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Determine the form of the Higgs potential that is realised in nature: 
trilinear and quartic Higgs self-couplings, structure of the Higgs potential


Derive the implications of the Higgs sector for the evolution of              
the early universe


▪ Nature of the electroweak phase transition (EWPT)


▪ Stability of the vacuum 


▪ Asymmetry between matter and anti-matter in the universe


▪ Inflationary phase in the early universe
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H.1: Higgs potential



Temperature evolution of the Higgs potential in the early universe:
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  Introduction: the FOEWPT

What is a FOEWPT?
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Electroweak Baryogenesis and Signals at the LHC
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Potential barrier depends on trilinear Higgs coupling(s)
Baryogenesis: creation of the asymmetry between 
matter and antimatter in the universe requires strong 
first-order EWPT
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Implications for the early universe 

BSM Higgs physics — theory, Georg Weiglein, SUSY 2024, Madrid, 06 / 2024

Canonical examples of GW backgrounds
 of primordial origin .Gravitational waves as probe into the early Universe
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Gravitational waves as probe into the early Universe
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Irreducible GW background from amplification of 
initial quantum fluctuations of the gravitational field 
during inflation

Gravitational waves as probe into the early Universe
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Figure 2: The matter-kination scenario leads to a peaked GW
spectrum from primordial inflation. The peak’s height and position
are determined by the inflationary scale Einf , the kination e-folding
NKD, and the kination energy scale EKD. The shown spectra corre-
spond to the benchmark points in Fig. 3. The dashed lines represent
the positions of the peak generated in different models of QCD axion
dark matter (according to Eq. 13).

as / f
3/2. The effect of a kination era on the GW spectrum

from cosmic strings are presented in a sister publication [9].
If such cosmic string source is present, a multiple-peak struc-
ture may arise. Finally, another source of stochastic GW may
come from the couplings of the inflaton. A well-known exam-
ple is axion inflation that may lead to an enhanced signal due
to parametric resonance effects induced by the inflaton cou-
pling to gauge fields [10]. The spectral shape of this signal
is also very different from what we predict from a short ki-
nation era. In this letter, we focus on the model-independent
irreducible background from inflation. Fig. 3 shows which
types of cosmological histories, characterised by the energy
scale of kination and duration of kination, can be probed by
LISA [3], BBO [6], ET [4, 5], CE [11] and SKA [12]. To
derive these regions, we have used the integrated power-law
sensitivity curves of [8]. Note that a kination era lasting more
than ⇠ 12 efolds is not viable as it would lead to a too large
energy density in GW, violating theextra relativistic-species
(Ne↵ ) constraint from Big Bang Nucleosynthesis (BBN) [1].

Having derived the GW smoking gun signature resulting
from an intermediate matter era followed by the kination era
inside the radiation era, we will next argue that such cosmo-
logical history is a characteristic feature of axion field dynam-
ics, that arises for instance in the Peccei-Quinn framework
before the axion starts oscillating and relaxes the strong CP
parameter to unobservably small values. Our discussion is
very general and applies to any axion-like particle (ALP), the
PQ axion being one particular example. We will discuss two
possible implementations. The first implementation relies on
the interplayed dynamics of the radial and angular modes of
the PQ field. A large kinetic energy can be transferred to the
axion by the dynamics of the radial mode at early times. The
second one called “trapped misalignment” only involves the
axion, the angular mode of the complex PQ field, and was in-
troduced in Ref. [13, 14]. In this framework, the axion has a
large mass Ma at early times. At some temperature Tc, the

Einf = 1.6 � 1016 GeV

Figure 3: Model-independent probes of a short kination era in the
early universe by GW experiments. Coloured regions indicate ob-
servable windows for each experiment. BBN constrains the energy
scale at which kination ends (gray) and the amount of GW (red-
hatched). Dashed lines indicate the temperature T� when kination
ends. Peaked signals exist in the white region but are not observable
in planned experiments. Like in Fig. 2, this figure does not assume
anything about axions, it just relies on a kination era as defined in
Fig. 1. Only the three parallel solid lines refer to specific models
where the kination era is triggered by a QCD axion. The black line
denotes the scenario where kination is induced by the spinning of
conventional QCD axion DM, the corresponding GW peaks would
require new observatories sensitive to ultra-high frequencies. The
lighter QCD axion DM with ZN -symmetry [13, 14] can induce a
GW signal, from the shown benchmark points, e.g. at ET, BBO, and
LISA for N ' 25, 31, 39, respectively.

axion potential vanishes abruptly. In this process, the axion
acquires a large kinetic energy that induces a kination era. In
both cases, the kination era lasts a few efolds, until the energy
density of the scalar field, which redshifts as a�6 is overcome
by radiation, and the standard evolution then takes over. Be-
fore describing these two cases in turn, we investigate the gen-
eral case where the axion makes all the dark matter (DM) of
the universe, as this represents one of the golden scenario that
has led to a large variety of experimental searches.

