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Where do we stand?

We have got “the” formula
… and it is surprisingly short!
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Where do we stand?

V(φ)|Dφ|²

? ? ? ? ?

strong interactions

electro-weak interactions

• We established the principles behind electroweak and 
strong interaction very well

• We measured the Higgs boson only very “broad brush” 

• The Higgs boson may be a whole new thing compared 
to strong and electroweak interactions 



Congresso Nazionale SIF 2021 - https://congresso2021.sif.it

And there is more than “just” the Higgs boson

• Observationally “unfit”  (misses Gravity, Dark Matter, … ) 

• Symmetry, the very idea at the basis of “the” formula, is challenged by 
a number of phenomena, which may, at best, be described in this 
language.

The Standard Model is:



Congresso Nazionale SIF 2021 - https://congresso2021.sif.it

Open Questions on the “big picture” on 
fundamental physics circa 2021

EFT

EFT

? • what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EACH of  these issues one day will teach us a lesson
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M

A puzzle we have no idea how to solve
M E C H A N I C S  FA I L S ?N E W T O N I A N

v ∝ 1
r

r

Perfect in our “neighborhood”
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A puzzle we have no idea how to solve
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Begeman, K. 1989, A&A, 223, 47 

NGC 3198
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A puzzle we have no idea how to solve
A number of observations (including CMB from early Universe) suggest

• It may have only weak interactions (even possible it feels only gravity)  

• There are candidates “particles” with Compton length 1/M ranging from the size of a Galaxy 
down to High Energy Physics scales (GeV-TeV) and even beyond

It is not necessarily material for particle physics and accelerators

It may well be not of the kind we are used to:

a new form of matter must exist
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A number of observations (including CMB from early Universe) suggest

• It may have only weak interactions (even possible it feels only gravity)  

• There are candidates “particles” with Compton length 1/M ranging from the size of a Galaxy 
down to High Energy Physics scales (GeV-TeV) and even beyond

It is not necessarily material for particle physics and accelerators

It may well be not of the kind we are used to:

a new form of matter must exist• We know the scope of the search for Dark Matter is huge

• In principle, it can be very elusive (to all experiments)

• The simplest history of the early Universe suggests the 
“TeV” mass range

• Accelerators are the only way to go see it and study it in 
detail 
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Figure 2: (Left) The Coulomb self-energy of the electron. (Middle) The bubble diagram which shows the fluc-

tuation of the vacuum. (Right) Another contribution to the electron self-energy due to the fluctuation of the

vacuum.

Experimentally, we know (now) that the “size” of the electron is small, re
<⇠ 10�17 cm. This

implies that the self-energy �E is at least a few GeV, and hence the “bare” electron mass must
be negative to obtain the observed mass of the electron, with a fine cancellation likeb

0.000511 = (�3.141082 + 3.141593) GeV. (3)

Even setting a conceptual problem with a negative mass electron aside, such a fine cancellation
between the “bare” mass of the electron and the Coulomb self-energy appears troublesome. In
order for such a cancellation to be absent, Landau and Lifshitz4 concluded that the classical
electromagnetism cannot be applied to distance scales shorter than e2/(4⇡"0mec2) = 2.8 ⇥
10�13 cm. This is a long distance in the present-day particle physics’ standard.

The resolution to this problem came from the discovery of the anti-particle of the electron,
the positron, or in other words by doubling the degrees of freedom in the theory. The Coulomb
self-energy discussed above can be depicted by a diagram Fig. 2, left where the electron emits the
Coulomb field (a virtual photon) which is felt (absorbed) later by the electron itself. But now
that we know that the positron exists, and we also know that the world is quantum mechanical,
one should think about the fluctuation of the “vacuum” where a pair of an electron and a
positron appears out of nothing together with a photon, within the time allowed by the energy-
time uncertainty principle �t ⇠ h̄/�E ⇠ h̄/(2mec2) (Fig. 2, middle). This is a new phenomenon
which didn’t exist in the classical electrodynamics, and modifies physics below the distance scale
d ⇠ c�t ⇠ h̄c/(2mec2) = 200⇥ 10�13 cm. Therefore, the classical electrodynamics indeed does
hit its limit of applicability at this distance scale, much earlier than 2.8 ⇥ 10�13 cm as was
exhibited by the problem of the fine cancellation above. Given this vacuum fluctuation process,
one should also consider a process where the electron sitting in the vacuum by chance annihilates
with the positron and the photon in the vacuum fluctuation, and the electron which used to
be a part of the fluctuation remains instead as a real electron (Fig. 2, right). V. Weisskopf5

calculated this contribution to the electron self-energy, and found that it is negative and cancels
the leading piece in the Coulomb self-energy exactly:

�Epair = � 1
4⇡"0

e2

re

. (4)

After the linearly divergent piece 1/re is canceled, the leading contribution in the re ! 0 limit
is given by

�E = �ECoulomb + �Epair =
3↵

4⇡
mec

2 log
h̄

mecre

. (5)

There are two important things to be said about this formula. First, the correction �E is
proportional to the electron mass and hence the total mass is proportional to the “bare” mass
of the electron,

(mec
2)obs = (mec

2)bare

1 +

3↵

4⇡
log
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�
. (6)
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A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

re → 0
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A puzzle (today) we know how to solve
R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) which 
brought a new particle: the positron

We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem
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R E L AT I V I T Y  &  Q U A N T U M  M E C H A N I C SA F T E R

New symmetry (particle-antiparticle) which 
brought a new particle: the positron

We learned a lesson on physics at the 
same mass scale as where the puzzle 
arises: 
mpositron = melectron ≪ melectron/αem

• Similar arguments would require a contribution of the 
electric filed to the mass of the charged pion

• In that case the solution is not an antiparticle, but a “heavy 
photon”, the  meson, somewhat heavier than the pion

• In the grand picture, both the positron and the  meson 
appear at the same scale where the problem arises.

ρ

ρ
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Open Questions on the “big picture” on 
fundamental physics circa 2021

EFT

EFT

? • what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

EACH of  these issues one day will teach us a lesson
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? • what is the dark matter in the Universe? 

• why QCD does not violate CP?
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• what originates flavor mixing and fermions masses?
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Open Questions on the “big picture” on 
fundamental physics circa 2021

Nothing we have measured in high energy physics 
makes so much of a distinction between particles 
and anti-particles.

The observable Universe is made of matter, no antimatter

We need to go from this

to this

out-of-equilibrium processes are necessary 

particles
antiparticles



Congresso Nazionale SIF 2021 - https://congresso2021.sif.it

Electroweak phase transition

• Modifications of the Higgs potential  Out of Equilibrium transition from one vacuum to a new energetically favorable one⇒

vc
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Vtherm~T2
Singlet loop makes 

V(0,v) deeper
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Vtherm~T2
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• We need to study all possible new states that induce a change 
in the Higgs boson potential.

