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that made our hearts pounding



1. Dark matter 

2. Baryogenesis & Strong EW phase transition 

3. Neutrino mass  

4. Flavor physics   

5. Stability of the Higgs vacuum



1. Dark Matter



Too familiar: WIMP

• The CMB observations by the Planck satellite 




• DM χ in thermal equilibrium with the SM particles at high T


• As the Universe cools down, χ’s are decoupled.


• To avoid overclose, the relic must be cold, i.e., heavy with respect to the 
temperature where the decoupling occurs. 


• The freeze-out genesis of χ’s
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abundance can be attributed to composite DM as well [20] and, similarly, fundamental
fields can constitute asymmetric dark matter [21].

The production mechanisms of DM are also connected with other particle physics
processes. For example, particle annihilation also implies particle production, which may
be relevant for current and future collider experiments and provide important constraints
for models. Furthermore, the particle interactions relevant for production of DM also
imply DM scattering cross sections with ordinary matter, which can be probed in dedicated
experiments. Finally, the possibly nonzero cross sections of dark matter scattering on itself
are also important for understanding the formation and evolution of galactic halos and the
cosmic collisions of galaxies and galaxy clusters.

Before the discovery of the Higgs, much of the theoretical work in beyond SM phe-
nomenology was focusing on the need to explain the origin of the electroweak scale. In
this type of model, the dark matter arises within the extended particle content and is
naturally connected with the electroweak sector as, for example, the neutralino in the
supersymmetric extension of the minimal supersymmetric SM or a bound state of new
strongly interacting degrees of freedom underlying the composite Higgs sector.

However, with the discovery of the SM-like Higgs boson at LHC [22,23] and no
extended spectrum of excitations, the dark matter problem was placed into focus as the
motivation to extend the SM. This paradigm shift has resulted in active research on the
extensions where the isolated SM is connected to an isolated dark sector via some restricted
set of messenger particles. For DM phenomenology, such a paradigm change was very
welcome: first, it allows for a generalization of DM models beyond simple scenarios of
weakly interacting massive particles (WIMPs) such as supersymmetric DM. Second, it
leads to well-defined benchmarks for experimental testing. Third, it allows for a wider
exploration of DM phenomenology connected more with the experimental searches and
data rather than purely theoretical premises such as naturality or the strong CP problem.

These facts are manifested by the recent developments in the field of observations
relating to DM. There are many astrophysical and cosmological observations as well as an
active experimental program of direct detection experiments contributing to constraining
various hidden sector models. As a motivation for isolated dark matter, there is one
observation which stands out; the observations on colliding galaxy clusters [24], although
there are also caveats [25]. Nevertheless, dark matter decoupled from or interacting only
very weakly with the SM fields implies the observed behavior. Moreover, the observation
of the separation of the dominant sources of gravitational potential and radiating matter
can be used to set bounds on the self-interactions of the dark matter degrees of freedom [26].
Such self-interactions affect the internal dynamics of dark sectors and have observable
consequences [27].

In this review, we will follow, in more detail, the story outlined above, focusing on
the mass range relevant for cold particle dark matter. We will first, in Section 2, consider
the dark matter genesis in the case of weakly coupled thermal relic dark matter. The
main mechanisms to be discussed here are freeze-out and freeze-in mechanisms. Then, in
Section 3, we will consider the general landscape of dark sector models in some more detail
emphasizing the possibilities of how the dark sector couples with the SM. In Section 4,
we will consider strongly coupled composite dark matter, review its main motivations
and discuss main results. In Section 5, we will briefly consider the observational and
experimental landscape and the present constraints as well as some future developments.
We will conclude and summarize in Section 6.