GRAVITATIONAL WAVES AND AXION DARK MATTER

RELATION

From the so-called kinetic misalignment mecha-
nism [15, 16] or kinetic axion fragmentation [17] the
ALP relic abundance today reads ⌦a,0/⌦DM,0 '
170.94 (ma/1eV) (Ya/40), where the comoving ax-
ion number density is conserved after kination has
started, Ya = na/s = f

2

a ✓̇KD/s(TKD). Eq. (9)
can be re-written in terms of Ya, fKD = 4.6 ⇥
10

�9
HzG

1/4
(T�)G

3/4
(TKD) (fa/Ya) e

2NKD , such that
we can relate the GW peak amplitude to the ALP abundance

radiation era-> flat

Gravitational waves as a probe of the early universe
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Irreducible GW background from amplification of 
initial quantum fluctuations of the gravitational field 
during inflation

Gravitational waves as probe into the early Universe

Energy density of GW (red-shift as radiation) 

GW propagates freely in the early universe: 

its production mechanism
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Figure 2: The matter-kination scenario leads to a peaked GW
spectrum from primordial inflation. The peak’s height and position
are determined by the inflationary scale Einf , the kination e-folding
NKD, and the kination energy scale EKD. The shown spectra corre-
spond to the benchmark points in Fig. 3. The dashed lines represent
the positions of the peak generated in different models of QCD axion
dark matter (according to Eq. 13).

as / f
3/2. The effect of a kination era on the GW spectrum

from cosmic strings are presented in a sister publication [9].
If such cosmic string source is present, a multiple-peak struc-
ture may arise. Finally, another source of stochastic GW may
come from the couplings of the inflaton. A well-known exam-
ple is axion inflation that may lead to an enhanced signal due
to parametric resonance effects induced by the inflaton cou-
pling to gauge fields [10]. The spectral shape of this signal
is also very different from what we predict from a short ki-
nation era. In this letter, we focus on the model-independent
irreducible background from inflation. Fig. 3 shows which
types of cosmological histories, characterised by the energy
scale of kination and duration of kination, can be probed by
LISA [3], BBO [6], ET [4, 5], CE [11] and SKA [12]. To
derive these regions, we have used the integrated power-law
sensitivity curves of [8]. Note that a kination era lasting more
than ⇠ 12 efolds is not viable as it would lead to a too large
energy density in GW, violating theextra relativistic-species
(Ne↵ ) constraint from Big Bang Nucleosynthesis (BBN) [1].

Having derived the GW smoking gun signature resulting
from an intermediate matter era followed by the kination era
inside the radiation era, we will next argue that such cosmo-
logical history is a characteristic feature of axion field dynam-
ics, that arises for instance in the Peccei-Quinn framework
before the axion starts oscillating and relaxes the strong CP
parameter to unobservably small values. Our discussion is
very general and applies to any axion-like particle (ALP), the
PQ axion being one particular example. We will discuss two
possible implementations. The first implementation relies on
the interplayed dynamics of the radial and angular modes of
the PQ field. A large kinetic energy can be transferred to the
axion by the dynamics of the radial mode at early times. The
second one called “trapped misalignment” only involves the
axion, the angular mode of the complex PQ field, and was in-
troduced in Ref. [13, 14]. In this framework, the axion has a
large mass Ma at early times. At some temperature Tc, the

Einf = 1.6 � 1016 GeV

Figure 3: Model-independent probes of a short kination era in the
early universe by GW experiments. Coloured regions indicate ob-
servable windows for each experiment. BBN constrains the energy
scale at which kination ends (gray) and the amount of GW (red-
hatched). Dashed lines indicate the temperature T� when kination
ends. Peaked signals exist in the white region but are not observable
in planned experiments. Like in Fig. 2, this figure does not assume
anything about axions, it just relies on a kination era as defined in
Fig. 1. Only the three parallel solid lines refer to specific models
where the kination era is triggered by a QCD axion. The black line
denotes the scenario where kination is induced by the spinning of
conventional QCD axion DM, the corresponding GW peaks would
require new observatories sensitive to ultra-high frequencies. The
lighter QCD axion DM with ZN -symmetry [13, 14] can induce a
GW signal, from the shown benchmark points, e.g. at ET, BBO, and
LISA for N ' 25, 31, 39, respectively.

axion potential vanishes abruptly. In this process, the axion
acquires a large kinetic energy that induces a kination era. In
both cases, the kination era lasts a few efolds, until the energy
density of the scalar field, which redshifts as a�6 is overcome
by radiation, and the standard evolution then takes over. Be-
fore describing these two cases in turn, we investigate the gen-
eral case where the axion makes all the dark matter (DM) of
the universe, as this represents one of the golden scenario that
has led to a large variety of experimental searches.

