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The very big Question

• How to describe nature in one theory: 

• General Relativity - the theory describing the nature 
at large scales (incl. Cosmology) 

• Quantum Field Theory - relativistic description of 
quantum mechanics for small scales (incl. Standard 
Model of Particle Physics)  

➡ Something must happen at the Planck Scale ~1019 GeV
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The very big Question

• Theoretical studies trying to approach this fundamental 
problem 

• String Theory, Loop Quantum Gravity,… 

➡ “Theory of Everything” 

• Beyond every experimental (currently) accessible energy 
Scale 

• Search for new Physical phenomena “at the edge” of the 
existing theoretical description  
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The Standard Model of Particle Physics 

• The Standard Model 
of Particle Physics is 
a success story 

• Development took 
decades of hard 
experimental and 
theoretical work 

• Key features of the 
Standard Model were 
not immediately 
accepted as truth
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The Standard Model of Particle Physics 

• Free parameters in the Standard Model 

• The “original” Standard Model has 18 free parameters: 

• 3 lepton masses (e,μ,τ) 

• 6 quark masses (u,d,c,s,t,b) 

• 4 CKM-matrix (three mixing angles and one CP-violating phase) 

• 3 coupling constants (U(1), SU(2), SU(3)) 

• 2 Higgs parameter (Higgs mass and vacuum expectation value) 

• These parameters are reasonably well measured  
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The Standard Model of Particle Physics 

• Experimental observations towards physics beyond the standard 
model (Neutrino oscillations)  

• 3 mass terms for neutrino masses 

• 4 PNMS-matrix (three mixing angles and one CP-violating phase) 

• more possible extensions of the Standard Model 

• 2 Majorana phases in the neutrino sector 

• 1 strong CP phase (plus axion field to set it to cancel it) 

• 25 to 28 (maybe or more) free parameters 
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Observations

• 15 out 18 parameters of the “original” Standard Model 
are related to the Higgs mechanism 

• 9 parameters for the fermion masses generated via 
coupling to the Higgs field 
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Observations

• 15 out 18 parameters of the “original” Standard Model are 
related to the Higgs mechanism 

• 9 parameters for the fermion masses generated via coupling to 
the Higgs field  

• 4 parameters for the CKM Matrix - three angles and one phase 

• 2 parameters related to the Higgs boson itself  

• Higgs boson plays a significant role in the Standard Model 

• Interactions are different to know gauge field interactions
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The Higgs Boson

• Higgs boson was 
only discovered 
recently 

• All measurements 
are consistent 
with the 
expectations 
from the Standard 
Model Higgs 
Boson 

Figure 2: Higgs potential. Potential energy density V (�) associated with the Higgs field �, as
a function of the value of �. The red curve shows the potential within the Standard Model. The
Higgs field has a value corresponding to a minimum of the potential and the region highlighted
in black represents our current experimental knowledge of the potential. Alternative potentials
that di↵er substantially from the Standard Model away from that minimum (e.g. the blue curve)
would be equally consistent with current data.

Remarkably, interactions with the Higgs field also provided a consistent theoretical mechanism
for producing fermion masses: each fermion interacts with the Higgs field with a di↵erent strength
(or “coupling”), and the stronger the interaction, the larger the resulting mass for the particle.
Within the Standard Model the interaction is known as a “Yukawa” interaction [14]. Thus any
question about the origin of the masses of fermions reduces to a question about the origin of the
fermions’ interactions with the Higgs field.

Why is the Higgs field non-zero in the first place? According to the Standard Model there is
a potential energy density associated with the value of the Higgs field and the lowest potential
energy corresponds to a non-zero value of the Higgs field. The Standard Model potential has a form
dictated by internal consistency conditions. With some simplifications, labeling the magnitude of
the Higgs field as �, the potential has the form

V (�) / ��
2 +

1

2
�
4
. (1)

This is illustrated by the red line in Fig. 2. The minimum of the potential, i.e. the energetically
most favourable choice for �, lies at a value of � that is non-zero, � = 1. An important implication
of the Higgs field’s non-zero constant value is the impossibility to carry angular momentum, or
more technically having “spin 0”. A non-zero value for the spin would break at least one of the
well-tested space-time symmetries. Hence, the excitation of the Higgs field, the Higgs boson, must
be a spin-0 particle and is in fact the only known fundamental particle with this property.

