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The Higgs-boson discovery at the LHC in 2012                                   
has established a non-trivial structure of the                                
vacuum, i.e. of the lowest-energy state in our                       
universe. The origin of mass of elementary                            
particles is related to this structure: mass arises                              
from the interaction with the Higgs field.


The vacuum structure is caused by the Higgs                              
field through the Higgs potential. We lack a                                              
deeper understanding of this!

                                                                                                               
We do not know where the Higgs potential that                         
causes the structure of the vacuum actually                                
comes from and which form of the potential                                    
is realised in nature. Experimental input is                                 
needed to clarify this!
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Higgs physics at Linear Colliders 

Higgs physics at ILC K. Desch - Higgs physics at ILC 2 

Nobel Prize 2013

1 The Brout-Englert-Higgs mechanism and the SM Higgs sector 3

gauge invariant mass term from coupling to Higgs field

SSB: L is invariant under symmetry transformation, but not the ground states
example: ferromagnet, pencil on the tip
goal: gauge-invariant mass term for gauge boson and fermion from couplings to scalar fields
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Higgs physics: present understanding

The Standard Model of particle physics uses a ``minimal’’ form of the 
Higgs potential with a single Higgs boson that is an elementary particle.


The LHC results on the discovered Higgs boson within the current 
uncertainties are compatible with the predictions of the Standard Model, 
but also with a wide variety of other possibilities, corresponding to very 
different underlying physics.


Thus, we have discovered a new particle, but we do not know yet the 
physics that is associated with it. We have a description of the known 
particles and their interactions, but we do not know the underlying 
dynamics.


This is similar to the case of superconductivity, where first a 
phenomenological description was obtained (Ginzburg-Landau theory). 
The actual understanding was achieved with the microscopic BCS theory.
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The puzzle of the Higgs mass
The mass of the discovered new particle, MH ≈ 125 GeV, is similar 
to v and to the masses of the W and Z bosons and the top quark.            
We call this the weak scale, Mweak.

The scale of gravity, MPlanck, is 17 orders of magnitude larger than 
the weak scale, i.e. MPlanck ≈ 100000000000000000 Mweak


This causes a problem, since via quantum effects the             
Higgs mass should be affected by such huge contributions.                                


How can the Higgs mass be as small as 125 GeV?


All other elementary particle masses are ``protected’’ by known 
symmetries. But what protects the Higgs mass?

5



Physics at Particle Colliders, Georg Weiglein, Tracking detectors for particle colliders — present and future, 10 / 2021

Identifying the physics associated with the Higgs boson will have 
profound implications. Possible outcomes could be:


• Additional Higgs bosons ⟷ a new space-time symmetry, more 
than 100 years after Einstein?


• Substructure of the Higgs boson ⟷ a new interaction of nature    
(a ``fifth force’’)?


• Properties of the Higgs sector ⟷ evidence for additional 
dimensions of space?


• Higgs and dark energy ⟷ could our universe be just one of many 
parallel universes? 

6

How can a Higgs boson be as light as 125 GeV?
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Study of Higgs physics provides information about the 
``electroweak phase transition’’ in the early universe
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• Identify the underlying dynamics of electroweak symmetry 
breaking; so far only phenomenological description (similar to 
Ginzburg-Landau theory of superconductivity)


• Determine the structure of the Higgs potential


• Discriminate between:                                                                      
— single doublet and extended Higgs sector (new symmetry?)      
— fundamental scalar and compositeness (new interaction?)


• Find out what protects the Higgs mass from physics at high scales


• Unravel the connection to dark matter, to the imbalance between 
matter and anti-matter in the universe, and to the phase of inflation 
in the early universe

8

Particle physics: goals (incomplete list)
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Many more questions to answer
• Nature of the ``dark sector’’ of the universe (accounts for 96% of it)?


• Origin of the observed patterns of flavour (quarks, neutrino physics)?


• How is gravity related to the quantum world? Quantum structure of 
space-time? Are there more than three dimensions of space?


• Unification of the fundamental interactions of nature?


• …
9
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Possible relations of the Higgs and the dark sector 

We know that dark matter interacts at most very weakly with the 
known ordinary matter. The Higgs boson(s) may provide us access to 
the dark sector of the universe. At present we do not know what 
96% of the universe is made of!


Higgs decays into dark matter particles would give rise to a ``missing 
energy’’ signature corresponding to an ``invisible’’ decay mode


The Higgs boson(s) could also act as a ``mediator’’ between the 
visible and the dark sector 


The Higgs sector could furthermore be crucial for explaining the 
imbalance between matter and anti-matter in the universe


Precision measurements of the Higgs decays, the Higgs couplings 
and the CP properties of the Higgs boson(s) have the potential to 
shed light on the dark sector!

10
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Update of the European Strategy for Particle PhysicsUpdate of the European Strategy for Particle Physics
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Concepts for silicon detectors (vertex and main tracker)

12

C. Vallée@FC German Forum WS 10/21 Detector Concepts for Linear Colliders 4

SILICON DETECTORS (VERTEX & MAIN TRACKER)

3 baseline pixel technologies considered up to now for Vertex detector:
CMOS                                        DEPFET                                           FPCCD

Current developments (mainly CMOS) driven by HL-LHC, BELLE II upgrades and FAIR

Pixels now challenging standard strips for main tracker (e.g. SiD new tracker baseline) 
Possible new feature: high-resolution timing (e.g. LGAD sensors)

ALICE ITS2 BELLE 2

[C. Vallée, Future Collider Forum ’21]
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Examples of ongoing developments

• Tracking detectors: higher resolution, faster, less material, 
better radiation hardness, …


• 4D / 5D detectors


• Multi-dimensional reconstruction algorithms


• Next-generation pixel detectors and microelectronics


• Alternative semiconductor sensor designs


• Machine-learning methods


• … 
13
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Improvement in Performance

Inverse of the efficiency for (wrongly) 
tagging a light-flavour jet 

-> the higher the rejection rate, the less 
likely to find a fake
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- Christian Schwanenberger -Physics Meets Detector RTG Fall Workshop Freiburg

Improvement in Performance

Inverse of the efficiency for (wrongly) 
tagging a light-flavour jet 

-> the higher the rejection rate, the less 
likely to find a fake

Opened a whole new dimension  
to exciting measurements in ATLAS! 
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Resistive Silicon Detector

Each of the signals in an RSD event carries a lot of information (amplitude, 
derivative, width) that can be exploited to perform very accurate x-y-t 
reconstruction. 