GRAVITATIONAL WAVES AND AXION DARK MATTER

RELATION

From the so-called kinetic misalignment mecha-
nism [15, 16] or kinetic axion fragmentation [17] the
ALP relic abundance today reads ⌦a,0/⌦DM,0 '
170.94 (ma/1eV) (Ya/40), where the comoving ax-
ion number density is conserved after kination has
started, Ya = na/s = f

2

a ✓̇KD/s(TKD). Eq. (9)
can be re-written in terms of Ya, fKD = 4.6 ⇥
10

�9
HzG

1/4
(T�)G

3/4
(TKD) (fa/Ya) e

2NKD , such that
we can relate the GW peak amplitude to the ALP abundance

radiation era-> flat

A Golden Triangle :

3
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Access to triple and quartic couplings of h125 entering the Higgs potential 
via di-Higgs and triple Higgs production processes at the LHC 


5

Experimental access to the Higgs potential

Page 20/17| Higgs Pairs 2022 | Johannes Braathen (DESY) | June 2, 2022

➢ Double-Higgs production → λ
hhh

 enters at LO →  most direct probe of λ
hhh

  

Accessing λ
hhh

 via double-Higgs production

➢ Box and triangle diagrams interfere destructively 
→ small prediction in SM

→ BSM deviation in λ
hhh

 can significantly enhance 
hh-production!

➢ Upper limit on hh-production cross-section → limits on 
κ
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Experimental access e.g. via resonant di-Higgs production 

6

Contribution of extra fields to the Higgs potential
[Plehn, Spira, Zerwas : arXiv: 9603205]
[Dawson, Dittmaier, Spira: arXiv:9805244]

  [Abouabid, Arhrib, Azevedo, El Falaki, Ferreira, Mühlleitner, Santos: arXiv: 2112.12515]

Kateryna Radchenko Serdula                                                                                                                                                6

* We use a modified version of the code HPAIR 

We include corrections to this process by means of effective trilinear Higgs couplings assuming that the largest 
contribution comes from this type of diagrams and others can be neglected (eg. double box diagram): 

- Is this reasonable? → modifications of 𝜆hhh are 
the leading source of deviations of non resonant 
hh production cross section

[Bahl, Braathen, Weiglein : arXiv: 2202.03453]

Di-Higgs production in the 2HDM

Non-resonant Resonant

Additional trilinear Higgs coupling contributing to the Higgs potential 

Further information from BSM Higgs searches, etc.


Constraints from vacuum stability and the thermal evolution of the early universe
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H.2: Higgs and the Origin of Matter

▪ Investigate the interplay between the Higgs and the dark sector


▪ Explore possible additional sources of CP violation


▪ Probe the underlying physics giving rise to the observed hierarchy of scales
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Extended Higgs sectors: hints at 95 GeV? 

A 95 GeV Higgs boson at e+e- colliders, Georg Weiglein, LCWS2024, Tokyo, 07 / 2024
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Figure 1: S2HDM parameter points passing the applied constraints in the (mh1 , µ��) plane for the type II (blue)
and the type IV (orange). The expected and observed cross section limits obtained by CMS are indicated by the
black dashed and solid lines, respectively, and the 1� and 2� uncertainty intervals are indicated by the green and
yellow bands, respectively. Overlaid in red are the expected and observed limits from ATLAS [14]. The values of
µ
ATLAS
�� , µCMS

�� and µ
ATLAS+CMS
�� and their respective uncertainties are indicated by the red, black (left plot) and

cyan (right plot) error bars at 95.4 GeV.

bands, respectively [13]. Overlaid are the expected
and observed 95% confidence-level limits on the sig-
nal strengths observed by ATLAS [14] as dashed
and solid red lines, respectively. We obtained these
limits by normalizing the expected and observed
cross-section limits reported by ATLAS with the
cross sections predicted for a SM Higgs boson at
the same mass [29] using HiggsTools [44]. The val-
ues of µ

ATLAS
�� , µ

CMS
�� and µ

ATLAS+CMS
�� and their

respective uncertainties are indicated by the red,
black (left plot) and cyan (right plot) error bars
at 95.4 GeV. One can see that both types of the
S2HDM considered here can accommodate the com-
bined observed excess. Type II can give rise to
larger predicted values of µ�� due to a suppression
of the h95 ! ⌧

+
⌧
� decay mode, see the discussion

in Ref. [26].