One of the reasons for the central importance of the discovery of the Higgs boson was that it
finally made it possible to start testing the remarkable theoretical picture outlined above. It is
not possible to probe the interactions of a given particle with the Higgs field. However, one can
instead measure a particle’s interaction with the excitations of the Higgs field, i.e. with a Higgs
boson. If the Standard Model provides the correct picture for the generation of mass, the strength
of any particle’s interaction with the Higgs boson has to be directly related to that particle’s mass.

Aside from providing a powerful way of testing the Higgs mechanism, the interaction of the
Higgs boson with other particles is intriguing because it implies the existence of a “fifth force”,
mediated by the exchange of Higgs bosons. The fact that such a force is stronger for heavier
particles makes it qualitatively di↵erent from all other interactions in the Standard Model, whose
interaction strengths come in multiples of some basic unit of charge, like the electron charge for
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• The current knowledge of the 
Higgs potential is limited and 
leaves room for new physics
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The Higgs Boson

• 2 out of the 15 parameters of the Higgs boson are directly 
related to the Higgs Potential: 

• V(Φ)= ½ μ φ†φ + ¼ λ (φ†φ)2.   

with ±v = ±√(- μ2 / λ) being being the vev and mh=√-2μ2  
 

V(Φ)= ½ mh2 h + λ v h3 + ¼ λ h4
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Fig. 6: The center-of-mass dependencies of the cross sections for the main Higgs production processes
at an e+e� collider. The values shown correspond to unpolarized beams and do not include the effects of
initial-stare radiation (ISR) or beamstrahlung.

Table 2: The leading-order Higgs unpolarized cross sections for the Higgs-strahlung, WW-fusion, and
ZZ-fusion processes for mH = 125 GeV at the three center-of-mass energies discussed in this document.
The quoted cross sections include the effects of ISR but do not include the effects of beamstrahlung. Also
listed are the numbers of expected events including the effects of beamstrahlung and ISR. The impact of
beamstrahlung on the expected numbers of events is relatively small, leading to an approximately 10%
reduction in the numbers of Hnene events at

p
s > 1 TeV. The cross sections and expected numbers do

not account for the enhancements possible from polarized beams.

350 GeV 1.4 TeV 3 TeV

Lint 500 fb�1 1500 fb�1 2000 fb�1

s(e+e� ! ZH) 134 fb 9 fb 2 fb
s(e+e� ! Hnene) 52 fb 279 fb 479 fb
s(e+e� ! He+e�) 7 fb 28 fb 49 fb
# ZH events 68,000 20,000 11,000
# Hnene events 26,000 370,000 830,000
# He+e� events 3,700 37,000 84,000

can be accumulated. The ZZ fusion process e+e� ! He+e� has a cross section that is approximately an
order of magnitude smaller than the WW fusion process, is also a significant source of Higgs bosons.

The measurement of the absolute coupling of the Higgs boson to the Z, which can be obtained from
the recoil mass distribution in HZ ! He+e� and HZ ! Hµ+µ� (see Section 2.1), plays a central role
in the determination of the absolute Higgs couplings at a linear collider. For this reason, it might seem
surprising that no significant running is considered at

p
s = 250 GeV, which is close to the maximum

of the Higgs-strahlung cross section (see Figure 6). However, the reduction in cross section is, in part,
compensated by the increased instantaneous luminosity achievable at a higher center-of-mass energy; the
instantaneous luminosity is expected to approximately linearly scale with the center-of-mass energy. For
this reason the precision on the coupling gHZZ at 350 GeV is comparable to that achievable at 250 GeV
for the same period of operation, as indicated in Table 3. Furthermore, for the majority of final states, the
measurement s(HZ)⇥BR(H ! X) would be slightly more precise at

p
s = 350 GeV. Initial operation

at
p

s ⇡ 350 GeV also allows access to Higgs production through the WW fusion process, providing
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The Higgs Boson

Further fundamental questions related to the Higgs Boson 

• Naturalness problem:   

• Which order is the electroweak phase transition 
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transition which occured about a nanosecond after the Big Bang at the critical
temperature Tc ⇠ 160 GeV. To reconstruct the Higgs potential at that time,
calculations are performed within the so-called finite temperature e↵ective field
theory. The dominant temperature correction to the classical Higgs potential
of Eq.3 is proportional to T 2, leading to the e↵ective potential [8]

V (T,H) = V (H) + b T 2H2 = (µ2 + b T 2)H2 + �H4, (13)

where b is a coe�cient which depends on the couplings of the SM particles to
the Higgs field. The combination µ2 + b T 2 = ��v2 + b T 2 plays the role of the
↵ parameter of the ferromagnet energy in Eq. 1. It is positive for T > Tc, zero
for T = Tc (yielding Tc =

p
�v2/b) and negative for T < Tc. This potential is

shown in Fig.3a. For T > Tc the potential is symmetric with the minimum at
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Figure 3: Higgs potential for several temperatures compared with the critical
temperature Tc for a) second order phase transition. b) first order phase tran-
sition.