2. Weakly Coupled Thermal Relics

The CMB observations by the Planck satellite [1] show that the relic abundance of
CDM is

WDMh2 = 0.120 ± 0.001, (1)

1. Dark Matter



WIMP: initially populated

WIMP miracle
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where h is the present rate of expansion of the universe in units of 100 km/s/Mpc and
WDM is the present DM energy density. The main question for DM modeling is to explain
how does this relic abundance arises during the course of the evolution of the universe.

One major paradigm of particle DM is that its abundance is set by thermal equilibration
and decoupling in the early universe. In order not to generate too large abundance, the relic
must be cold, i.e., heavy with respect to the temperature where its decoupling occurs. Then
its number density is suppressed, n ⇠ (mT)3/2 exp(�m/T). The DM freezes out as the
interaction rate and the expansion rate of the universe become comparable, ns ⇠ H. As is
well known, the right magnitude of the DM abundance can be produced by m ⇠ 102 GeV
and s ⇠ G2

Fm2 ⇠ 10�8, where GF is the Fermi coupling. The coincidence with the typical
electroweak cross section and mass around the electroweak scale became known as the
‘WIMP miracle’. It should be noted that this needs to have nothing to do with the weak
interaction, but given a cross section s ⇠ g4/m2 with some coupling g merely suggests
a relation

g2
⇠

m
10 TeV

, (2)

and the mass scale m can be whatever. This type of general freezeout scenarios of WIMPs
have received a lot of attention both by the theory and experimental communities.

Cosmic abundance can also be explained by populating the phase space of the DM
candidate by decays and scatterings of SM particles with only tiny interaction with the
DM degrees of freedom. This feebly interacting massive particle (FIMP) [28,29] scenario is
another alternative, where the DM particle needs not thermally equilibrate with the SM
heat bath. In comparison to WIMPs, which require a sufficiently large interaction strength,
making them discoverable in direct searches, the feeble interactions of FIMPs effectively
hide them in direct searches and other detection methods must be applied.

2.1. Computing the Relic Density
The computation of the DM abundance in these scenarios is based on following the

evolution of the particle phase space distribution functions. To illustrate, consider a single
DM particle denoted by c and its phase space distribution function fc(p, t). The time
evolution in the expanding universe is given by the Boltzmann equation [30]

(∂t � Hpc ·rp) fc(p, t) = Â
j

1
Ec

Z
dCc,j, (3)

where t is the time, H is the Hubble parameter, pc is the physical momentum and Ec is the
energy of c particles. The sum on the right hand side is over all processes involved. The
collision term dCc for the process c + a1 + a2 + · · ·+ an ! b1 + b2 + · · ·+ bn is

dCc =� ’
i

dPai ’
j

dPbj(2p)4d(4)(pc + Â
k

pak � Ầ pb`)⇥

⇣
|M|

2
F fc fa1 · · · (1 ± fb1)(1 ± fb2) · · ·� |M|

2
B fb1 fb2 · · · (1 ± fc)(1 ± fa1) · · ·

⌘
, (4)

where the subscript F (B) is a shorthand for the forward process c + a1 + a2 + · · ·+ an !

b1 + b2 + · · ·+ bn (and its inverse). The averaging in the squared transition amplitudes is
taken over both the initial and final states. The usual phase space measure is

dPj =
gj

(2p)3
d3 pj

2Ej
, (5)

where gj is the number of intrinsic degrees of freedom of particle j and pj denotes the
momentum of the particle and Ej its energy. Finally, the phase space distribution of each
particle involved is denoted by f j and the ± signs correspond to bosons and fermions.

Generally the above coupled equations determine the distribution functions of all
particles involved. However, if all other particle species than c are assumed to be in thermal
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Figure 1. A schematic representation of the regions where each of the four mechanisms described in
the text dominate. The observed DM relic abundance is obtained on the dashed gray line, and the
arrows show the gradient for DM abundance. The parameters y and � are the DM coupling to the
visible sector and the DM self-coupling, respectively.