• For these new state to have sizable effects in the early Universe 
they must be light, around 1 TeV at most. 

• All searches for new Higgs bosons (or general electroweak 
particles) probe such fundamental issue of the origin of matter 
in the early Universe!
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EW phase transition
flashing concrete results for
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Mixed Singlet for EW phase transition3.1 Model and theoretical constraints

We consider the most general form for the SM + S scalar potential that depends on a

Higgs doublet � and real singlet S (see e.g. [7, 9]):
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Upon EW symmetry breaking, � ! (v + h)/
p
2 with v = 246 GeV. We note that a shift

in the singlet field S + �S does not lead to any change in the physics, which may be used

to choose a vanishing vev for the singlet field in the EW broken minimum by requiring

b1 = �a1v
2
/4. This is the choice we adopt in the following. Once the EW symmetry is

broken, the singlet S and the SM Higgs h mix in the presence of a1, yielding two mass

eigestates h1, h2. We identify h1 with the 125 GeV Higgs boson, and h2 with the heavy

state H discussed in the previous sections. The masses m1 = 125 GeV, m2 and the singlet-

doublet mixing angle ✓ are related to the scalar potential parameters as
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with µ
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2. In the following we consider as independent parameters for our analysis

the set {v, m1, m2, ✓, a2, b3, b4}.

In order to obtain a viable SM + S scenario, we need to satisfy several theoretical

constraints which we discuss below:

• (Perturbative) unitarity and perturbativity: The size of the quartic scalar couplings in

eq. (3.1) is constrained by perturbative unitarity of the partial wave expansion of scattering

amplitudes. The bound |a0|  0.5 for the leading order term in the partial wave expansion

of the h2h2 ! h2h2 scattering amplitude, a0(h2h2 ! h2h2) = 3b4/(8⇡), yields b4 < 4⇡/3

(see e.g. [37]). In addition, we require perturbative values for a2 and b3/v: |a2| < 4⇡,

|b3| /v < 4⇡.

• Boundedness from below of scalar potential: We require the absence of runaway directions

in the scalar potential (3.1) at large field values. Along the h and S directions, this leads

respectively to the bounds � > 0 and b4 > 0. For a2 < 0 we further require a2 > �2
p
� b4

to ensure boundedness from below along an arbitrary field direction.

• Absolute stability of EW vacuum: First, the EW vacuum (hhi , hSi) = (v, 0) must be

a minimum. On one hand, this requires b2 > 0, which by virtue of (3.2) yields an upper

bound on the value of a2

a2 <
2

v2
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Figure 11.2: Singlet-like scalar pair production as a signature of the EWPT in the xSM. Left: FCC-
hh sensitivity to pp! h2h2 ! 2j 3` 3n for a given h2 mass and mixing angle. Here, �221 and b3 are
the h2h2h1 and singlet cubic couplings, respectively. Darker (lighter) shaded regions indicate 5� (2�)
sensitivity assuming 30 ab�1 integrated luminosity. Coloured points feature a strong first-order EWPT.
Also shown for comparison are the sensitivity projections for h1 self-coupling measurements (dashed
contours) and precision measurements of the ZH production cross-section (solid red contours). From
Ref. [321]. Right: FCC-hh sensitivity to pp! h2h2 jj in the xSM with a Z2 symmetry. h2 escapes the
detector as missing energy. mS is the singlet mass and �HS is the Higgs portal coupling. Lighter shaded
regions indicate points compatible with a strong first-order EWPT, and the labelled contours indicate the
expected FCC-hh sensitivity given 30 ab�1 integrated luminosity. From Ref. [318].
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Direct discoveries of new particles182

Various BSM theories, such as supersymmetry, have substantial parameter space that yields no new183

discoveries at the LHC, but can be discovered through direct production at high-energy CLIC. This184

occurs when the new BSM states have highly compressed mass differences, rendering them invisible at185

the LHC, or when the only interactions allowed by the new BSM states are through electroweak and/or186

Higgs boson interactions, rendering their rates too small to discern from the large LHC backgrounds.187

Examples presented in this document range from supersymmetry and extended Higgs sectors potentially188

related with electroweak baryogenesis, to Dark Matter, neutrino mass models and feebly interacting189

particles.190

Extra Higgs boson searches191

CLIC is ideally suited to discover and study heavy additional Higgs bosons (either new singlets or new192

doublets) that couple to the SM Higgs boson via its |H|
2 portal. Indirect and direct sensitivities on exotic193

Higgs bosons are typically substantially better than HL-LHC capabilities. (See Figure 5 and Section 2.1194
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Fig. 5: Reach on heavy scalar singlets, from Section 4.2.
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Figure 11.2: Singlet-like scalar pair production as a signature of the EWPT in the xSM. Left: FCC-
hh sensitivity to pp! h2h2 ! 2j 3` 3n for a given h2 mass and mixing angle. Here, �221 and b3 are
the h2h2h1 and singlet cubic couplings, respectively. Darker (lighter) shaded regions indicate 5� (2�)
sensitivity assuming 30 ab�1 integrated luminosity. Coloured points feature a strong first-order EWPT.
Also shown for comparison are the sensitivity projections for h1 self-coupling measurements (dashed
contours) and precision measurements of the ZH production cross-section (solid red contours). From
Ref. [321]. Right: FCC-hh sensitivity to pp! h2h2 jj in the xSM with a Z2 symmetry. h2 escapes the
detector as missing energy. mS is the singlet mass and �HS is the Higgs portal coupling. Lighter shaded
regions indicate points compatible with a strong first-order EWPT, and the labelled contours indicate the
expected FCC-hh sensitivity given 30 ab�1 integrated luminosity. From Ref. [318].
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Fig. 4: In green, the points compatible with electroweak baryogenesis, for m2 = 500 GeV and sin ✓ =

0.05, in the model discussed in Section 6.1.3. These could all be tested both by the Higgs self coupling
measurement and by direct searches, indicated by the black and the blue dashed lines respectively.
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occurs when the new BSM states have highly compressed mass differences, rendering them invisible at185

the LHC, or when the only interactions allowed by the new BSM states are through electroweak and/or186
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• Both Hadron and Lepton colliders can observe directly these 
states

• Indirect information from H couplings is also crucial

• The mass range is clearly well above the ZH threshold, we 
need higher energies in lepton colliders than H factories (!)
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ity of accessible BS channels grows significantly. These
two e↵ects result in an increase of the annihilation cross-
section compared to the estimates of Ref. [15].