15



- Christian Schwanenberger -Physics Meets Detector RTG Fall Workshop Freiburg

Resistive Silicon Detector

⇒ 4D tracking
16
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Search for long-lived charginos

Radial distances (in mm) of the first 
five layers from the beam line for the 
three inner-tracker layouts 

pile-up

#1

#3
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Search for long-lived charginos

Radial distances (in mm) of the first 
five layers from the beam line for the 
three inner-tracker layouts 

pile-up

#1

#3

time resolution of ∼50 ps 
at pixel-hit level 



- Christian Schwanenberger -Physics Meets Detector RTG Fall Workshop Freiburg 19

Search for long-lived charginos

Radial distances (in mm) of the first 
five layers from the beam line for the 
three inner-tracker layouts 

pile-up

#1

#3

time resolution of ∼50 ps 
at pixel-hit level 

higgsino dark matter will 
be confirmed or refuted up 

to the thermal limits 
with 4D tracking
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Sensitivity to possible effects of new physics

20

Higgs physics at the LHC (Run 3, HL-LHC):


• Exploration of the properties of h125 (discovered Higgs signal): 
mass, coupling strengths, differential information (STXS, …), …


• Precision measurements of couplings: will a pattern of      
deviations from the Standard Model (SM) emerge?


• Couplings to second-generation fermions (h125 → μμ):                
do the first- and second-generation fermions receive their     
masses from the BEH mechanism? 

• CP properties of h125: does the Higgs sector contain a new 
source of CP violation? 

• Self-coupling of h125: experimental access to the Higgs potential
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Higgs mass prediction vs. experimental result

High-precision measurement of the Higgs mass puts important 
constraints on BSM physics even if new physics scale is very high!

21
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Example: Mh prediction for heavy SUSY (MSUSY = 100 TeV)
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[H. Bahl, J. Braathen, 
G. W. ’21]

Xt : mixing 
in the scalar 
top sector= Xt /MSUSY
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Higgs couplings: example of heavy SUSY scenario 

22

[H. Bahl et al. ’20]

Precision at 1% level provides large sensitivity for discriminating 
between different realisations of underlying physics

⇒
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Figure 9: Expected precisions on ’s in the M
125

h scenario, assuming (MA, tan �) = (700 GeV, 8)
(left) or (MA, tan �) = (1 TeV, 8) (right) is realized.

such low values of tan � the di-tau channel is not enhanced su�ciently. Other direct searches
including the di-top final state or electroweakino final states (both from resonant heavy Higgs
production and direct production) would need to be considered. The 2 � allowed parameter
ranges obtained by Higgs-boson signal-rate measurements are shown as in Fig. ?? in the up-
per panel. Again we find a bound in MA induced by the decoupling behavior, which, for a
potential realization at (MA, tan �) = (700 GeV, 3), limits MA to be between 600 GeV and
900 � 1000 GeV, depending on the considered future collider option. In contrast to the previ-
ous scenario, however, we can additionally constrain tan � to a narrow range between 2.5 and
4 as the chargino contributions to the h ! �� decay rate strongly depend on the chargino
mixing, which in turn, depends on tan �. As in the previous scenario the ILC measurements
only have a mild impact on top of the HL-LHC measurements in this scenario.

The lower panels display two relevant SM-normalized Higgs rates that play an important
role in the parameter determination: The inclusive rate for pp̄ ! h ! V V (V = W

±
, Z),

denoted R
h
V V , and the inclusive rate for pp̄ ! h ! ��, denoted R

h
��. The di-photon rate

is strongly influenced by loop contributions of charginos, which become large at small tan�

values. In contrast, the V V rate follows the basic trend of decoupling being mostly a function
of MA, see also the rate R

V h
bb in the discussion of the M

125

h scenario. The decoupling is, however,
slightly delayed for low tan � values. The interplay of the two rates lead to the elliptic (and
elongated) shape of the determined parameter region.

In Fig. ?? we add the contour lines of equal MSUSY to the two realizations discussed in
Fig. ??. MSUSY denotes the scale of all scalar fermion soft-SUSY breaking masses. As explained
in Sec. 2, in the M

125

h,EFT
(�̃) scenario MSUSY is adjusted at every point in the parameter plane

such that Mh ' 125 GeV. Thus the constraints in the (MA, tan �) parameter plane for a given
realization of the MSSM can be translated into a constraint on the sfermion mass scale. It is
expected to be between ⇠ 2.3 TeV and 50 TeV for the hypothetical future scenarios discussed
here. If the associated heavy Higgs bosons are found, which can help to pinpoint tan � and, in

17
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[H. Bahl et al. ’20]

Precision at 1% level provides large sensitivity for discriminating 
between different realisations of underlying physics

⇒

Higgs couplings: example of heavy SUSY scenario 
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Are there additional sources for CP violation in the 
Higgs sector? 
The amount of CP violation in the SM (induced by the CKM phase) is 
not sufficient to explain the observed asymmetry between matter 
and anti-matter in the universe


Search for additional sources of CP violation


Baryogenesis: creation of the asymmetry between matter and anti-
matter in the universe requires a first-order electroweak phase 
transition (FOEWPT)                                                                       
Does not work in the SM, can be realised in extended Higgs sectors


But: strong experimental constraints from limits on electric dipole 
moments (EDMs)

24

⇒
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CP properties of h125
It has been experimentally verified that h125 is not a pure CP-odd 
state, but it is by no means clear that it is a pure CP-even state


The main testing ground are processes involving only Higgs 
couplings to fermions


e.g.: 


with H → 𝛕𝛕, bb, …

25
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Relevant processes: ttH and tH production
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CP structure of the top Yukawa coupling: current 
constraints and HL-LHC prospects
Global fit to LHC inclusive and differential signal rates

26

[H. Bahl et al. ’20]

Only mild constraints on the CP structure at LHC and HL-LHC ⇒
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Figure 3: Exemplary Feynman diagrams for tt̄H, tH and tWH production.

contributions proportional to the top-Yukawa coupling (see upper middle diagram of Fig. 3)
and proportional to the electroweak gauge couplings (see upper right diagram of Fig. 3).1
Similar to tH production, also tWH production receives contributions proportional to the
top-Yukawa coupling and to the electroweak gauge couplings (see bottom diagrams of Fig. 3).
Experimentally, tWH is challenging to distinguish from tt̄H production. At next-to-leading
order in the five-flavor scheme or at leading-order in the four-flavor scheme, tWH and tt̄H

production even interfere with each other (see [39] for a detailed discussion). The distribu-
tions of the Higgs transverse momentum in tH, tt̄H and tWH production o�er additional
sensitivity to the CP-nature of the top-Yukawa coupling. Measurements of these shapes are
not yet possible but are expected to become feasible in the future. STXS bins for the tt̄H

Higgs pT -shape have been defined already [48].
In addition to the processes discussed above, also the Higgs decay mode into a photon and

a Z boson, four leptons, as well as four-top-quark production [41,49] can be used to constrain
the CP-nature of the top-Yukawa coupling. With the current experimental precision, these
processes are, however, not competitive to the processes discussed above (but may become
relevant after the high-luminosity upgrade of the LHC). Therefore, we do not include them
into our analysis.