2. Freeze-in mechanism: DM was never in thermal equilibrium with the visible sector,
and the comoving DM abundance freezes to a constant value when the number densi-
ties of visible sector particles producing DM either by decays or annihilations become
Boltzmann-suppressed, ending the yield. This requires usually a very small coupling,
y ' O(10�7) or less, to prevent the dark sector from thermalizing with the visible
sector and to obtain the correct relic abundance.

3. Dark freeze-out mechanism: DM never became in thermal equilibrium with the
visible sector but comprised an equilibrium heat bath within its own dark sector, which
was initially populated by a freeze-in-type yield from the visible sector. In this scenario
DM does not annihilate into visible sector particles but into states of the dark sector.
The dynamics are similar to the usual freeze-out scenario except for the fact that the
two sectors may have di↵erent temperatures.

4. Reannihilation mechanism: A scenario where the dark sector thermalizes within
itself but where the dark freeze-out would occur already before the yield from the
visible sector has ended. The on-going particle production from the visible sector
keeps increasing the DM relic abundance and thus resumes annihilations of dark sector
particles, forcing the comoving number density of DM to freeze out only after the yield
has ended.

In Fig. 1, the dashed gray line illustrates the values of the DM coupling to the visible sector
y and the DM self-coupling � for which di↵erent DM production mechanisms are realized in
a scenario where the dark sector consists of the DM particle only (see also Fig. 3 of Ref. [240]
and Fig. 4 of Ref. [241]). Next, we will discuss all these mechanisms one by one.
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1. Dark Matter



Freeze-in genesis of Dark matter: 
Feebly Interacting Massive Particles

• DM interacts with the SM so weakly that it cannot come into equilibrium  
⇒ Feebly interaction 
⇒ g below 10^(-7)


• The population of χ is initially zero, but can be produced by the decays of the 
heat bath particles

1. Dark Matter



FIMP models

• Moduli with weak scale supersymmetry 


• Higgs portal model 


• Additional U(1) with kinetic mixing 

1. Dark Matter



Simplest FIMP: Higgs portal
• Boltzmann equation for the DM number density  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and the particle yield Y traces the equilibrium yield, Y ' Yeq. Then, as the expansion rate
becomes comparable to the interaction rate, the annihilations become ineffective and the
DM abundance freezes out. Assuming that the DM is nonrelativistic at the freeze-out, the
present-day DM abundance is approximated as [30]

Wch2
' 5.36 ⇥ 109(n + 1)

pg⇤
g⇤s

mc

Tf

GeV�1

MPlhvsci
, (8)

where g⇤ and g⇤s denote, respectively, the effective numbers of relativistic degrees of
freedom in energy and entropy densities and Tf is the freeze-out temperature. The param-
eter n = 0 for s-wave annihilation, and n = 1 for p wave annihilation. This simple DM
freeze-out scenario has notable refinements, such as the coannihilation, the annihilation
into forbidden channels and the annihilation near poles [37], yet further scenarios arise in
the presence of semi-annihilations [38] and the co-scatterings [39].

The important feature in the above equation is that the present abundance is inversely
proportional to the DM annihilation cross section. This is intuitive, since the stronger the
interactions, the longer the DM will remain in equilibrium with the SM and, consequently,
more diluted its abundance will become before finally freezing out.

2.3. Freeze-In
The above analysis was based on the starting point that the DM initially is in equilib-

rium with the SM. To relax this assumption, one takes the DM to interact with the SM so
weakly that it cannot come into equilibrium. The couplings required are of the magnitude
O(10�7) or smaller [40] depending on the explicit model. As a simple example, consider
the case where the abundance of the DM particle c is initially zero, but can be produced
by the decays of the heat bath particles [28,29,41], for example h ! cc where h is an SM
particle coupled with the DM, for example, the Higgs. The DM abundance freezes in as the
number density of h becomes Boltzmann suppressed.