H = 0 (the vacuum of the very early Universe). At T = Tc the valley becomes
very flat and as soon as T < Tc, the potential develops two minima, one at
H > 0 and the other one at H < 0. Finally, for T = 0 the minima (which
move away from H = 0 during cooling) arrive at H = ±v/

p
2 and the potential

becomes identical with the one in Fig.2b. This kind of phase transition is called
second order (like the ferromagnetic phase transition).

Another possibility is the first order phase transition (like the boiling of
water) depicted in Fig.3b. In this case we have three degenerate minima at
T = Tc: the original one at H = 0 and the two minima at nonzero H separated
by a barrier from the central minimum. At some T < Tc the Universe tunnels
through the barrier and takes its position at one of the two minima with nonzero
value of the Higgs field. The first order scenario could be realized through the
next order temperature correction to V (T,H) of Eq. 13. As calculations show
[9], the electroweak phase transition is neither first nor second order but a
crossover9 in the SM, however, it could be a first order transition in models
beyond the SM.

9
The three transitions di↵er in the temperature dependence of the order parameter: there
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1 Introduction

The Higgs field in the Standard Model (SM) is fun-
damental to ensure its renormalizability and unitarity.
However, as pointed out by Susskind [1], there are self-
energy corrections to the Higgs propagator which would
require an incredible fine-tuning of 10�34 parts in 1,
if we assume that the limit of validity of the SM is
at the Planck scale. This problem does not appear in
other theories which present Naturalness. The concept
of Naturalness was defined by Susskind as when the
behavior of the world at ordinary energies is not ex-
ceedingly sensitive to the values of the fundamental pa-
rameters [2]. Theories with scalar fields present unnat-
uralness because the mass of the scalar, a phenomeno-
logical parameter, exceedingly depends on the cutoff of
the theory. In the context of the Standard Model, we
can see this, after a regularization and a renormaliza-
tion scheme, via the corrected mass of the Higgs boson
[3,8]
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Further fundamental questions related to the Higgs Boson 

• The Higgs Potential and the relation to the 
Cosmological Constant: V= VHiggs+V0  
VHiggs ~ ¼ λ v4 ~ 1.2 x 108 GeV4 ~ 1044 eV4 

VCC~ (0.003)4 eV4 ~ 10-10 eV4 

• Is the vacuum stable? 

• Is the Higgs boson  
related to the Inflaton?

The Higgs Boson

15

8 Is our vacuum stable?

In this section we assume no new physics until the Planck scale vmax ⇠ 1019 GeV
where quantum gravity becomes important.

The quantum potential V Q(H) is equal to the classical potential V (H) in the
region H ⇠ Hvac = v/

p
2 (cf. Eq.16). The full calculation10 shows, however,

that there is a di↵erence between the classical and quantum potentials for H �
Hvac. In particular the top quark induces the crucial change in the behaviour of
V Q(H) which starts to fall and might (or might not) become negative at some
Hc (see the red line in Fig.5). We do not know for sure since the exact answer
is very sensitive to uncertainties in the value of the top quark mass mt and the
Higgs mass Mh.