3 E�ective model description

For our analysis, we use a model similar to the Higgs-characterization model defined in
Refs. [7, 37, 50]. The top-Yukawa part of the Lagrangian is modified with respect to the SM,

Lyuk = ≠
y

SM
t

Ô
2

t̄ (ct + i“5c̃t) tH, (1)

where y
SM
t

is the SM top-Yukawa coupling, H is used to denote the Higgs boson field and t

to denote the top quark field. The parameter ct rescales the CP-even coupling with respect
to the SM prediction (ct = 1). The CP-odd coupling of the Higgs boson to top quarks is

1In addition to the t-channel tH contributions, shown in Fig. 3, there is also a s-channel contribution
mediated by a W boson. The s-channel contribution is an order of magnitude smaller than the t-channel
contribution [38]. Therefore, we neglect it in the present study.
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Figure 19: Impact of the prospective µtH/(tt̄H+tW H) determination of the proposed tH

analysis with 3 ab≠1 of data [the green areas indicate the 1 ‡ precision] on the currently
allowed ranges of ct (top panels), c̃t (middle panels), as well as on the (ct, c̃t) parameter
plane (bottom panels). The figures contain the fit results of the 5D parametrization shown
in Fig. 13 (right panels) and Fig. 8 (bottom right panel), respectively. We assume the
future µtH/(tt̄H+tW H) measurement to be consistent either with the SM (left panels) or the
CP-mixed 2 benchmark scenario (right panels).
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CP structure of the Higgs-fermion couplings

Work in progress: 


• Incorporation of recent CMS result on the CP structure of the tau 
Yukawa coupling from h125 → 𝛕𝛕 decays using angular correlation 
between the decay products


• Comparison with the existing EDM constraints


• Analysis of the resulting amount of baryon asymmetry in the 
universe

27

[H. Bahl et al. ’21]
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Higgs self-coupling λ

Sensitivity of different processes crucially depends on the actual 
value of λ 

28

Measurement of Higgs Self-Coupling
Di-Higgs processes at hadron colliders: 
◦ ;(==) ≈ 0. 0/×;(=)
◦ Important to use differential measurements

Di-Higgs processes at lepton colliders
◦ ZHH or VBF production complementary

Single-Higgs production sensitive 
through loop effects, e.g. for @A = 1:
◦ Hadron colliders: ~3%
◦ Lepton colliders: ~1%

36

[B. Heinemann ’19]

Self-coupling λ of h125: experimental access to the Higgs potential



MasterCode: Global fit in the MSSM with 11 parameters
[E. Bagnaschi et al ’18, 19]

Best fit region and implications for collider and dark matter searches:

⇒ Dark matter constraint and (g-2)μ favour light ew particles, compressed spectra

Best fit points

68% / 95% 
C.L. contours

Compressed 
spectrum
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(upper and lower panels, respectively). The values at the best-fit points are indicated by blue lines, the
68% CL ranges by orange bands, and the 95% CL ranges by yellow bands.
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Figure 6. Two-dimensional projections of the global likelihood function for the pMSSM11 in the
(m�̃±

1
, m�̃0

1
) planes (upper panels) and the (MA, tan �) planes (lower panels), including the (g � 2)µ

constraint (left panels) and dropping it (right panels).

ingly, when this constraint is not applied a priori
(green lines), whilst a very small SUSY contri-
bution to (g � 2)µ is preferred, a wide range of
values of (g � 2)µ are found to be allowed at the
��

2⇠ 2 level and the experimental value can be
accommodated at the 1.5-� level. Although the
other data certainly do not favour a large SUSY
contribution to (g � 2)µ, neither do they exclude
it.

4.2. Sparticle Masses

Squarks and gluinos
The profile likelihood functions for squarks and
gluinos are shown in Fig. 8. The left panel is
for mq̃, where we see that when the 13-TeV
LHC data and (g � 2)µ constraint are included
(solid blue line), there is a monotonic decrease
in �

2 as mq̃ increases, with mq̃ & 1.9 TeV at
the 95% CL (horizontal dotted line). This con-
straint is much stronger than that obtained with
8-TeV data alone (dashed blue and green lines):
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and 99.7% CL (green lines) in a global fit including the LHC 13-TeV data and recent results from the
Xenon-based direct detection experiments LUX, XENON1T, and PandaX-II [3, 4, 6] (solid lines), and
omitting them (dashed lines).
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Where are the new particles?                          
Example: global SUSY fit
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Search for additional (heavy) Higgs bosons

30

500 1000 1500 2000
MA [GeV]

10

20

30

40

50

60
ta

n
�

M
125
h

scenario Mh [GeV]

122
124

125

Figure 1: Constraints on the M
125
h

scenario from Higgs searches at the LHC, in the (MA , tan �)
plane. The green solid lines are predictions for the mass of the lighter CP-even scalar h, the
hatched area is excluded by a mismatch between the properties of h and those of the observed
Higgs boson, and the blue area is excluded by the searches for additional Higgs bosons (the
darker-blue band shows the theoretical uncertainty of the exclusion).

and it opens up to higher values of tan � for increasing MA. The constraints at high values
of tan � arise essentially from the searches for H/A ! ⌧

+
⌧
� at the LHC with 13 TeV center-

of-mass energy [136, 137]. On the other hand, values of tan � lower than about 6 are ruled
out in the M

125
h

scenario by the prediction of a mass below 122.09 GeV for the SM-like scalar.
The hole in the blue area around MA ⇡ 250 GeV and tan � ⇡ 4 corresponds to a region of
the parameter space where H has significant branching fractions to ZZ and hh pairs, but no
individual search is strong enough to yield an exclusion. However, this region is ruled out by
the requirement that the properties of h match those of the observed Higgs boson.

3.5 Scenarios with light superparticles

Light superparticles, in particular charginos and neutralinos – which we collectively denote as
electroweak (EW)-inos – and third-generation sfermions, can substantially influence the Higgs
phenomenology, see e.g. Refs. [15, 181–186]. This may happen through loop contributions to
the Higgs boson couplings to SM particles, as well as, when kinematically possible, through
direct decays of the Higgs bosons into superparticles.

14

HiggsBounds: area excluded by Higgs   
search limits, H, A → 𝛕𝛕

HiggsSignals: 
area is not 
compatible 
with the 
properties of 
the detected 
Higgs signal 
h125 (indirect 
sensitivity)

[H. Bahl et al. ’18]

MSSM example: Mh125 benchmark scenario

Allowed region, could be probed by dedicated searches for H, A → BSM part.
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HL-LHC projections: search for heavy Higgses      
+ improved precision of h125 signal measurements

31
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M 125
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h(125) rates
ATLAS 36.1 fb°1 © CMS 35.9 fb°1

ATLAS 3 ab°1 © CMS 3 ab°1

H/A ! ø+ø° expected exclusion (95% C.L.)