In such a case, assuming that h obeys Maxwell–Boltzmann statistics, the Boltzmann
equation for the DM number density is approximated as

dnc

dt
+ 3Hnc = 2Gh!cc

K1(x)
K2(x)

neq
h , (9)

where Gh!cc is the decay width and neq
h is the equilibrium number density of h. We

also denoted x = mh/T and the functions Kj(x) are the modified Bessel functions of the
second kind.

Again, defining Y = nc/s and assuming a constant number of relativistic degrees of
freedom, we can rewrite the above equation as

x
Yeq

h

dY
dx

= 2
Gh!cc

H
K1(x)
K2(x)

. (10)

The approximate solution is [29]

Wch2
' 4.48 ⇥ 108 gh

g⇤s
pg⇤

mc

GeV
MPlGh!cc

m2
h

, (11)

where gh is the number of intrinsic degrees of freedom of the h field and we assumed
T ' mh. Let us denote the coupling between h and c by y so that Gh!cc ' y2mh/(8p).
Then, assuming that g⇤s ' g⇤, we obtain and estimate for the magnitude of the coupling y
needed to produce the required DM abundance,

y ' 10�12

 
Wch2

0.12

!1/2⇣ g⇤
100

⌘3/4
✓

mh
mc

◆1/2
. (12)
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di↵erent values of the interaction rate between the visible sector and DM
particles � in each case. The arrows indicate the e↵ect of increasing the rate � of the two processes.
In the left panel x = m�/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n�/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ' O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ! ��, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� / exp(�m�/T ). The comoving number density of DM particles � then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.
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Figure 3: Schematic representation of the four possible scenarios involving the freeze-in
mechanism. The left-hand figures show the LOSP/FIMP spectrum with circles repre-
senting cosmologically produced abundances. The large (small) circles represent the
dominant (sub-dominant) mechanism for producing the dark matter relic abundance,
a dotted (solid) circle signifies that the particle is unstable (stable), and a filled (open)
circle corresponds to production by freeze-in (freeze-out). The right-hand figures show
the LOSP and FIMP abundances as a function of time. The initial era has a thermal
abundance of LOSPs and a growing FIMP abundance from freeze-in. The LOSP and
FIMP are taken to have masses of the same order, so that FIMP freeze-in ends around
the same time as LOSP freeze-out. Considerably later, the heavier of the LOSP and
FIMP decays to the lighter.

1. Freeze-in of FIMP DM The FIMP is the DM and the dominant contribution to the
relic DM abundance is generated via the freeze-in mechanism. A small abundance of LOSP
freezes-out which then decays late to FIMP dark matter.

2. LOSP freeze-out and decay to FIMP DM The FIMP is again the DM but now the
dominant contribution to the relic abundance is generated via the conventional freeze-out of
the unstable LOSP which then decays to the FIMP. A sub-dominant component of FIMP
DM arises from freeze-in.

3. FIMP freeze-in and decay to LOSP DM The LOSP is the DM and the dominant
contribution to the relic abundance comes from the freeze-in of a long lived FIMP which
later decays to the LOSP. A sub-dominant component of DM arises from LOSP freeze-out.

4. Freeze-out of LOSP DM The LOSP is again the DM but the dominant contribution to
the relic abundance comes from conventional freeze-out of the LOSP. A small abundance of
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Variety of FIMP scenarios & relic density
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LHC Signatures of Freeze-In & FIMP

• Invisible Higgs decay


• If there exists LOSP heavier than FIMP, long-lived particles 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Baryogengesis ⇒ strong EW phase transition

• Explaining the origin of the cosmic matter-antimatter asymmetry 


• Very probably, it is connected with EWSB


• 2 key ingredients that the SM cannot offer:


• a sufficiently violent transition to the broken-symmetry phase: strong EW 
phase transition 


• adequate sources of CP-violation

2. Baryogenesis



Strong EW phase transition

• New particles with masses typically below one TeV.


