributions
expected from simulated GKK and Z0

SSM resonances with masses of 3.5 and 5 TeV, respectively,
are shown.
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Figure 3: Background model fits using the chosen “best-fit” parametrization to data in the
three event classes at

p
s = 13 TeV. The corresponding signal model for each class for mH =

90 GeV, multiplied by 10, is also shown. The one- and two-s bands reflect the uncertainty in the
background model normalization associated with the statistical uncertainties of the fits, and are
shown for illustration purposes only. The difference between the data and the best-fit model is
shown in the lower panels.

ploiting Z ! e+e� events as described in Section 4 and [40, 41], are calculated in the same
bins as the corrections themselves. Uncertainties arising from modeling of the material bud-
get and of nonuniformity of light collection (the fraction of crystal scintillation light detected
as a function of its longitudinal depth when emitted), nonlinearity in the photon energy scale
between data and simulation, imperfect electromagnetic shower simulation, and vertex find-
ing [40, 41], are propagated to the parametric signal model, where they result in uncertainties
in the diphoton efficiency, mass scale, and resolution.
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Figure 6: Expected and observed exclusion limits (95% CL, in the asymptotic approximation)
on the product of the production cross section and branching fraction into two photons for
an additional Higgs boson, relative to the expected SM-like value, from the analysis of the 8
and 13 TeV data. The inner and outer bands indicate the regions containing the distribution of
limits located within ±1 and 2s, respectively, of the expectation under the background-only
hypothesis.

local (1.3s global) significance is observed for a mass hypothesis of 95.3 GeV.

8 Summary
A search for an additional, SM-like, low-mass Higgs boson decaying into two photons has been
presented. It is based upon data samples corresponding to integrated luminosities of 19.7 and
35.9 fb�1 collected at center-of-mass energies of 8 TeV in 2012 and 13 TeV in 2016, respectively.
The search is performed in a mass range between 70 and 110 GeV. The expected and observed
95% CL upper limits on the product of the production cross section and branching fraction into
two photons for an additional SM-like Higgs boson as well as the expected and observed local
p-values are presented. No significant (>3s) excess with respect to the expected number of
background events is observed. The observed upper limit on the product of the production
cross section and branching fraction for the 2012 (2016) data set ranges from 129 (161) fb to
31 (26) fb. The statistical combination of the results from the analyses of the two data sets in
the common mass range between 80 and 110 GeV yields an upper limit on the product of the
cross section and branching fraction, normalized to that for a standard model-like Higgs boson,
ranging from 0.7 to 0.2, with two notable exceptions: one in the region around the Z boson
peak, where the limit rises to 1.1, which may be due to the presence of Drell–Yan dielectron
production where electrons could be misidentified as isolated photons, and a second due to an
observed excess with respect to the standard model prediction, which is maximal for a mass
hypothesis of 95.3 GeV with a local (global) significance of 2.8 (1.3) standard deviations. More
data are required to ascertain the origin of this excess. This is the first search for new resonances
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Unconventional signatures
■ If BSM decays are suppressed, particles 

are long-lived

□ weak decay interaction

□ very compressed spectra (low density of 

final state)


■ Gives rise to many unconventional 
signatures that require an usage of 
detector information beyond its 
traditional purpose

□ highly displaced vertices / tracks

□ slow charged particles

□ disappearing tracks


■ Target dedicates searches are necessary 
to maximise sensitivity 
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→ Talk by Raphael Haeberle
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Searching for BSM physics at colliders

17

Direct Indirect

BSM searches

Stress-test of the SM 
predictions searching for 

deviations 

Precision

Detection of new 
BSM particles  

Resonances 
New particles
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Precision measurements as a probe of BSM

18
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Result
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HFLAV SM Prediction
 0.004±R(D) = 0.298 
 0.005±R(D*) = 0.254 

 = 1.0 contours2χΔ

Average
 0.012± 0.025 ±R(D) = 0.358 

 0.008± 0.010 ±R(D*) = 0.285 
 = -0.29ρ
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• New preliminary average: slightly lower R(D⇤), slightly higher
R(D), reduced correlation

• 3.3� ! 3.2� agreement with SM
• Excellent overall agreement between measurements

1. Introduction 5/44

B! D(⇤)⌧�⌫⌧

B

D∗

W+b

c

ν

µ+/τ+

B

D∗

H+b

c

ν

µ+/τ+

B

D∗

LQ

b

c

ν

µ+/τ+

• In the SM, the only di↵erence between B! D(⇤)⌧�⌫⌧ and
B! D(⇤)µ�⌫µ is the mass of the lepton

• Form factors mostly cancel in the ratio of rates (except helicity
suppressed amplitude)

• Ratio R(D(⇤)) = B(B! D(⇤)⌧�⌫⌧ ) / B(B! D(⇤)µ�⌫µ) is
sensitive to e.g charged Higgs, leptoquarks

+ …

R(D) - R(D*) Muon g-2 W mass

New physics can manifest in quantum loops 
Reach scales not directly accessible at the LHC

■ Requires exceptional control of 
experimental effects ad thorough 
validation and cross-checks
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Effective field theories

■ Modification of SM predictions modelled with 
an “effective” theory

□ not a “good” renormalizable theory: breaks when 

E ~ 𝚲 because new physics appears


□ good “effective” description at low energy


■ Analogous to the Fermi theory of a neutron 
decay 
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High-scale BSM physics studied from low-energy effects

SM

BSM

Direct LHC reach
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What if new physics is out of the direct reach of 
a collider?

Precision SM measurements are effectively searches for BSM physics
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Effective field theories

■ Various choices of the EFT “type” are possible

□ linear (SMEFT: H is a doublet) or non linear (EwChL / HEFT) 

realisations

□ subsets of SM symmetries can be imposed (e.g. flavour) to restrain 

number of parameters


■ Great tool to coherently treat different measurements

□ theoretically sound combination of Higgs, top, EW, …

□ use the full information from collider data (kinematic, rates, …)

□ specific UV models can be mapped to a EFT


■ Highly complex parameter space

□ in SMEFT, 1 dim-5 operator (Maiorana) but O(3000) dim-6 operators!

□ experimentally requires the selection of those with leading effects

□ non trivial treatment of truncation

20

EFT : expansion of SM Lagrangian 
(d = 4) with higher order operators

→ Talk by Christopher Greenberg
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Violation of the SM symmetries

■ Some symmetries in the SM are realised, but not 
protected by “first principles”


■ Lepton number conservation: violated by 
neutrinos oscillations


■ μ → e decay

□ BR ~ 10-54 in the SM 

□ any LFV process can enhance this - up to 10-15 in 

BSM models!
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→ Talk by Nicolas Chadeau

Any strong violation of “accidental” SM 
symmetries is a smoking gun for BSM physics

Search with  μ → e+𝛾  
(coincidence)

Search with  μN → eN 
(mono-energetic e)

Neutrinoless μ → e decay 
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Conclusions
■ The SM is a blessing and a curse

□ beautiful and elegant theory, valid up to the Planck scale

□ but astrophysical, cosmological and theoretical considerations 

call for new physics beyond it

□ no clear theoretical indications of what BSM could be : up to 

experiments to find new hints


■ Broad programme of BSM searches spanning several 
domains of particle physics

□ direct searches

□ precise verification of the SM predictions

□ search for phenomena forbidden by the SM


■ A sea of possibilities to be explored experimentally!
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