ATLAS 3 ab°1 © CMS 3 ab°1

±1æ

±2æ

ATLAS 36.1 fb°1 [JHEP 01(2018)055]
CMS 35.9 fb°1 [JHEP 09(2018)007]

Mh 6=(125 ± 3) GeV

ࡦ o� �o+ oǩǊǊɻ ɫŒʉƟ ȝƟŒɻʞɫƟȝƟȣʉɻ ʿǩȋȋ ŷƟ ɻƟȣɻǩʉǩʻƟ ʉȴ �� . ߾ h2o
ࡦ 5ǩɫƟƁʉ ɻƟŒɫƁǞƟɻ Ǉȴɫ ɛɛ! m/�! ⌧+⌧� ŒɫƟ ɻƟȣɻǩʉǩʻƟ ʉȴ �� . ࠂ.߿ h2o
ƌƟɠƟȣƌǩȣǊ ȴȣ tan�

ࡪŒǞȋ# #ƟƁǞʉȋƟࡪ oƟǩȣƟȝƟˈƟɫࡪ �ǩƟŷȋƟɫࡪ üðࡪ īƟǩǊȋƟǩȣࡪ ƀȰȠʂɥ ʂȰ +Dæ£�ß++ࠁ߽ࠅ߾߽߿
üǩȝ ðʉƟǇŒȣǩŒȅ 5Dðĳ ঀ #ð� oǩǊǊɻ ɠǞˈɻǩƁɻ ঀ ��ßð ࠆ߾߽߿ ঀ ࠄ߿ �ɠɫǩȋ ࠆ߾߽߿ ࠂ߿

[H. Bahl et al. ’20]

Much higher precision of h125 signal measurements needed 
than at HL-LHC in order to probe unexcluded region

⇒

Sensitivity 
from HL-LHC 
signal 
measurements

Projected 
exclusion 
region for H, A 
searchs
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Possible experimental hints
Excess in the search for A → tt at about 400 GeV:

32

Introduction Collider excesses N2HDM interpretation NMSSM interpretation Conclusion

“The tt̄ excess” at ⇠ 400 GeV

[CMS: 1908.01115]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
cAtt̄

0

2

4

6

8
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20

�
2 t
t̄

mA = 400 :2o

�A/mA = 0.1W
�A/mA = 0.5W
�A/mA = 1.0W
�A/mA = 1.5W
�A/mA = 2.0W
�A/mA = 2.5W
�A/mA = 3.0W
�A/mA = 3.5W
�A/mA = 4.0W
�A/mA = 4.5W
�A/mA = 5.0W
�A/mA = 7.5W
�A/mA = 10.0W

[https://cms-results.web.cern.ch]

Local excess of 3.5� at ⇠ 400 GeV
Global significance below 2�

Consistent with a pseudoscalar Higgs boson at
⇠ 400 GeV

Most significant for �A/mA = 4% and cAtt̄ ⇠ 1, but
also consistent with slightly di↵erent mA and �A/mA

! �2
tt̄
(mA, �A/mA, cAtt̄)

Corresponding ATLAS limits only for mA > 500 GeV
and only 8 TeV data [ATLAS: 1707.06025]
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NMSSM (next-to-mimimal SUSY model) interpretation

33
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Figure 17: NMSSM parameter points with ‰
2

Æ ‰
2
SM in the mA–cAtt̄ plane (left) and the mA–‰

2
tt̄

plane
(right). The colors of the points indicate the values of �A/mA in %. Left: Also shown are the current
observed (blue) and expected (black dashed) upper limits at the 95% C.L. and the expected 1‡ (green)
and 2‡ (yellow) exclusion regions assuming �A/mA = 2.5% as published in Ref. [6].

are obtained for the points with the lowest values of mA. 10 Thus, even though the NMSSM o�ers
a substantially better fit to the data than the SM, the NMSSM analysis does not reach the same
level of fit quality as the N2HDM analysis, where values of ‰

2
tt̄

< 1 could be achieved (see, for
instance, Fig. 3). The reason for this is that one cannot further reduce the value of tan — in the
NMSSM without violating constraints from the charged Higgs boson searches. In the N2HDM
these can be avoided by increasing the mass mH± ∫ 400 GeV. In the NMSSM this is not possible,
because of the relations among the Higgs-boson masses, as explained in Sect. 4.3. Thus, also
the maximum value of |cAtt̄| that is possibly realized remains below the measured best-fit value
(cAtt̄ ¥ 0.8). The collider phenomenology of the H

± state will be discussed in more detail below.
In addition, the total width �A of the CP-odd Higgs boson, indicated by the color coding

in units of mA in Fig. 17, correlates with mA, where for each branch displayed in the right plot
of Fig. 17 (each branch corresponds to a di�erent value of MA) smaller values of mA give rise
to smaller values of �/mA. This correlation has its origin in the phase space factor for the tt̄

decay width, which grows with increasing values of mA and overcompensates the factor mA in the
denominator. Since the experimental analysis was carried out for di�erent hypotheses on �A/mA,
‰

2
tt̄

depends on mA both directly and via its impact on the ratio �A/mA. On the other hand,
one can see that the overall variation of �A/mA of the parameter points is small compared to
the step sizes of the di�erent width hypothesis used in the experimental analysis, as shown in
Fig. 1. Thus, given the experimental uncertainties, it would have been su�cient to only take into
account the expected and observed exclusion limits (and the resulting ‰

2
tt̄

values) obtained under
10We perform a linear interpolation to obtain a value of ‰tt̄ as a function of mA, �A/mA, and cAtt̄ for each

parameter point, interpolating between the values considered in the experimental analysis.

38

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]

The A → tt excess at 400 GeV can be well described in the NMSSM 
and the N2HDM (two doublets + real singlet)
⇒
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Additional Higgs bosons could also be light:     
CMS excess in h ⟶ 𝛾𝛾 search vs. ATLAS limit

34
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It is crucial to search for light additional Higgs 
bosons at the LHC and future facilities!
⇒

CMS-PAS-HIG 17-013,
ATLAS-CONF-2018-025

[T. Stefaniak ’18]

Note: also LEP 
reported a 
small excess at 
approximately 
the same mass 
in the h→bb 
channel
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Excesses at about 96 GeV at LEP and CMS

35

Introduction Collider excesses N2HDM interpretation NMSSM interpretation Conclusion

“The 96GeV excesses” (LEP and CMS)

[LEP: hep-ex/0306033]

⇠ 2� local excess at 96 - 98GeV

Extracted signal strength:
µLEP

�
e
+
e
� ! Zh ! Zbb̄

�
= 0.117± 0.057

[1612.08522]

[CMS: 1811.08459]

Run I/II data: Local excess of & 3�

Extracted signal strength:
µCMS (gg ! h ! ��) = 0.6± 0.2

! �2
96(µLEP, µCMS) assuming no correlation between µLEP and µCMS

Many model interpretations with common origin of both excesses, including N2HDM and NMSSM
see [T.B, M. Chakraborti, S. Heinemeyer: 2003.05422] for a list models

8 / 17
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20

Combined interpretation of the excesses at 400 and 96 GeV

N2HDM, type II:

36

The A → tt excess at 400 GeV and the CMS and LEP excesses at    
96 GeV can be described very well simultaneously!