• Interactions with the Higgs boson that modify the Higgs potential energy in 
the early universe. 
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Fig. S.2 Left: integrated lepton transverse (dilepton) mass distribution in pp → W∗ → !ν (pp → Z∗/γ∗ → !+!−). One lepton family is included,
with |η!| < 2.5. Right: integrated invariant mass spectrum for the production of gauge boson pairs in the central kinematic range |y| < 1.5. No
branching ratios included

Fig. S.3 Manifestations of models with a singlet-induced strong first
order EWPT. Left: discovery potential at HL-LHC and FCC-hh, for the
resonant di-Higgs production, as a function of the singlet-like scalar
mass m2. 4τ and bb̄γγ final states are combined. Right: correlation

between changes in the HZZ coupling (vertical axis) and the HHH cou-
pling scaled to its SM value (horizontal axis), in a scan of the models’
parameter space. All points give rise to a first order phase transition

satisfied in the SM, but they can be met in a variety of BSM scenarios. CP violation relevant to the matter-antimatter
asymmetry can arise from new interactions over a broad range of mass scales, possibly well above 100 TeV. Exhaustively
testing these scenarios may, therefore, go beyond the scope of the FCC. On the other hand, for the phase transition to be
sufficiently strong, there must be new particles with masses typically below one TeV, whose interactions with the Higgs boson
modify the Higgs potential energy in the early universe. Should they exist, these particles and interactions would manifest
themselves at FCC, creating a key scientific opportunity and priority for the FCC, as shown by various studies completed to
date.

The FCC should conclusively probe new states required by a strong 1st order EW phase transition.
As an example, we show the results of the study of the extension of the SM scalar sector with a single real singlet scalar. The

set of model parameters leading to a strongly first order phase transition is analyzed from the perspective of a direct search,
via the decays of the new singlet scalar to a pair of Higgs bosons, and of precision measurements of Higgs properties. The
former case results in the plot on the left of Fig. S.3: FCC-hh with 30 ab−1 has sensitivity greater than 5 standard deviations
to all relevant model parameters. For these models, the deviations in the Higgs self-coupling and in the Higgs coupling to the
Z boson are then shown in the scatter plot on the right of Fig. S.3. With the exception of a small parameter range, most of
these models lead to deviations within the sensitivity reach of FCC, allowing the cross-correlation of the direct discovery via
di-Higgs decays to the Higgs property measurements. This will help the interpretation of a possible discovery, and assess its
relevance for the nature of the EW phase transition.
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Neutrino mass generation

• Various NP modes to explain the neutrino masses and mixing angles
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Table 14.1: The best-fit values and 3σ allowed ranges of the 3-neutrino oscillation
parameters, derived from a global fit of the current neutrino oscillation data
(from [58]) . For the Dirac phase δ we give the best fit value and the 2σ
allowed range. The values (values in brackets) correspond to m1 < m2 < m3
(m3 < m1 < m2). The definition of ∆m2, which is determined in the global analysis
in [58] is: ∆m2 = m2

3 − (m2
2 + m2

1)/2. Thus, ∆m2 = ∆m2
31 − ∆m2

21/2 > 0, if
m1 < m2 < m3, and ∆m2 = ∆m2

32 + ∆m2
21/2 < 0 for m3 < m1 < m2. We give the

values of ∆m2
31 > 0 for m1 < m2 < m3, and of ∆m2

23 for m3 < m1 < m2, obtained
from those for ∆m2 quoted in [58].