The freeze-out mass predictions are summarized in Ta-
ble I and Fig. 1 for the real n-plets considered here. With
masses ranging from several TeV to tens or hundreds of
TeV, most of the EW WIMP candidates are still out
of reach of present experiments, but could be tested in
the future, thanks to the forthcoming progress in col-
lider physics and DM detection experiments. With the
mass predictions at hand, we thus commence a system-
atic survey of the WIMP phenomenology: i) at very high
energy lepton colliders with 10 to 30 TeV center of mass
energy [16, 17]; ii) at direct detection experiments with
100 tons/year of exposure like DARWIN [18, 19]; iii) at
high-energy �-ray telescopes like CTA [20–23]. We first
examine the reach of a hypothetical future muon collider,
studying in detail for which values of center-of-mass en-
ergy and integrated luminosity the EW 3-plets and 5-
plets can be fully probed through direct production. We
instead find direct production of the EW multiplets with
n > 5 to be beyond the reach of any realistic future ma-
chine (this is in contrast with the results of the recent
study [24] due to the increase of the thermal mass of the
7-plet with the inclusion of BSF e↵ects). These larger
n-plets are possibly within the reach of large exposure
direct detection experiments, and will probably be tested
more easily with future high energy �-ray telescopes. A
careful study of the expected signals in indirect detection
is left for a future work [25].

This paper is organized as follows. In Sec. II we sum-
marize the EW WIMP paradigm, in Sec. III we illustrate
the main features of our freeze-out computation, and in
Sec. IV we discuss the unitarity bound assessing the the-
ory uncertainties. These three sections provide a full ex-
planation on the results of Table I and Fig. 1. In Sec. V
we discuss the implications of our study for a future muon
collider, while in Sec. VI we briefly re-examine the reach
of direct and indirect detection experiments in light of
our findings. In Appendix A we give further details on
the nature of next-to-leading order corrections and we de-
tail the BS dynamics for the 7-plet. Appendix B contains
further information on the collider studies.

II. WHICH WIMP?

We summarize here the logic of our WIMP classifica-
tion very much inspired by previous papers on the sub-
ject [4–7, 27]. Requiring the neutral DM component to
be embedded in a representation of the EW group im-
poses that Q = T3 + Y , where T3 = diag

�
n+1
2 � i

�
with

i = 1, . . . , n, and Y is the hypercharge. At this level,
we can distinguish two classes of WIMPs: i) real EW
representations with Y = 0 and odd n; ii) complex EW
representations with arbitrary n and Y = ±

�
n+1
2 � i

�
for

i = 1, . . . , n. Here we focus on the first class of WIMPs,
which is particularly interesting because the DM does not
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FIG. 1. Summary of the thermal masses for Majorana fermion
(red) and real scalar WIMPs (blue) including both Sommer-
feld enhancement (SE) and bound state formation (BSF). The
solid lines are the thermal masses with SE. The dashed lines
are the thermal masses for the hard annhilation cross-section.
The gray shaded region is excluded by s-wave perturbative
unitarity including BSF.

couple to the Z-boson at tree level, avoiding strong con-
straints from direct detection experiments. Other possi-
bilities will be discussed elsewhere.
At the renormalizable level, the extensions of the SM

that we consider are

Ls =
1

2
(Dµ�)

2
�

1

2
M

2
�
�
2
�
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2
�
2
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2
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��
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�
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2
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Dµ �M�)� , (2)

for scalars and fermions, respectively, where Dµ = @µ �

ig2W
a

µ
T

a

�
is the covariant derivative, and T

a

�
are gen-

erators in the n-th representation of SU(2). The La-
grangian for the real scalar in Eq. (1) also admits quartic
self-coupling and Higgs-portal interactions at the renor-
malizable level, but they do not substantially alter the
WIMP freeze-out predictions.1

The neutral component and the component with
charge Q of the EW multiplet are splitted by radia-
tive contributions from gauge boson loops. In the limit
mW ⌧ MDM these contributions are non-zero and in-
dependent on M�. This fact can be understood by com-
puting the Coulomb energy of a charged state at distance
r & 1/mW or the IR mismatch (regulated by mW ) be-
tween the self-energies of the charged and neutral states.
The latter can be easily computed at 1-loop [28–30],

MQ�M0 '
Q

2
↵emmW

2(1 + cos ✓W )
= Q

2
⇥ (167± 4) MeV , (3)

1 No other quartic coupling is allowed since �T
a
�� identically van-

ishes. Indeed, (Ta
� )ij is antisymmetric in i, j, being the adjoint

combination of two real representations, while �i�j is symmetric.
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Studying new physics and new scales196

If new physics is discovered at the LHC and/or CLIC, then the experimental environmenat at CLIC would197

provide the opportunity to study new states with great precision. These analyses could answer questions198

pertaining to the precise nature of the discovered new states and help point to yet new mass scales for the199

future. (See Section 4.4 for more discussion.)200

Dark matter searches201

The relatively simple kinematic properties of the incoming e+e� beam collisions and the relatively low202

rate of outgoing background at CLIC enables unprecedented searches for dark matter created in the203

laboratory, reaching sensitivities in parameter space interesting for cosmology and well beyond LHC204

capabilities. In particular, CLIC has sensitivity to the thermal Higgsino by stub tracks and to Minimal205

EW charged matter by its indirect radiative effects. (See Figure 6, Chapter 5 and in particular Sections 5.2206

and 5.3 for more discussion.)207
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Fig. 6: Left: DM in loops, from Section 5.3. Right: Higgsino reach from stub tracks, from Section 5.2.

Lepton and flavour violation208

Lepton-number violating and top quark flavour-changing neutral current interactions can be generated209

by SMEFT operators whose effects grow in importance with energy. These can be probed at the CLIC210

high-energy stages at levels far exceeding what can be achieved at the LHC (See Chapter 3 for more211

discussion.)212

Neutrino properties213

Several mechanisms for the breaking of lepton number can be probed at CLIC both in direct searches and214

precision physics. CLIC is capable to probe directly weakly charged states involved in the generation215

of neutrino masses e.g. in Type-2 see-saw model and in gauge-extended models. It can also probe new216

heavy neutrinos and other states responsible for the breaking of lepton number by precision studies of217

leptonic two-body final states as well as WWH final states. (See Chapter 7 for more discussion.)218

Hidden sector searches219

The clean e+e� collision environment offers a clear chance to investigate rare and subtle signals from220

feebly coupled new physics and generic hidden sectors beyond the Standard Model. Displaced signals221

from long-lived particles are a very typical signature of these scenarios and CLIC enjoys a unique vantage222

point to look at these signals both in Higgs boson decays and in more general production of long-lived223

states that may be linked, for instance, to the naturalness problem or to the generation of the baryon224

asymmetry of the Universe. (See Section 6.2 and Chapter 8 for more discussion.)225
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� / m� [TeV] DM HL-LHC HE-LHC FCC-100 CLIC-3 Muon-14

(1, 2, 1/2)DF 1.1 – – – 0.4 0.6
(1, 3, ✏)CS 1.6 – – – 0.2 0.2
(1, 3, ✏)DF 2.0 – 0.6 1.5 0.8 & [1.0, 2.0] 2.2 & [6.3, 7.1]
(1, 3, 0)MF 2.8 – – 0.4 0.6 & [1.2, 1.6] 1.0
(1, 5, ✏)CS 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1, 5, ✏)DF 6.6 1.5 2.8 7.1 3.9 11
(1, 5, 0)MF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
(1, 7, ✏)CS 16 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
(1, 7, ✏)DF 16 2.1 4.0 11 6.4 18

Table 1: Pure higgsino/wino-like DM and MDM candidates, together with the corresponding
masses saturating the DM relic density (second column) and the projected 95% CL exclusion
limits from EW precision tests at HL-LHC, HE-LHC, FCC-100, CLIC-3 and Muon-14 (see text
for details about center-of-mass energies and luminosities). In the last two columns the numbers
in square brackets stand for a mass interval exclusion. The cases where the DM hypothesis could
be fully tested are emphasized in light red.