⇒

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]
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Figure 2: combined limits at 95% CL, 500 fb≠1 @ 250 GeV
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Example for discovery potential for new light states: 
Sensitivity at 250 GeV with 500 fb-1 to a new light Higgs

37

[P. Drechsel, G. Moortgat-Pick, G. W. ’20]

Higgs factory at 250 GeV will explore a large untested region!⇒

Indirect HL-LHC 
sensitivity from 
measurements 
of the Higgs at 
125 GeV

Excluded 
from

LEP 
searches

Higgs factory sensitivity:

h ⟶ bb search

Higgs factory 
sensitivity:

Recoil method

✓
ghZZ

gHSMZZ

◆2

Mh/GeV

Could 
probe the 
excesses 
from LEP 
and CMS 
at about 
96 GeV
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The anomalous magnetic moment of the muon

38

h?2 M2r 6L�G (; ! k)µ `2bmHi
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A hint for light BSM particles?

Improved precision on MW can probe different dark matter mechanisms
39

[E. Bagnaschi, M. Chakraborti, S. Heinemeyer, I. Saha, G. W. ’21]

Analysed here: impact of light SUSY particles on gμ - 2, MW and the 
dark matter relic density Jq pb (; ! k)µ
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Different 
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A hint for light BSM particles?

Possible hints for light charginos can be probed with future searches
40

[E. Bagnaschi, M. Chakraborti, S. Heinemeyer, I. Saha, G. W. ’21]

Correlation with the mass of the lightest chargino:

Different 
mechanisms 
for obtaining 
the right 
amount of 
dark matter

⇒
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Flavour physics anomalies

417

B physics anomalies

0.5 1 1.5
KR
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BaBar
4c/2 < 8.12 GeV2q0.1 < 

Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.

8

analysis.
The analysis strategy aims to reduce systematic uncertainties induced in modelling

the markedly di↵erent reconstruction of decays with muons in the final state, compared
to decays with electrons. These di↵erences arise due to the significant bremsstrahlung
radiation emitted by the electrons and the di↵erent detector subsystems that are used
to identify electron and muon candidates (see Methods). The major challenge of the
measurement is then correcting for the e�ciency of the selection requirements used to
isolate signal candidates and reduce background. In order to avoid unconscious bias, the
analysis procedure was developed and the cross-checks described below performed before
the result for RK was examined.

In addition to the process discussed above, the K
+
`
+
`
� final state is produced via

a B
+

! XqqK
+ decay, where Xqq is a bound state (meson) such as the J/ . The

J/ meson consists of a charm quark and antiquark, cc, and is produced resonantly at
q
2 = 9.59GeV2

/c
4. This ‘charmonium’ resonance subsequently decays into two leptons,

J/ ! `
+
`
�. The B

+
! J/ (! `

+
`
�)K+ decays are not suppressed and hence have a

branching fraction orders of magnitude larger than that of B+
! K

+
`
+
`
� decays. These

two processes are separated by applying a requirement on q
2. The 1.1 < q

2
< 6.0GeV2

/c
4

region used to select B
+
! K

+
`
+
`
� decays is chosen to reduce the pollution from the

J/ resonance and the high-q2 region that contains contributions from further excited
charmonium resonances, such as the  (2S) and  (3770) states, and from lighter ss

resonances, such as the �(1020) meson. In the remainder of this article, the notation
B

+
! K

+
`
+
`
� is used to denote only decays with 1.1 < q

2
< 6.0GeV2

/c
4, which are

referred to as nonresonant, whereas B+
! J/ (! `

+
`
�)K+ decays are denoted resonant.

To help overcome the challenge of modelling precisely the di↵erent electron and muon
reconstruction e�ciencies, the branching fractions of B+

! K
+
`
+
`
� decays are measured

relative to those of B+
! J/ K

+ decays [110]. Since the J/ ! `
+
`
� branching fractions

are known to respect lepton universality to within 0.4% [2,111], the RK ratio is determined
via the double ratio of branching fractions

RK =
B(B+

! K
+
µ
+
µ
�)

B(B+
! J/ (! µ

+
µ
�)K+)

�
B(B+

! K
+
e
+
e
�)

B(B+
! J/ (! e

+
e
�)K+)

. (2)

In this equation, each branching fraction can be replaced by the corresponding event yield
divided by the appropriate overall detection e�ciency (see Methods), as all other factors
needed to determine each branching fraction individually cancel out. The e�ciency of the
nonresonant B+

! K
+
e
+
e
� decay therefore needs to be known only relative to that of the

resonant B+
! J/ (! e

+
e
�)K+ decay, rather than relative to the B+

! K
+
µ
+
µ
� decay.

As the detector signature of each resonant decay is similar to that of its corresponding
nonresonant decay, systematic uncertainties that would otherwise dominate the calculation
of these e�ciencies are suppressed. The yields observed in these four decay modes and the
ratios of e�ciencies determined from simulated events then enable anRK measurement with
statistically dominated uncertainties. Percent-level control of the e�ciencies is verified with
a direct comparison of the B+

! J/ (! e
+
e
�)K+ and B

+
! J/ (! µ

+
µ
�)K+ branching

fractions in the ratio rJ/ = B(B+
! J/ (! µ

+
µ
�)K+)/B(B+

! J/ (! e
+
e
�)K+), as

detailed below.
Candidate B

+
! K

+
`
+
`
� decays are found by combining the reconstructed trajec-

tory (track) of a particle identified as a charged kaon, together with the tracks from a
pair of well-reconstructed oppositely charged particles identified as either electrons or

3

https://arxiv.org/abs/2103.11769

Could the underlying physics of flavour be accessible at the TeV scale?
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Is there a direct connection between the electroweak phase 
transition and the phase of inflation in the early universe?


Can fields from the Higgs sector of BSM models play the role of 
the inflaton?


Inflation-inspired NMSSM:                                                             
NMSSM-like μeff-term + MSSM-like μ-term (from non-minimal 
coupling to gravity)


Analysis of the phenomenology of the inflation-inspired NMSSM, 
potential for experimental discrimination from NMSSM and 
MSSM [W.G. Hollik, S. Liebler, G. Moortgat-Pick, S. Passehr, G. W. ’18]

⇒
[M. Einhorn, D. Jones ’09; S. Ferrara et al. ’10, ‘11]
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Interplay between collider physics and cosmology
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First-order electroweak phase transition (FOEWPT)

Baryogenesis: creation of the asymmetry between matter and anti-
matter in the universe requires a FOEWPT                                      
Does not work in the SM, can be realised in extended Higgs sectors

43

  Introduction
What is a FOEWPT?