Three scenarios are possible: stable, metastable and unstable. In the stable
scenario (blue line in Fig.5) the Universe lies safely in our current vacuum which
is the global minimum of the potential at Hvac = v/

p
2. In the metastable case

(red line) there is another, true minimum, and the Universe might tunnel out
from our local minimum (false vacuum) into the true vacuum state with a small
probability. The unstable scenario looks qualitatively like the metastable one
except that there is a significant probability for the Universe to tunnel to the
true vacuum within its own age. The most recent SM calculations [15, 16]

V(H)

H

Metastable

Stable
Classical

Our vacuum
True vacuum

cH

Figure 5: The classical potential (green) and two scenarios for the quantum
potential, stable (blue) and metastable (red). In the stable scenario our vacuum
is in the global minimum of the potential. In the metastable case our vacuum
sits in the local minimum while a true, deeper minimum exists. Note: graph
not to scale. The local maximum of the classical potential at H = 0 is too small
to be seen here.

indicate that the metastable scenario might apply - there is a value of the Higgs
field, Hc ⇠ 1011 GeV, beyond which the Higgs potential becomes negative and

10
This involves many subtle points including the so-called renormalization which fixes the

unknown bare parameters µ
2
0 and �0.
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The Higgs Boson - take home messages

• The discovery of the Higgs boson is not the end of the story  

• The Higgs boson is the only fundamental scalar particle  

• Studying the Higgs boson in more detail - precision measurements - 
to understand its nature has the highest priority  

➡ Construction of a Higgs-factory 

➡ Which parameters can be measured? 

➡ Every deviation from expectation is a clear hint of new Physics  

➡ What can we learn from studying a fundamental scalar



Neutrino Physics

• The neutrino sector of the Standard Model is the  
least well-measured part of the Standard Model 

• 3 masses - 4 entries in the PNMS matrix - maybe 2 Majorana phases 

• We know the neutrino has a mass 

• No absolute value (only upper limit) and ambiguity of the ordering of masses 

• Measurement of mixing values ongoing, including CP-violating phase 

• The neutrino is the only fundamental particle that can be its antiparticle 

• A possible explanation for small mass scale (seesaw mechanism) 

• Heavy right-handed neutrinos as dark matter candidates? 



The CKM Matrix and Flavour Physics

• Phase in CKM Matrix is 
currently the only source for CP 
violation in the Standard Model 

• CP violation is a crucial 
ingredient to reaching a 
matter-antimatter asymmetry 

• CP violation in CKM is not 
enough to reach the 
observed asymmetry 

• additional sources needed 

• flavor precision 
measurements (B, K) offer a 
unique window for BSM 
physics 

• sensitivity to several O(104) 
TeV via indirect measurements
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• The strong sector of the Standard Model offers an option for CP-violation 

•  Additional term in Lagrangian provides CP violating 

• CP in strong sector experimentally not observed 

• Why are Θ and Θ’ equal to zero, or are the terms in the Standard Model 
allowed but not realized? 

• Dynamical solution with an additional axion field provides an elegant solution  

• Axion and generic axion-like particles (ALPS) are also a valid dark matter candidate 

• Generic ALPS searches at accelerators possible 

The strong CP problem - search for ALPs

19



Dark Matter

Standard Model  
Particles 

Dark Matter Production

Indirect Dark Matter Detection

D
irect D

ark M
atter D

etection

My favourite - search for dark matter

• Undisputed observation of Dark Matter  
at a large range of astrophysical scales  

• Observation based on gravitational interaction only 

• Hypothesis for unobserved dark matter particles is well-justified  

• Requires interaction stronger than gravitational interaction  

• Searches with orthogonal approaches and different strengths 

• Convincing dark matter claim requires observation with orthogonal 
approaches   

➡ Astrophysics
20



Physik beyond the Standard Model - SUSY

21
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∞ + HT: arXiv:1707.06193 (max. exclusion) [36 fb°1]

∞ + MET: arXiv:1711.08008 (max. exclusion) [36 fb°1]

∞∞: arXiv:1903.07070 (max. exclusion) [36 fb°1]

∞ + HT: arXiv:1707.06193 (max. exclusion) [36 fb°1]

∞ + MET: arXiv:1711.08008 (max. exclusion) [36 fb°1]
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137 fb°1 (13 TeV)

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities ¢M and x represent the absolute mass diÆerence between the primary sparticle and the LSP, and the diÆerence between the intermediate
sparticle and the LSP relative to ¢M , respectively, unless indicated otherwise.

• High energy is the key for 
Physics beyond the Standard 
Modell

Schrödinger’s 
Cat 



My personal summary

• It’s good to have a science-based discussion 

• The discovery of the Higgs completes the Standard Model 

• The Higgs sector offers a broad range of open questions (and possible 
solutions)  

• The neutrino sector is the least well-measured part of the SM 

• The interplay between direct and indirect searches is crucial to move the 
field forward 

• “I only believe it when it's on the mass shell” 

• More ideas than resources → Priority setting