The MDM framework was extended in Ref. [24] to contemplate the possibility of a milli-
charge ✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence
no bearings for collider phenomenology, but it ensures the (exact) stability of the lightest
particle in the EW multiplet due to the SM gauge symmetry, in the same spirit of the original
MDM formulation. A notable feature of the milli-charged scenario is that the contribution of
the complex multiplet to the relic density gets doubled compared to the case of a single real
component (thus making the thermal mass roughly a factor

p
2 smaller). On the other hand,

the number of degrees of freedom are also doubled, thus improving the indirect testability of
those scenarios via EW precision tests at colliders.

The MDM candidates (including for completeness also the higgsino-like (1, 2, 1/2)DF and
wino-like (1, 3, 0)MF DM, which require a stabilization mechanism beyond the SM gauge sym-
metry) are summarized in Table 1, together with their thermal mass saturating the DM relic
density4 and the projected 95% confidence level (CL) exclusion limits of five representative fu-
ture colliders: HL-LHC (

p
s = 14 TeV and L = 3/ab), HE-LHC (

p
s = 28 TeV and L = 10/ab),

FCC-100 (
p
s = 100 TeV and L = 20/ab), CLIC-3 (

p
s = 3 TeV and L = 4/ab), Muon-14

(
p
s = 14 TeV and L = 20/ab). The details of the analysis will be presented in Sects. 4–5.
We can anticipate here some results of our analysis. The HL-LHC and the HE-LHC are not

able to test any of the DM candidates for masses which allow these multiplets to saturate the
whole DM relic density. The FCC-100, on the other hand, could fully test the (1, 5, ✏)DF candi-
date and would come close to test the interesting mass range for the (1, 3, ✏)DF and (1, 7, ✏)DF

multiplets. Lepton colliders are usually better at testing small multiplets, which are di�cult
to probe at hadron colliders. CLIC-3 and Muon-14 could fully test the (1, 3, ✏)DF multiplet.
Muon-14 would also surpass the FCC-100 sensitivity on both the (1, 5, ✏)DF and the (1, 7, ✏)DF

4The thermal masses in the ✏ = 0 cases are extracted from Ref. [25] which takes into account both Sommerfeld
enhancement and bound state formation e↵ects. In the cases ✏ 6= 0 we quote instead the results from Ref. [24],
which however do not include e↵ects from bound state formation that are expected to sizeably for n & 5 (e.g. in
the case of (1, 5, 0)MF the inclusion of bound state e↵ects leads to a 20% increase of the thermal mass [25]).

5
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ity of accessible BS channels grows significantly. These
two e↵ects result in an increase of the annihilation cross-
section compared to the estimates of Ref. [15].

The freeze-out mass predictions are summarized in Ta-
ble I and Fig. 1 for the real n-plets considered here. With
masses ranging from several TeV to tens or hundreds of
TeV, most of the EW WIMP candidates are still out
of reach of present experiments, but could be tested in
the future, thanks to the forthcoming progress in col-
lider physics and DM detection experiments. With the
mass predictions at hand, we thus commence a system-
atic survey of the WIMP phenomenology: i) at very high
energy lepton colliders with 10 to 30 TeV center of mass
energy [16, 17]; ii) at direct detection experiments with
100 tons/year of exposure like DARWIN [18, 19]; iii) at
high-energy �-ray telescopes like CTA [20–23]. We first
examine the reach of a hypothetical future muon collider,
studying in detail for which values of center-of-mass en-
ergy and integrated luminosity the EW 3-plets and 5-
plets can be fully probed through direct production. We
instead find direct production of the EW multiplets with
n > 5 to be beyond the reach of any realistic future ma-
chine (this is in contrast with the results of the recent
study [24] due to the increase of the thermal mass of the
7-plet with the inclusion of BSF e↵ects). These larger
n-plets are possibly within the reach of large exposure
direct detection experiments, and will probably be tested
more easily with future high energy �-ray telescopes. A
careful study of the expected signals in indirect detection
is left for a future work [25].

This paper is organized as follows. In Sec. II we sum-
marize the EW WIMP paradigm, in Sec. III we illustrate
the main features of our freeze-out computation, and in
Sec. IV we discuss the unitarity bound assessing the the-
ory uncertainties. These three sections provide a full ex-
planation on the results of Table I and Fig. 1. In Sec. V
we discuss the implications of our study for a future muon
collider, while in Sec. VI we briefly re-examine the reach
of direct and indirect detection experiments in light of
our findings. In Appendix A we give further details on
the nature of next-to-leading order corrections and we de-
tail the BS dynamics for the 7-plet. Appendix B contains
further information on the collider studies.

II. WHICH WIMP?

We summarize here the logic of our WIMP classifica-
tion very much inspired by previous papers on the sub-
ject [4–7, 27]. Requiring the neutral DM component to
be embedded in a representation of the EW group im-
poses that Q = T3 + Y , where T3 = diag

�
n+1
2 � i

�
with

i = 1, . . . , n, and Y is the hypercharge. At this level,
we can distinguish two classes of WIMPs: i) real EW
representations with Y = 0 and odd n; ii) complex EW
representations with arbitrary n and Y = ±

�
n+1
2 � i

�
for

i = 1, . . . , n. Here we focus on the first class of WIMPs,
which is particularly interesting because the DM does not
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FIG. 1. Summary of the thermal masses for Majorana fermion
(red) and real scalar WIMPs (blue) including both Sommer-
feld enhancement (SE) and bound state formation (BSF). The
solid lines are the thermal masses with SE. The dashed lines
are the thermal masses for the hard annhilation cross-section.
The gray shaded region is excluded by s-wave perturbative
unitarity including BSF.

couple to the Z-boson at tree level, avoiding strong con-
straints from direct detection experiments. Other possi-
bilities will be discussed elsewhere.
At the renormalizable level, the extensions of the SM

that we consider are

Ls =
1

2
(Dµ�)