9

High temperature

Critical temperature 
(degenerate minima)

Transition temperature

[M. O. Olea ’21]

Temperature evolution of the Higgs potential in the early universe:
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FOEWPT: N2HDM (two doublets + real singlet)

44

[T. Biekötter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. ’21]

``Smoking gun’’ collider signature: A → Z h2, A → Z h3             
Nucleation temperature for the FOEWPT, N2HDM scan:

Lower nucleation temperatures, i.e. stronger FOEWPTs, are 
correlated with larger signal rates at the LHC!

⇒
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Figure 8: Correlation of the cross sections for the processes A æ Zh2 and A æ Zh3 for the N2HDM
benchmark scenarios defined in Table 4. The color coding is the same as in Figure 7 (right).

are generally open in scenarios with a FOEWPT, except when h3 is very singlet-like (and can
thus e�ectively decouple from the FOEWPT dynamics, mh3 ∫ v).

In Figure 8 we show as result of our parameter scan defined in Table 4 the predictions for
the signal rates pp (gg) æ A æ Zh2 and pp (gg) æ A æ Zh3 at the LHC with

Ô
s = 13 TeV,

where the production cross section has been calculated with SusHi v.1.6.1 [105, 106], and the
branching ratios have been obtained with N2HDECAY [27, 78]. Since the production cross section
‡(gg æ A) is constant in our scan (it only depends on mA and tan —), Figure 8 e�ectively
shows the interplay between BR(A æ Zh3) and BR(A æ Zh2). As a result, we find that
(stronger) FOEWPTs with smaller nucleation temperatures are correlated with larger values
for these branching fractions. However, the largest values of the signal rates for each of the
two processes in our scan correspond to unphysical trapped-vacua scenarios. The detection
of the processes pp æ A æ Zh2 and pp æ A æ Zh3 at the LHC would open the possibility
to infer details about the thermal history of the Universe that would have occurred in the
N2HDM. Regarding the current status of LHC searches of this kind, ATLAS and CMS have
searched for the pp æ A æ Zhi (with hi ”= h125) signature within their 8 TeV [107] and
13 TeV [108, 109] data sets, assuming that the Higgs boson hi decays into a pair of bottom
quarks or a pair of · -leptons. It should be noted that our scan shows that for scenarios
featuring a FOEWPT in the N2HDM the masses of both h2 and h3 could easily be above
the decay threshold into top-quark pairs. In fact, for the rather small value of tan — = 2 in
our scan the discovery potential for the “smoking-gun” signatures in the N2HDM scenarios
could be higher for the decay of h2,3 æ t̄t. Thus, our results motivate to explore the signature
pp æ A æ Z(hi) æ Z(t̄t) within the programme of experimental searches at the LHC (see

32

No FOEWPT; 
universe is trapped 
in a ``false’’ vacuum
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Probing BSM physics at colliders and gravitational 
wave experiments
N2HDM example: correlation between Higgs couplings and the 
signal-to-noise ratio for gravitational wave  detection at LISA 

45

[T. Biekötter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. ’21]

Potentially interesting sensitivity if the theoretical uncertainties are 
sufficiently well under control

⇒
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Figure 3: Parameter points with the colours indicating the SNR of the associated GW signal
assuming a 7 year mission of LISA, vw = 0.6, and including both �sw and �turb. Grey points
do not feature a FOEWPT and a GW signal.

In the right plot of Fig. 2 we show the correlation between the critical temperatur Tc and
the nucleation temperatur Tn. Again it is instructive to compare to the results in Sect. ??
depicted in Fig. ??, in which a roughly linear dependence of both quantities was observed.
Meanwhile we observe here large departures from a linear dependence. Especially for low
values of Tc one can see that Tn varies between approximately 40 GeV and 80 GeV, while Tc is
approximately constant. This suggest that the presence of a relatively light singlet-like state
mixing with the SM-like Higgs boson can influence the properties of a FOEWPT substantially
even for small values of the singlet component acquired by the SM-like Higgs boson. Thus,
for such points GW experiments might have the capability of sensing the existence of a light
scalar singlet in an N2HDM interpretation of a potential GW signal, while the prospects of
detection of the singlet at a collider would be poor.

Turning to the GW signals associated to the FOEWPT, we show in Fig. 3 the parameter
points with the colours indicating the SNR regarding the LISA space telescope assuming a
mission time of 7 years. In this plot we include both the contributions from soundwaves and
turbulences in the plasma for the theoretical prediction of the GW signal. Apart from that, we
assumed a bubble-wall velocity of vw = 0.6. For better visibility of the colour coding we show
the logarithm of the SNR with base 10, because the change from small to large values is very
abrupt in terms of the model parameters. Consequently, for a detection threshold of SNR = 10
all points with log

10
(SNR) Ø 1 are considered to lead to a detectable GW signal at LISA. One

can see that only a small fraction of points yield a detectable GW signal. These points are
concentrated right at the border between valid points and points trapped in the false minimum.
Unfortunately, this means that the model predictions for the GW signals quite significantly
depend on the nucleation criterion. As described in Sect. 4.1, we followed the approach of
using a constant threshold for S3/T as shown in Eq. (??), which is suggested in Ref. [46] for
EW transitions. Corrections to this criterion depend on the functional determinant A(T ) in
Eq. (28) and are therefore hard to predict.

Another main source of uncertainty is the unknown value of the buble-wall velocity vw. In

20

No FOEWPT; 
universe is trapped 
in a ``false’’ vacuum
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18

FIG. 3: The signal strength µ�� of h125 ! �� as a function of the charged Higgs mass. The parameter points without any

secondary minima (grey) are plotted on top, followed by the absolutely stable (green), and long-lived (blue) parameter points.

Below these, the points with dangerous secondary minima are shown in di↵erent shades of red denoting the type of dangerous

minimum present (N – light red, CB – red, CP – dark red).

• parameter points where the EW vacuum is the only vacuum,

• absolutely stable parameter points where secondary minima exist but are never deep,

• long-lived parameter points where secondary vacua are deep but never dangerous,

• short-lived parameter points that have dangerous secondary minima.

Figure 3 clearly demonstrates the phenomenological impact of vacuum stability constraints. It shows the signal

strength of h125 in the �� channel defined as

µ�� =
�(pp ! h125)BR(h125 ! ��)

�(pp ! hSM)BR(hSM ! ��)
(3.13)

as a function of the charged Higgs mass. The short-lived (di↵erent shades of red) parameter points are plotted below

the grey points, for which no secondary minima exist. This means that any region where only the red parameter points

are visible is excluded by vacuum stability. One can see that significant parts of the parameter space corresponding

to an enhanced signal strength, µ�� > 1, are excluded because they have a dangerous N , CP or CB minimum below

the EW vacuum. If for instance a charged Higgs is found with a mass of 500 GeV, a bound of about µ�� . 1.03 in

the N2HDM of type I can be derived from fig. 3. If on the other hand the charged Higgs mass could be constrained

to be larger than 250 GeV (e.g. by a 500 GeV e
+
e
�-collider) enhancements of µ�� above 1.1 would be excluded in

the N2HDM of type I by the vacuum stability constraint. One can also see from fig. 3 that if the constraint of an

absolutely stable EW vacuum were imposed, the blue points in fig. 3, which indicate a long-lived EW vacuum, would

be excluded, implying possibly misleading conclusions.