Parameter best-fit 3σ

∆m2
21 [10−5 eV 2] 7.37 6.93 − 7.96

∆m2
31(23) [10−3 eV 2] 2.56 (2.54) 2.45 − 2.69 (2.42 − 2.66)

sin2 θ12 0.297 0.250 − 0.354

sin2 θ23, ∆m2
31(32) > 0 0.425 0.381 − 0.615

sin2 θ23, ∆m2
32(31) < 0 0.589 0.384 − 0.636

sin2 θ13, ∆m2
31(32) > 0 0.0215 0.0190 − 0.0240

sin2 θ13, ∆m2
32(31) < 0 0.0216 0.0190 − 0.0242

δ/π 1.38 (1.31) 2σ: (1.0 - 1.9)

(2σ: (0.92-1.88))

on the Dirac and Majorana CPV phases in the neutrino mixing matrix is available at
present. Thus, the status of CP symmetry in the lepton sector is essentially unknown.
With θ13

∼= 0.15 #= 0, the Dirac phase δ can generate CP violating effects in neutrino
oscillations [54,61,62], i.e., a difference between the probabilities of the νl → νl′ and
ν̄l → ν̄l′ oscillations, l #= l′ = e, µ, τ . The magnitude of CP violation in νl → νl′ and
ν̄l → ν̄l′ oscillations, l #= l′ = e, µ, τ , is determined by [63] the rephasing invariant JCP ,
associated with the Dirac CPV phase in U :

JCP = Im
(

Uµ3 U∗
e3 Ue2 U∗

µ2

)

. (14.9)

It is analogous to the rephasing invariant associated with the Dirac CPV phase in the
CKM quark mixing matrix [64]. In the “standard” parametrization of the neutrino
mixing matrix (Eq. (14.6)), JCP has the form:

JCP ≡ Im (Uµ3 U∗
e3 Ue2 U∗

µ2) =
1

8
cos θ13 sin 2θ12 sin 2θ23 sin 2θ13 sin δ . (14.10)

Thus, given the fact that sin 2θ12, sin 2θ23 and sin 2θ13 have been determined
experimentally with a relatively good precision, the size of CP violation effects in

June 5, 2018 19:50

3. Neutrino



Neutrino mass generation

• Various NP modes to explain the neutrino masses and mixing angles

Parameter best-fit 3

∆m2
21 [10−5 eV 2] 7.37 6

∆m2
31(23) [10−3 eV 2] 2.56 (2.54) 2

sin2 θ12 0.297 0

sin2 θ23, ∆m2
31(32) > 0 0.425 0

sin2 θ23, ∆m2
32(31) < 0 0.589 0

sin2 θ13, ∆m2
31(32) > 0 0.0215 0

sin2 θ13, ∆m2
32(31) < 0 0.0216 0

δ/π 1.38 (1.31) 2
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Neutrino mass generation ⇒ LFV

• How to discriminate several types of neutrino-mass generation models?


• Each model predicts different LFV.


• FCC-ee ⇒ giga-Z project 
 

Eur. Phys. J. C (2019) 79 :474 Page 23 of 161 474

BSM contributions in box mixing processes, assuming Minimal Flavour Violation, will provide another, independent, test of
BSM physics up to an energy scale of 20 TeV.

Tau physics in Z decays was shown to be extremely precise already at LEP; with 1.7 × 1011 pairs, FCC-ee will achieve
precision of 10−5 or better for the leptonic branching ratios and the charged lepton-to-neutrino weak couplings – this allowing
a measurement of GF and tests of charged-weak-current universality at the 10−5 precision level. Finally, lepton number
violating processes, such Z → τµ/e, τ → 3µ, eγ or µγ, can be detected at the 10−9–10−10 level, offering sensitivity to
several types of neutrino-mass generation models.

1 Introduction

In 10 years of physics at the LHC, the picture of the particle physics landscape has greatly evolved. The legacy of this first
phase of the LHC physics programme can be briefly summarised as follows: (a) the discovery of the Higgs boson, and the
start of a new phase of detailed studies of its properties, aimed at revealing the deep origin of electroweak (EW) symmetry
breaking; (b) the indication that signals of new physics around the TeV scale are, at best, elusive; (c) the rapid advance of
theoretical calculations, whose constant progress and reliability inspire confidence in the key role of ever improving precision
measurements, from the Higgs to the flavour sectors. Last but not least, the LHC success has been made possible by the
extraordinary achievements of the accelerator and of the detectors, whose performance is exceeding all expectations.