2
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for scalars and fermions, respectively, where Dµ = @µ �

ig2W
a

µ
T

a

�
is the covariant derivative, and T

a

�
are gen-

erators in the n-th representation of SU(2). The La-
grangian for the real scalar in Eq. (1) also admits quartic
self-coupling and Higgs-portal interactions at the renor-
malizable level, but they do not substantially alter the
WIMP freeze-out predictions.1

The neutral component and the component with
charge Q of the EW multiplet are splitted by radia-
tive contributions from gauge boson loops. In the limit
mW ⌧ MDM these contributions are non-zero and in-
dependent on M�. This fact can be understood by com-
puting the Coulomb energy of a charged state at distance
r & 1/mW or the IR mismatch (regulated by mW ) be-
tween the self-energies of the charged and neutral states.
The latter can be easily computed at 1-loop [28–30],

MQ�M0 '
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↵emmW

2(1 + cos ✓W )
= Q

2
⇥ (167± 4) MeV , (3)

1 No other quartic coupling is allowed since �T
a
�� identically van-

ishes. Indeed, (Ta
� )ij is antisymmetric in i, j, being the adjoint

combination of two real representations, while �i�j is symmetric.
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ity of accessible BS channels grows significantly. These
two e↵ects result in an increase of the annihilation cross-
section compared to the estimates of Ref. [15].

The freeze-out mass predictions are summarized in Ta-
ble I and Fig. 1 for the real n-plets considered here. With
masses ranging from several TeV to tens or hundreds of
TeV, most of the EW WIMP candidates are still out
of reach of present experiments, but could be tested in
the future, thanks to the forthcoming progress in col-
lider physics and DM detection experiments. With the
mass predictions at hand, we thus commence a system-
atic survey of the WIMP phenomenology: i) at very high
energy lepton colliders with 10 to 30 TeV center of mass
energy [16, 17]; ii) at direct detection experiments with
100 tons/year of exposure like DARWIN [18, 19]; iii) at
high-energy �-ray telescopes like CTA [20–23]. We first
examine the reach of a hypothetical future muon collider,
studying in detail for which values of center-of-mass en-
ergy and integrated luminosity the EW 3-plets and 5-
plets can be fully probed through direct production. We
instead find direct production of the EW multiplets with
n > 5 to be beyond the reach of any realistic future ma-
chine (this is in contrast with the results of the recent
study [24] due to the increase of the thermal mass of the
7-plet with the inclusion of BSF e↵ects). These larger
n-plets are possibly within the reach of large exposure
direct detection experiments, and will probably be tested
more easily with future high energy �-ray telescopes. A
careful study of the expected signals in indirect detection
is left for a future work [25].

This paper is organized as follows. In Sec. II we sum-
marize the EW WIMP paradigm, in Sec. III we illustrate
the main features of our freeze-out computation, and in
Sec. IV we discuss the unitarity bound assessing the the-
ory uncertainties. These three sections provide a full ex-
planation on the results of Table I and Fig. 1. In Sec. V
we discuss the implications of our study for a future muon
collider, while in Sec. VI we briefly re-examine the reach
of direct and indirect detection experiments in light of
our findings. In Appendix A we give further details on
the nature of next-to-leading order corrections and we de-
tail the BS dynamics for the 7-plet. Appendix B contains
further information on the collider studies.

II. WHICH WIMP?

We summarize here the logic of our WIMP classifica-
tion very much inspired by previous papers on the sub-
ject [4–7, 27]. Requiring the neutral DM component to
be embedded in a representation of the EW group im-
poses that Q = T3 + Y , where T3 = diag
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representations with Y = 0 and odd n; ii) complex EW
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FIG. 1. Summary of the thermal masses for Majorana fermion
(red) and real scalar WIMPs (blue) including both Sommer-
feld enhancement (SE) and bound state formation (BSF). The
solid lines are the thermal masses with SE. The dashed lines
are the thermal masses for the hard annhilation cross-section.
The gray shaded region is excluded by s-wave perturbative
unitarity including BSF.
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straints from direct detection experiments. Other possi-
bilities will be discussed elsewhere.
At the renormalizable level, the extensions of the SM
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µ
T
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�
is the covariant derivative, and T

a

�
are gen-

erators in the n-th representation of SU(2). The La-
grangian for the real scalar in Eq. (1) also admits quartic
self-coupling and Higgs-portal interactions at the renor-
malizable level, but they do not substantially alter the
WIMP freeze-out predictions.1

The neutral component and the component with
charge Q of the EW multiplet are splitted by radia-
tive contributions from gauge boson loops. In the limit
mW ⌧ MDM these contributions are non-zero and in-
dependent on M�. This fact can be understood by com-
puting the Coulomb energy of a charged state at distance
r & 1/mW or the IR mismatch (regulated by mW ) be-
tween the self-energies of the charged and neutral states.
The latter can be easily computed at 1-loop [28–30],

MQ�M0 '
Q

2
↵emmW

2(1 + cos ✓W )
= Q

2
⇥ (167± 4) MeV , (3)

1 No other quartic coupling is allowed since �T
a
�� identically van-

ishes. Indeed, (Ta
� )ij is antisymmetric in i, j, being the adjoint

combination of two real representations, while �i�j is symmetric.

2107.09688

• Hadron and Lepton colliders can observe these states directly 
and indirectly

• A complete test of the whole range of this type of Dark Matter 
candidates is out of reach for even most futuristic colliders

• Synergy with other approaches to search for Dark Matter is 
crucial
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The size of   
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Effects of the size of the Higgs boson

{ℓHiggs ∼ 1/m⋆

1/f ∼ g⋆/m⋆

1/(g⋆ f ) ∼ 1/m⋆

gSM /(g⋆ f ) ∼ gSM /m⋆
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731
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tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736
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operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740

already constrained to be at or above about 800 GeV [124].1741
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at high g⇤, and by cW,B at low g⇤. For each category of measurement, regions probed in pessimistic and1749

optimistic cases are respectively indicated in dark and light colour shades. To derive them we indepen-1750
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reach only if it is expected to be probed for any choice of numerical factor within the specified range. In1753
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that range. This procedure aims at covering various possible CH model realizations.1755
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Top compositeness effects1757

The dominant non-universal effects of the strong sector are expected to arise from the sizeable mixings1758

of the top-quark with composite states, required to generate its Yukawa coupling. The latter is given by1759
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1/2, and a totally composite top right [125], ✏t =1762

1, ✏q = yt/g⇤. For a consistent treatment of top-quark compositeness effects, we write down all possible1763
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732
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as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737
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operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740
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where ✏q stands for the degree of compositeness of the third-generation quark doublet, � is the SM Higgs1730

quartic coupling and Nc = 3 is the number of colours. The c-coefficients are expected to be of order one.1731

The set (66) contains 12 bosonic operators which is 2 less than the minimal universal set defined1732

in Ref. [14] (neglecting again two purely gluonic operators).1733

The OW , OB, O2W , O2B, OT operators contribute to Drell-Yan production discussed in Section 2.6,1734

as well as to the tt̄ production of Section 2.7. The latter however receives larger non-universal contribu-1735

tions, which we discuss next. OT and a combination of OW and OB are already strongly constrained by1736

the LEP data.1737
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operators contributing to this process are much better probed in other channels. The expected sensitivity1739

is, however, not sufficient to test the typically expected order-one values of c6, given that m⇤/g⇤ is1740
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1/2, and a totally composite top right [125], ✏t =1762
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

final state studies. Direct searches are more effective at low g⇤, which may seem surprising.
The reason is that g⇤ is the r coupling to the Higgs boson, while the coupling of the r to
quarks, which drives the production, scales like g2

2/g⇤ and therefore increases for small g⇤.
Unfortunately, no direct reach projection is currently available for the HE-LHC.