The reason for the behaviour observed in fig. 3, i.e. the impact of vacuum stability on the allowed µ�� values, is

the h125 coupling to a pair of charged Higgs bosons (defined in the appendix of [25]) as shown in fig. 4. This figure

displays the impact of vacuum stability on the allowed values of the h125H
+
H

� coupling. Large negative values of

this coupling are excluded by dangerous vacua. Negative values, however, lead to an enhancement of µ�� through

constructive interference with the W± loop. Note, that we have checked that there are no relevant e↵ects from vacuum

pp ⟶ h125 ⟶ 𝛾𝛾 signal strength; all points allowed by other 
experimental and theoretical constraints

[P.M. Ferreira,∗ R. Santos, M. Mühlleitner, J. Wittbrodt, G. W. ’19]

unstablelong-lived

Vacuum stability constraint excludes region with enhanced μ𝛾𝛾⇒

Reason: 
constraint on 
coupling to 
charged 
Higgs boson 

Vacuum stability constraints in the N2HDM (type I)
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Physics at particle colliders allows us to explore the fundamental 
laws of nature and provides us with a window to the evolution of 
the early universe


The next generation tracking detectors will provide high-
precision information that will be crucial for testing the SM and 
searching for new physics: particle identification, rejection of 
backgrounds and pile-up, …


The goal will be to maximally exploit the experimentally 
accessible informations and to compare them with precise 
theory predictions


Discrimination between different possible realisations                
of the underlying physics, determine where we are on              
the ``Quantum Universe map’’

47

Conclusions

⇒
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Backup

48
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Composite Higgs

Approaches to address the question how a scalar particle can 
be light, M ~ 125 GeV:


• SUSY: elementary scalars related via SUSY to elementary 
fermionic superpartners, which naturally have a small mass 
(weakly broken chiral symmetries)


• Spontaneous breaking of a continuous global symmetry:          
⇒ massless Goldstone boson                                           
Explicit breaking of global symmetry                                         
⇒ pseudo-Goldstone boson (PGB)                                      
Mass of the PGB is proportional to the strength of the 
symmetry breaking  

49
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Figure 13: Prospects for the determination of the Higgs self-coupling � from various proposed colliders
as a function of the value of �/�SM, in terms of (a) �meas/�true (b) �meas/�SM. The error bars illustrate
the expected measurement uncertainties from HL-LHC and ILC.

sensitivity of the cross section to � is assumed to be independent of the coupling value. For � > �SM,
these assumptions are all optimistic, since in reality the other channels have a worse S/B and will
therefore be more strongly a↵ected by the decreasing cross section, and since �(�) is approaching its
minimum. Still, the expectations from HL-LHC become about 40% worse for large values of �. In
contrast, the measurement from ZHH at 500 GeV profits from a rising cross section and an enhanced
sensitivity of the cross section on �, which results on significantly better prospects for the case of
� > �SM. The combination with the 1 TeV analysis leads to very good prospects for this di�cult
measurement for any value of �.

In the case � < �SM the HL-LHC prospects improve due to an increased production cross section,
but no deviation from � = 0 larger than 2 � can be established. On the other hand, the ILC500
prospects become worse in this region. Here the ILC1000 weak boson fusion measurements will be
crucial to yield precise results. Around � ⇠ 0 both colliders show similar precisions. For even smaller
values, �/�SM

<
⇠ �0.5 the ILC determination improves again and yieds substantially better results than

the HL-LHC. Concerning the comparison of HL-LHC and ILC it should be kept in mind that the HL-
LHC analysis assumes that the other Higgs-boson couplings take their SM value without experimental
uncertainty, whereas for the ILC analysis it has been shown that the inclusion of the variation of the
other Higgs-boson couplings within their anticipated uncertainties does not lead to a degradation of the
anticipated precision [641] (assuming SM values for the Higgs-boson couplings).

3.2.9 Testing unitarity

The process of V V scattering is a corner stone in the investigation of the EWSB mechanism. The
scattering of longitudinally polarized gauge bosons corresponds to the scattering of the Goldstone boson
modes, where unitarity must be preserved. Even after the discovery of a Higgs boson at ⇠ 125 GeV
the mechanism of preserving unitarity must be tested. The study of triple and quartic gauge boson
couplings remains an important test, where deviations from the SM could be encountered.

At the ILC the relevant processes are e+e�
! ⌫⌫̄/e+e� WW/ZZ (and similar chains), which would

allow to test gauge-boson scattering at high energies. Detailed ILC studies for
p

s = 1 TeV have
been performed in Ref. [122], employing full six-fermion matrix elements and assuming an integrated

38

Higgs self-coupling sensitivity: ILC vs. HL-LHC

50

[J. List et al. ’21]

10-15% precision on λ or better from ILC 
with ZHH (500 GeV) + 𝜈𝜈HH (1 TeV)

⇒
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Electroweak precision physics: Prediction for MW 
and sin2θeff in SM and MSSM vs. exp. accuracies

51

[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’18]

MW and sin2θeff have high sensitivity for model discrimination⇒
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Non-standard decays of heavy Higgses, e.g. 

52

H → χ̃χ̃

Figure 6: Left: Decay width of the lighter CP-even scalar into photons as a function of MA and
tan � in the M

125
h

(�̃) scenario, normalized to the corresponding width of a SM Higgs boson of
the same mass. Right: same as the left plot for the branching ratio of the decay h ! ��. In
each plot, the boundaries of the blue and the hatched exclusion regions of Fig. 5 are also shown
as a dashed and a dotted black line, respectively.
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Figure 7: Branching ratio for the decays of the heavier CP-even scalar H (left) or the CP-odd
scalar A (right) into EW-ino pairs, as a function of MA and tan � in the M

125
h

(�̃) scenario. A
sum is taken over all the kinematically allowed combinations of particles in the final state. In
each plot, the boundaries of the blue and the hatched exclusion regions of Fig. 5 are also shown
as a dashed and a dotted black line, respectively.

23

Decays of heavy Higgs bosons H, A into charginos and neutralinos:

Branching 
ratios of more 
than 80% 
possible!