The future circular collider, FCC, hosted in a 100 km tunnel, builds on this legacy, and on the experience of previous circular
colliders (LEP, HERA and the Tevatron). The e+e− collider (FCC-ee) would operate at multiple centre of mass energies

√
s,

producing 1013 Z0 bosons (
√
s ∼ 91 GeV), 108 WW pairs (

√
s ∼ 160 GeV), over 106 Higgses (

√
s ∼ 240 GeV), and over

106 tt̄ pairs (
√
s ∼ 350–365 GeV). The 100 TeV pp collider (FCC-hh) is designed to collect a total luminosity of 20 ab−1,

corresponding e.g. to more than 1010 Higgs bosons produced. FCC-hh would also enable heavy-ion collisions, and its 50 TeV
proton beams, with 60 GeV electrons from an energy-recovery linac, would generate ∼ 2 ab−1 of 3.5 TeV ep collisions at the
FCC-eh.

The FCC sets highly ambitious performance goals for its accelerators and experiments, and promises the most far reaching
particle physics programme that foreseeable technology can deliver. For example, in direct relation to the points above, the
FCC will:

(a) Uniquely map the properties of the Higgs and EW gauge bosons, pinning down their interactions with an accuracy order(s)
of magnitude better than today, and acquiring sensitivity to, e.g., the processes that, during the time span from 10−12 and
10−10 s after the Big Bang, led to the creation of today’s Higgs vacuum field.

(b) Improve by close to an order of magnitude the discovery reach for new particles at the highest masses and similarly
increase the sensitivity to rare or elusive phenomena at low mass. In particular, the search for dark matter (DM) at FCC
could reveal, or conclusively exclude, DM candidates belonging to large classes of models, such as thermal WIMPs
(weakly interacting massive particles).

(c) Probe energy scales beyond the direct kinematic reach, via an extensive campaign of precision measurements sensitive to
tiny deviations from the Standard Model (SM) behaviour. The precision will benefit from event statistics (for each collider,
typically several orders of magnitude larger than anything attainable before the FCC), improved theoretical calculations,
synergies within the programme (e.g. precise αs and parton distribution functions provided to FCC-hh by FCC-ee and
FCC-eh, respectively) and suitable detector performance.

This volume of the Conceptual Design Report is dedicated to an overview of the FCC physics potential. It focuses on
the most significant targets of the potential FCC research programme but, for the sake of space, not covering a large body
of science that will nevertheless be accessible (and which is documented in various other reports, listed in the Appendix).
The studies presented here, in addition to setting plausible targets for the FCC achievements, have helped in making the
choice of the colliders’ parameters (energy, luminosity) and their operation plans. Furthermore, these studies contributed to
the definition of the critical detector features and parameters, as described in Volumes 2 and 3 of the CDR. While at first
discussing the targets of each collider separately, the second part of this volume puts their synergy and complementarity in
perspective, underscoring the added benefit to science brought by the unity and coherence of the whole programme.

In addition to summarising the outcome of the work done during this CDR phase of the FCC physics studies, for the benefit
of the whole particle physics community, this document is intended to stimulate an expert discussion of the FCC physics
potential, in the context of the forthcoming review of the European Strategy for Particle Physics. While occasionally technical,
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Flavor puzzles
4. Flavor



• How to explain the structure (smallness and hierarchy) in the charged fermion 
masses and the CKM mixing angles?


• Why no structure (no hierarchy, degeneracy, or smallness) in the neutrino-
related flavor parameters?


• Measure new flavor parameters beyond CKM, especially in the Higgs sector

4. Flavor

Flavor puzzles
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Higgs is a key
4. Flavor



5. Stability of the Higgs vacuum



Stability of the Higgs vaccum

• The most quick, clean, and efficient way of wiping out the Universe: meta-
stable vacuum 


• The Higgs potential determines whether the Universe is in a true vacuum, or a 
false vacuum.