The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.
The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [443])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.
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Figure 8. Left: 2σ sensitivity of future collider projects to Higgs compositeness, from ref. [13].
Right: the VHEL projections based on the sensitivity to CH in table 8 and to CW (single operator
reach) from the “Combined” fit (which excludes polarized measurements) in table 4.

at CLIC. On the contrary, at the VHEL the tri-boson hard cross-section is sizable, due
to the double-logarithmic Sudakov enhancement of soft and soft-collinear vector bosons
emissions from the initial leptons and from the final bosons. In the resulting kinematical
configuration, one boson is soft, potentially close to the beam axis and difficult to detect.
The others are instead central and energetic and they bring valuable information on short-
distance physics. We discussed in section 2.3 how the charged amplitude "ν → Wh can
be probed by exploiting this mechanism. This outlines a new handle for new physics
exploration at the VHEL, but also the need of revisiting the analysis of section 2 taking
the massive vector boson radiation fully into account. Indeed since there is no sizable gap in
cross-section, the diboson processes cannot be studied separately from the tri-boson ones.
Tri-boson production should be included for the estimate of both the SM background and
the new physics signal. Furthermore, it should be noted that the Sudakov enhancement of
the real emissions also controls the virtual loop corrections. Therefore EW loop corrections
are expected to be sizable and to affect the tree-level cross-section predictions we relied
on in our study, possibly at order one. Logarithmically enhanced virtual corrections are
known up to two-loops order [44], and it is relatively easy to simulate one (or possibly
two) real emission at tree-level. Including these effects, providing a more refined sensitivity
estimate than the one presented here, is thus possible with current technologies. However
the situation is different if we consider the accuracy of the theoretical predictions that
will be needed in order to concretely exploit the VHEL measurement potential. If NLO
corrections are sizable, even if somewhat smaller than order one, higher order effects are
probably needed to bring the theoretical uncertainties to percent or sub-percent level.
This calls for developing new calculation and simulation tools to model the real and virtual
radiation of massive vector bosons accurately. EW PDFs will definitely play a role in this
context [36], however it should be taken into account that the soft-collinear region that is
most relevant for high-energy tri-boson production is not modeled by PDFs.

We are clearly very far from a complete assessment of the VHEL precision potential
to probe new physics. However some of our findings can already be used to quantify the

– 30 –

μ+μ−@10, 14, 30TeV
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Right: the VHEL projections based on the sensitivity to CH in table 8 and to CW (single operator
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at CLIC. On the contrary, at the VHEL the tri-boson hard cross-section is sizable, due
to the double-logarithmic Sudakov enhancement of soft and soft-collinear vector bosons
emissions from the initial leptons and from the final bosons. In the resulting kinematical
configuration, one boson is soft, potentially close to the beam axis and difficult to detect.
The others are instead central and energetic and they bring valuable information on short-
distance physics. We discussed in section 2.3 how the charged amplitude "ν → Wh can
be probed by exploiting this mechanism. This outlines a new handle for new physics
exploration at the VHEL, but also the need of revisiting the analysis of section 2 taking
the massive vector boson radiation fully into account. Indeed since there is no sizable gap in
cross-section, the diboson processes cannot be studied separately from the tri-boson ones.
Tri-boson production should be included for the estimate of both the SM background and
the new physics signal. Furthermore, it should be noted that the Sudakov enhancement of
the real emissions also controls the virtual loop corrections. Therefore EW loop corrections
are expected to be sizable and to affect the tree-level cross-section predictions we relied
on in our study, possibly at order one. Logarithmically enhanced virtual corrections are
known up to two-loops order [44], and it is relatively easy to simulate one (or possibly
two) real emission at tree-level. Including these effects, providing a more refined sensitivity
estimate than the one presented here, is thus possible with current technologies. However
the situation is different if we consider the accuracy of the theoretical predictions that
will be needed in order to concretely exploit the VHEL measurement potential. If NLO
corrections are sizable, even if somewhat smaller than order one, higher order effects are
probably needed to bring the theoretical uncertainties to percent or sub-percent level.
This calls for developing new calculation and simulation tools to model the real and virtual
radiation of massive vector bosons accurately. EW PDFs will definitely play a role in this
context [36], however it should be taken into account that the soft-collinear region that is
most relevant for high-energy tri-boson production is not modeled by PDFs.

We are clearly very far from a complete assessment of the VHEL precision potential
to probe new physics. However some of our findings can already be used to quantify the
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Open Questions on the “big picture” on 
fundamental physics circa 2021

Mass

10 TeV

1 TeV

EW symmetry breaking

EW symmetry breaking

 meson  
“of the Higgs”

ρ

We might be in a situation like QCD, where 
the  meson is only somewhat heavier than 
the pion, or in a situations where it is much 
heavier.

ρ

Both cases have profound consequences 
for telling what the Higgs boson really is.
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N U M B E R  B R E A K I N GL E P T O N

Neutrino mass mechanisms 

mν = (coupling)2 < H >2

Mheavy
→ SMALL mν = (coupling)2 < H >2

Mheavy
→ SMALL mν = μ ⋅ (coupling)2 < H >2

M2
heavy

→ SMALL

μ → SMALLcoupling → SMALLMheavy → LARGE
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The origin  of   
neutrino masses

flashing concrete results for
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Plenty of neutrino mass models 
in reach

allowed

LLP

LHC 7 TeV

LEP

LHC 8 TeV LHC 13 TeV

muon anomalous magnetic moment

� � e �

� parameter

Figure 8: Parameter space of the type-II seesaw model. The black area in top is excluded because of the ⇢

parameter. The cyan vertical area is the estimate for the excluded region by searches at LEP. The orange

region on the bottom is excluded by the experimental measurement for the muon anomalous magnetic

moment. The magenta area is excluded by µ ! e� (for our example choice of PMNS parameters and

neutrino mass spectrum) and the green area is excluded by constraints on µ ! ēee. The red, yellow

and brown areas are excluded by the LHC searches for same sign di-lepton final states at 7, 8 and 13

TeV. The purple area is excluded by LHC searches for same-sign W bosons. Finally, the white area is

allowed. The part of the white area inside the dashed and dotted black lines on the left (denoted by