Dedicated searches for heavy Higgs decays into 
SUSY particles could probe the ``LHC wedge’’ region
⇒

[H. Bahl et al. ’18]
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Figure 14: Expected sensitivities of the ILC250 to the production of a new scalar S in association with
the Z boson with Z ! e+e�/µ+µ�, based on [690–692]. The considered scenario is L = 2 ab�1 at
p

s = 250 GeV with the standard polarisation mix of the H20 running scenario, where the impact of
the 125 GeV Higgs signal is not shown. Left: S ! bb̄. Shown is the existing limit from LEP [8] and the
projection for the ILC based on a generator-level extrapolation. Right: recoil method. Shown is the
existing limit from OPAL [689] and the projectsions for the ILC based on a generator-level extrapolation
(orange solid) [690] and the results of an ILD full detector simulation study (red solid) and at Pythia
stable particle level (red dotted) [691,692], see text.

production at the ILC or CLIC has been studied for for various types of the 2HDM (or the MSSM, but
with heavy SUSY particles) [120,121,231,413,414,667], where access to the heavy Higgs boson almost
up to the kinematic limit (assuming similar masses of the two Higgs bosons) was demonstrated. In
the MSSM, where the heavy Higgs bosons are nearly mass degenerate, the discovery reach is close to
MA

<
⇠

p
s/2. A statistical accuracy for the mass of the heavy Higgs bosons below the GeV level can be

reached (for
p

s  1 TeV) [120, 121]. Taking a concrete example, for Higgs boson masses at 385 GeV
at

p
s = 800 GeV and Lint = 500 fb�1 a cross section measurements of e+e�

! HA ! bb̄ bb̄ (bb̄ ⌧+⌧�)
better than 7(30)% can be achieved, whereas the widths can be determined up to 20 � 40% [120,121].

Two particular scenarios of the 2HDM were studied in detail in Ref. [231] (see also Refs. [204, 205]),
the 2HDM type I with MA = 902 GeV, and the type II with MA = 742 GeV, assuming MSSM mass
relations. (The 2HDM type III and IV have been analyzed in Refs. [413,414,667].) In both models the
dominant decay modes are e+e�

! HA ! bb̄bb̄ and e+e�
! H+H�

! tb̄t̄b. The achievable accuracy
on the Higgs-boson masses using 2 ab�1 at

p
s = 3 TeV is about 3%, and the width can be determined

with an accuracy of 17 � 31% for the bb̄bb̄ final state and 23 � 27% for the tb̄t̄b final state.
In [797] the production of heavy Higgs bosons has been studied in a real singlet extension of the

SM for CLIC energy of
p

s = 1.4 and 3 TeV. The heavy Higgs boson H decays into gauge bosons,
either in 4`’s or in 2 `s plus missing energy. Studying Di-Higgs production in the 4b final state would
exceed the reach of HL-LHC by two orders of magnitude in the range of mH = 250–1000 GeV [797].
Assuming a mixing between the SM-like Higgs- and the heavy Higgs-boson a measurement of the Higgs
self-coupling allows one to gain access to the nature of the electroweak symmetry breaking in the early
Universe. Such a singlet-extended model can easily be embedded in the NMSSM, constituting a perfect
model for achieving at the same time a strongly first order electroweak phase transition, generating the
observed matter-antimatter asymmetry.

Heavy Higgs bosons can also be detected via interference e↵ects with o↵-shell contributions of a SM-
like light Higgs boson. In [629] the process e+e�

! ⌫⌫̄{h, H} ! ⌫⌫̄ZZ(⇤)/WW (⇤)
! ⌫⌫̄uūdd̄ in a type

40

e+e- collider at 250 GeV with 2 ab-1, recoil method: 
generator-level extrapol. + ILD full detector simulation

53
Higgs factory at 250 GeV will explore a large untested region!⇒

Excluded 
from

LEP 
searches

Generator-

level 

extrapolation

[P. Drechsel, G. Moortgat-Pick, G. W. ’20] [Y. Wang, J. List, M. Berggren ’19]

ILD full 
detector

simulation
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Constraints on the parameter space and Higgs BRs
Figure 9: The mass spectrum (left) and total decay widths (right) for the three lightest Higgs bosons in a scenario
with small � = 0.02 and fixed µ+ µe↵ = 160GeV are shown. The value of  is rescaled as  ! ̃ according to
Eq. (36) with  = 0.02. Furthermore, |A| = 1.3GeV with the opposite sign of µe↵. The other parameters are
given in Tab. 1. The green area indicates compatibility with the constraints from HiggsSignals.

0 40 80 120 160 200 240

10-3

10-2

10-1

100
160 120 80 40 0 -40 -80

B
R
(
s
0
)

µ/GeV

µe↵/GeV

� = 0.02, tan� = 4

µ + µe↵ = 160GeV

 = 0.02

s
0 ! h

0
h
0

s
0 ! asas

s
0 ! �̃i�̃j

Figure 10: (left) Branching ratio of h0 into a pair of light CP-odd singlets; (right) Branching ratios of s0 into
non-SM particles and Higgs bosons; both for the same scenario as in Fig. 9. The green area indicates compatibility
with the constraints from HiggsSignals. The branching ratio BR(s0 ! �̃i�̃j) includes all branching ratios of s0

into pairs of neutralinos and charginos.

Figure 11: Branching ratios of A0 (left) and H
0 (right) into pairs of lighter Higgs bosons; both for the same

scenario as in Fig. 9. The branching ratios BR(A0 ! �̃i�̃j) and BR(H0 ! �̃i�̃j) include all kinematically allowed
channels into pairs of neutralinos and charginos.
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Constraints from the observed 
Higgs signal, Higgs search 
limits and vacuum stability:

Branching ratios of the singlet-
like CP-even Higgs boson:                  

Allowed region                

Rich Higgs phenomenology; properties of the singlet-like states 
in the Higgs sector could provide distinction from other models

⇒

[W.G. Hollik, S. Liebler, G. Moortgat-Pick, S. Passehr, G. W. ’18]
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Figure 4: Contours for the SM-like Higgs mass (black) and the masses of the two singlet-like states (CP-even in
blue and CP-odd in red) in the plane /� versus (µ+ µe↵), where � = 0.6 and µ = 500GeV are kept fixed and 

and µe↵ vary. In the left plot A = 0GeV is used; in the right one A = 100GeV. Furthermore, tan� = 2.5 is
set in both plots. The other relevant parameters are listed in Tab. 1. The few red and purple points have a
short- and long-lived meta-stable electroweak vacuum, respectively, whereas blue points have a stable electroweak
vacuum. Rose points are excluded because of tachyonic tree-level masses. The orange points cannot reproduce
a non-vanishing µe↵ at the electroweak vacuum via the constraint of Ineq. (23). With the gray vertical band
we mark a näıve direct experimental exclusion bound from the chargino mass m�± > 94GeV. Green areas are
allowed by HiggsBounds and HiggsSignals (indicated as “HBHS” in the legend).
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Figure 5: The same as Fig. 4, except that A = 100GeV is used in both plots, and the parameter µ is set
to µ = 1000GeV (left) and 1500GeV (right).
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Figure 6: The same as Fig. 4 but for µ = 1000GeV, tan � = 3.5 and � = 0.3.
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