• In the SM, the measurements of the Higgs boson mass seem to indicate the 
vacuum is metastable.
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What would happen if the vacuum did decay?

• The walls of the true vacuum bubble would expand in all directions at the 
speed of light.


• The walls can contain a huge amount of energy, so you might be incinerated 
as the bubble wall ploughed through you.


• Coleman & De Luccia in 1980: any bubble of true vacuum would immediately 
suffer total gravitational collapse.
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Effective potential 
of the Higgs field at finite T

Lifetime > Universe age
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Global shape of the Higgs potential

• Being the third derivative, 
it carries more information about the global shape of the 
Higgs potential than the mass

couplings  to  the  Higgs  boson  are  needed  to  make  the
phase transition a first order one. The measurement of the
triple Higgs boson coupling offers an ideal testing ground
for these new physics models. Being the third derivative,
it carries more information about the global shape of the
Higgs potential  than the mass.  It  can also be determined
to a reasonable precision at the future colliders, unlike the
quartic Higgs boson coupling. Indeed, most models with
first  order  electroweak  phase  transition  predict  a  triple
Higgs boson coupling with large deviations from the SM
prediction. This is demonstrated with a simple example in
Fig. 33, which shows the deviation in the triple Higgs bo-
son  coupling  for  a  generic  singlet  model.  For  the  model
points  that  produces  a  first  order  phase  transition,  the
value  of  triple  Higgs  boson  coupling  indeed  covers  a
wide range and can be  different  from the  SM prediction
by up to 100%.

The CEPC could probe the triple  Higgs boson coup-
ling via its loop contributions to single Higgs boson pro-
cesses. As pointed out in Section 7.3,  it  will  have a lim-

ited reach to the most general scenario in which all Higgs
boson  couplings  are  allowed  to  deviate  from  their  SM
values. An  additional  run  at  350  GeV  will  help  to   im-
prove  the  sensitivity,  while  a  direct  measurement  using
di-Higgs production would have to wait for a future pro-
ton-proton collider,  or  a  lepton collider  running at  much
higher  energies.  However,  it  should  be  noted  that  the
model independent approach in Section 7.3 makes no as-
sumption  on  any  possible  connection  between  the  triple
Higgs boson coupling and other couplings. In practice, to
induce large deviation in triple Higgs boson coupling re-
quires  the  new  physics  to  be  close  to  the  weak  scale,
while  the  presence of  such new physics  will  most  likely
induce deviations in other Higgs boson couplings as well,
such  as  the  couplings  to  the  electroweak  gauge  bosons.
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Fig. 31.    (color online) (a) The fractional deviation of   at the Higgs factory in the scalar singlet top-quark partner model with the

  interaction,  reproduced  from  Ref.  [144].  (b)  Projected  constraints  in  the  folded  stop  mass  plane  from  the    coupling
measurements  at  HL-LHC  and  CEPC,  reproduced  from  Ref.  [140].  The  dot-dashed  red  contours  indicates  the  fine-tuning  in  the
Higgs boson mass from the quadratic sensitivity to stop soft terms.
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Fig.  32.     (color online) A schematic drawing illustrating the
question  of  the  nature  of  the  electroweak  phase  transition.
Left:  Our current knowledge of the Higgs potential.  Right:
Based on our  current  knowledge,  we could not  distinguish
the SM Mexican Hat potential from an alternative one with
more wiggles.
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Fig. 33.    (color online) The deviation in the triple Higgs bo-
son coupling in a generic singlet model that could produce
first  order  electroweak  phase  transition,  reproduced  from
Ref. [146]. Black dots are points where the phase transition
is  of  first  order.  The  parameter    is the  triple  Higgs  bo-
son coupling.
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