LLP) features displaced decays from long-lived H
±±

. The lower dashed line is obtained from the limit

on the prompt decays as described in the main text. The upper dotted line (where no experimental

constraints exist to date) shows the region where c⌧ > 1 mm. Above this line the dominant decay is the

three-body decay to W
±
ff̄

0
.
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Type-2 See-Saw
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mΔ++ [GeV]

1803.00677 - Agrawal, Mitra, Niyogi, Shil, Spannowsky

Exclude ISS RH Neutrino up to 10 TeV for Yukawa ~1

WWH production

WWH production
Idea: Probe Y⌫ at tree-level with off-shell N ñ t-channel e

`
e

´ Ñ W
`

W
´

H

Good detection prospects in SM [Baillargeon et al., 1994]

SM contributions:

SM+ISS contributions:

SM electroweak corrections negligible for
?

s ° 600 GeV [Mao et al., 2009]

ñ neglected in our analysis
Cédric Weiland (Pitt-PACC) WWH production LCWS 2018 8 / 16
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Destructive interference between SM and heavy neutrino contributions

Maximal deviation of ´38% close to 3 TeV
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1712.07621 - Baglio, Pascoli, WeilandInverse See-Saw

Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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LLP) features displaced decays from long-lived H
±±

. The lower dashed line is obtained from the limit
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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. The lower dashed line is obtained from the limit

on the prompt decays as described in the main text. The upper dotted line (where no experimental

constraints exist to date) shows the region where c⌧ > 1 mm. Above this line the dominant decay is the

three-body decay to W
±
ff̄

0
.
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1.5 TeV

O(1) GeV

CLIC  e+e- → Δ++Δ-- → ����

CLIC  e+e- → Δ++Δ-- → WWWW →  many jets

1 8 0 3 . 0 0 6 7

Type-2 See-Saw

vΔ[GeV]

mΔ++ [GeV]

1803.00677 - Agrawal, Mitra, Niyogi, Shil, Spannowsky

Exclude ISS RH Neutrino up to 10 TeV for Yukawa ~1

WWH production
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Deviation from the SM in the
insert

Polarized: P
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M
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Destructive interference between SM and heavy neutrino contributions

Maximal deviation of ´38% close to 3 TeV
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1712.07621 - Baglio, Pascoli, WeilandInverse See-Saw

Table 46: Centre-of-mass energies and integrated luminosities of the CLIC prototype at different operational
stages.

Stage Ia Ib II IIIp
s 350 GeV 380 GeV 1500 GeV 3000 GeV

L 100 fb�1 500 fb�1 1500 fb�1 3000 fb�1

Both low-energy facilities and hadronic machines can only be sensitive to combinations of DCS5511

Yukawa couplings. Instead, the CLIC could explore both individual �-couplings and combinations via5512

lepton pair-production processes with a DCS exchanged in the t-channel at the tree level.5513

Since the DCS of Eq. (272) only couples to right-handed currents, an adequate polarisation of the5514

beams would enhance the production cross sections. This option is available in the CLIC [4], where the5515

electron beam can be polarised up to P
e
� = ±80%.5516

Fig. 106: Significance contours for the processes e+e�
! e+e� (left) and e+e�

! µ+µ� (right) plotted
in the {�, mS} plane. The initial-state electron is right-handed polarised. For the electron-positron pair
production, the restriction | cos ✓|  0.5 is also applied. Limits from the current LHC data (black-dashed
line) and the future HL phase (blue-dashed line) are displayed.

7.3.3 Opposite-sign di-lepton channel5517

In Figure 106, the significance92 contours for discovery, ⌃ = 5, and exclusion, ⌃ = 2, are shown as5518

functions of the DCS mass and couplings, at various CLIC operational stages and their related luminosi-5519

ties, for the channels e+e�
! e+e� (left panel) and e+e�

! µ+µ� (right panel). We applied the cuts5520

of Eq. 276 on the integrated cross sections, plus the stronger cut | cos ✓|  0.5 in case of electron final5521

states to control the large SM background (as suggested in [680]). Limits from the current Large Hadron5522

Collider (LHC) data and future high-luminosity (HL) phase 93 are also plotted. The main results are5523

summarised in Table 47, where we show the minimum values of the couplings �11 and �12 for which5524

92We adopted a definition of the significance, ⌃ ⌘ S/
p

S + B =
p

L �S/
p

�S + �B , that does not include systematic
errors. Although advisable for a better quantitative estimate of the limits, their inclusion should not change the qualitative
outcome of the present document.

93The LHC limits have been obtained by recasting the 13 TeV CMS search [175] for pair production of a doubly charged
scalar decaying into same-sign leptons and considering results for the S

±±
! 2e

± decay channel, with the inclusion of both
the qq̄- and ��-initiated processes. The limits are weakly dependent on �S due to the specific cuts of the CMS search, and
especially to the requirement of having same-sign leptons with an invariant mass within a small window around mS . Limits
for the 2µ

± and the mixed e
±

µ
± decay channels are estimated to be similar to the 2e

± case.
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High energy: future colliders

Perspective of searches at future colliders

Crivellin, MG, Panizzi, Pruna, Signer, work in progress

S =
Nsp
Ns+Nb

Beamstrahlung

Standard acceptance cuts:

E(µ±
) > 10GeV

| cos(✓)| < 0.95

(Preliminary plot)
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λ12

Exclude S⁺⁺ up to 10 TeV for triplet Yukawa ~0.1
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Figure 2: Left: Leading order total cross-section as a function of the collider energy
p

s (taken
from [24]). The SM predictions are given by the solid curves are for the SM predictions while the
dashed curves stand for the ISS predictions using the benchmark scenario defined in the text. The
red (blue) curves are for an unpolarized (�80% polarized electron beam) cross-sections. The insert
displays the ratio of the ISS prediction with respect to the SM cross-section up to 5 TeV. Right:
Contour map of the neutrino corrections �BSM at the 3 TeV CLIC, using a �80% polarized electron
beam, as a function of the seesaw scale M

R
and |Y⌫ | (taken from [14]).

destructive interference between the s–channel and t–channel diagrams which is already present in the
SM and is exacerbated in the ISS. In this regime, the deviation is maximal close 3 TeV and reaches
�38%. Third, if we keep increasing the center-of-mass energy, the intermediate heavy neutrino gets
closer and closer to being on-shell, leading the heavy neutrino diagrams to dominate the amplitude
and to a subsequent increase and large enhancement of the cross-section. This regime could typically
be probed at very-high-energy lepton colliders based on di↵erent accelerator technologies, using muon
beams like LEMMA [26] or high gradient acceleration concepts such as ALIC [27].

Fig. 2 (right) shows a contour map of the deviation of the ISS cross-section with respect to that
of the SM, �BSM = (�ISS

� �
SM)/�

SM, as a function of the seesaw scale MR and of the neutrino
Yukawa coupling Y⌫ , at the 3 TeV CLIC with a -80% polarized electron beam. We are working with a
hierarchical spectrum for the heavy neutrinos that preserves the ratios used for the benchmark of fig. 2
(left), M

R1
= 1.51M

R
, M

R2
= 3.59M

R
and M

R3
= M

R
. The gray area excluded by the constraints

mostly originates from the global fit [19]. The largest deviation in the ISS reaches �38% for |Y⌫ | ⇠ 1
and a seesaw scale of a few TeV. These results can be approximated within 1% for M

R
> 3 TeV by

using the formula

A
ISS
approx =

(1 TeV)2

M
2
R

Tr(Y⌫Y
†
⌫ )

✓
17.07 �

19.79 TeV2

M
2
R

◆
,

�BSM
approx = (AISS

approx)
2
� 11.94 A

ISS
approx. (6)

We can see here that the process e
+
e
�

! W
+
W

�
H exhibits sizable deviations of at least �20% for

a large fraction of the parameter space. It is worth comparing this result to the one we obtained for
the trilinear Higgs coupling in [16]. When doing so, it is possible to see that sizable deviations can be
obtained for W

+
W

�
H production in a much larger part of the parameter space than for the trilinear

Higgs coupling.
Fig. 3 presents the kinematic distribution in pseudo-rapidity and energy of the W and Higgs bosons

at a center-of-mass energy of 3 TeV. We can clearly see that the shape of the SM and ISS distributions
are easily distinguishable, with a noticeable di↵erence in the central region and for boosted Higgs
bosons. As a consequence, the deviation �BSM can be enhanced with a simple choice of cuts. It was

3
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Plenty of neutrino mass models 
in reach

SEARCHES FOR MASSIVE NEUTRINOS

Figure 13.2: Summary of heavy sterile neutrino search prospects at all FCC facilities. Solid lines are
shown for direct searches and the dashed line denotes an indirect constraint. These limits are taken from
Ref. [344] where further details of the signatures and searches are provided.

neutrino has also a Majorana mass, which arises at a high mass scale where U(1)L breaking effects are
important. Thus the full set of interactions is

Lsee-saw = �⌫HLN +
1

2
MN2 . (13.6)

By directly diagonalising the mass matrix, or by integrating out N, one finds that the Majorana neutrino
mass of Eq. (13.4) is generated. Furthermore, the mixing angle between left and right handed neutrinos
is ⇥ ⇠ �v/2M . The mass may thus be correlated with the mixing angle as

⇥
2 ⇡ m⌫

M
. 10

�11
⇣ m⌫

0.1 eV

⌘✓
10 GeV

M

◆
. (13.7)

For right-handed neutrinos near the weak scale, the mixing angle is thus very small, leading to very chal-
lenging detection prospects. Going beyond this simplest model, however, there are scenarios, known as
‘Symmetry Protected’ models (see e.g. [206, 349–353]), in which the mixing angle may be significantly
enhanced while still generating small neutrino masses. In these models one extends the field content
further, to include neutral Dirac neutrinos, such that the action is of the form

LSP = �⌫HLN + MN cN . (13.8)

These interactions respect a conserved U(1)L symmetry and the left-handed SM neutrino may now have
a large mixing with the new sterile neutrinos, even though the model still predicts an exactly massless
neutrino. Additional terms that break the U(1)L symmetry can then generate the very light neutrino
mass. In this way the mixing angle becomes uncorrelated with the prediction for the light neutrino
masses. The former can be large, while the latter is controlled by small U(1)L-breaking terms. This
setup significantly enhances detection prospects, since now for sterile neutrino masses in the mass range
accessible to colliders one may have large mixing angles that enable the additional pseudo-Dirac sterile
neutrinos to be produced and detected.

In this class of models, there are a variety of different search strategies to pursue. The search
prospects at FCC-ee are summarised in Fig. 13.1. Typically the heavy neutrino may be produced via
electroweak processes, and then decay to final states involving leptons. Sensitivity to heavy neutrinos
is significantly enhanced below the Z boson mass threshold, since in this case an on-shell Z-boson may
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Figure 13.2: Summary of heavy sterile neutrino search prospects at all FCC facilities. Solid lines are
shown for direct searches and the dashed line denotes an indirect constraint. These limits are taken from
Ref. [344] where further details of the signatures and searches are provided.
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Figure 13.1: Sensitivities of the different signatures to the active-sterile mixing and masses of sterile
neutrinos at the FCC-ee. For details on the signatures see Ref. [344].

In this way the microscopic origin of neutrino masses would be fundamentally different from the other
SM fermions, providing a qualitative explanation to the significant difference in mass scales between the
charged fermions and the neutrinos. Quantitatively, the Majorana neutrino masses are of the form

MM = 0.6

 
10

14 GeV
M

!
eV . (13.5)

There is a large number of possible microscopic ‘UV-completions’ that give rise to this Weinberg opera-
tor, and to the same low-energy effects.

13.2 Searches at FCC
To determine the fundamental origin of neutrino masses will require experimental answers to two ques-
tions:

– are neutrino masses of Dirac type, with their origin in an interaction of the form Eq. (13.1), or
are they of Majorana type, with their origin in an interaction of the form Eq. (13.3)? These two
interactions have a different symmetry structure, the former preserving a global symmetry, known
as lepton-number U(1)L, and the latter explicitly breaking this symmetry. These differences lead to
experimentally observable effects at low energies, with the classic example being the neutrinoless
double �-decay, which is searched for in laboratory experiments.

– If neutrino masses are Majorana, then what is the microscopic origin of the interaction Eq. (13.3)?
If the microscopic theory contains � ⇠ O(1) couplings, then to obtain the desired Majorana
neutrino masses the typical mass scales in the microscopic theory must be very large indeed,
M ⇠ 10

14 GeV, and there is little hope of probing these states at colliders. However, if the
microscopic theory gives rise to small couplings � ⌧ O(1), then it may be that M ⌧ 10

14 GeV,
and the new microscopic states may be within reach at colliders.

The first experimental question lies outside of the scope of future colliders, however the latter question
falls within the purview of high energy experiments and thus there is focus on it.

The simplest scenario that gives rise to Eq. (13.3) is known as the see-saw model [345–348]. In
this model one adds an additional right-handed neutrino to the SM, as in Eq. (13.1), but the right-handed
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BSM source of CPVFermions masses 
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Open Questions on the “big picture” on 
fundamental physics circa 2021

EFT

EFT

S T R O N G  I N T E R A C T I O N S

? • what is the dark matter in the Universe? 

• why QCD does not violate CP?

• how have baryons originated in the early Universe?

• what originates flavor mixing and fermions masses?

• what gives mass to neutrinos?

• why gravity and weak interactions are so different? 

• what fixes the cosmological constant?

W E A K  I N T E R A C T I O N S
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