3.2 Di-photon vs. bb̄ vs. ⌧+⌧�
excesses

In the previous subsection we demonstrated that
both the Yukawa types II and IV can describe the
excess in the di-photon channel observed by ATLAS
and CMS. Now we turn to the question whether ad-
ditionally also the bb̄ excess observed at LEP and/or
the ⌧

+
⌧
� excess at CMS can be accommodated.

Starting with the bb̄ excess, we show in the top
row of Fig. 2 the parameter points passing the ap-
plied constraints in the (µ�� , µbb) plane. The pa-
rameter points of type II and type IV are shown in
the left and the right plot, respectively. The colors
of the points indicate the value of ��

2
125, quantify-

ing the degree of compatibility with the LHC rate
measurements of h125. The black dashed lines indi-
cate the region in which the excesses are described
at a level of 1� or better, i.e. �2

�� + �
2
bb

 2.3 (see
Eq. (5)). The corresponding gray dot-dashed lines
indicate the previous result based solely on the CMS
Run 2 data regarding the di-photon excess.

One can observe that there are points inside the
1� preferred region in the upper left and right
plots. Thus, both type II and type IV are able to
describe the increased sensitivity in the di-photon
channel, now reaching 3.1�, and the bb̄ excess si-
multaneously. At the same time the properties of
the second-lightest scalar h125 are such that the
LHC rate measurements can be accommodated at
the same �

2 level as in the SM, i.e. ��
2
125 ⇡ 0, or

better. Such points are found inside the 1� pre-
ferred region for µbb values below the central value.
At the current level of experimental precision, the
description of both excesses is therefore possible in

5

LHC: CMS + ATLAS excess in !! channel at 95 GeV, 
interpretation in 2HDM + singlet (S2HDM)

3

CMS

ATLAS

CMS + ATLAS excess in !! channel at 95 GeV:
[T. Biekötter,                   
S. Heinemeyer,                
G. W. ’23]

Example 
interpretation: 
S2HDM,          
type II and IV

Good description 
in extended Higgs 
sectors with an 
additional doublet 
and a singlet

⇒

Road to discovery: [T. Biekötter, S.H., G. Weiglein ’23]

⇒ note the reduction of µγγ over time!

Sven Heinemeyer, SUSY 2024 (IFT, Madrid), 10.06.2024 6

one from CMS, it is important to note that a pos-
sible signal at about 95 GeV giving rise to a rela-
tively small number of events would occur on top
of a much larger fluctuating background. There-
fore, one cannot necessarily expect that the excesses
should occur with exactly the same signal strength,
and the fact that both collaborations report their
most significant excess at precisely the same mass
value has to be seen in this context as a certain level
of coincidence. Since for the same mass value the
signals strengths µATLAS

�� and µ
CMS
�� agree with each

other within their uncertainties, we regard the two
results to be compatible with each other. It should
also be noted in this context, see Fig. 1 below, that
the upper bound observed by ATLAS at 95.4 GeV,
albeit slightly stronger than the one observed by
CMS at this mass value, lies significantly above the
signal interpretation of the CMS result that is re-
flected in µ

CMS
�� . Neglecting possible correlations we

obtain a combined signal strength of

µ
exp
�� = µ

ATLAS+CMS
�� = 0.24+0.09

�0.08 , (3)

corresponding to an excess of 3.1� at

m� ⌘ m
ATLAS+CMS
�

= 95.4 GeV . (4)

If the origin of the di-photon excesses at 95.4 GeV
is a new particle, which is the scenario that we
investigate here, the question arises whether it is
also detectable in other collider channels. In ad-
dition, the new particle could have been produced
already in small numbers in other existing searches.
In this regard, it is interesting to note that LEP re-
ported a local 2.3� excess in the e+e� ! Z(� ! bb̄)
searches [4], which would be consistent with a scalar
resonance with a mass of about 95.4 GeV and a sig-
nal strength of µ

exp
bb

= 0.117 ± 0.057 [15, 31]. In
addition to the di-photon excess, CMS observed an-
other excess compatible with a mass of 95.4 GeV
in the Higgs-boson searches utilizing di-tau final
states [11]. This excess was most pronounced at
a mass of 100 GeV with a local significance of
3.1�, but it is also well compatible with a mass of
95.4 GeV, where the local significance amounts to
2.6�, and where the corresponding signal strength
for a mass hypothesis of 95 GeV was determined to
be µexp

⌧⌧ = 1.2±0.5. ATLAS has not yet published a
search in the di-tau final state that covers the mass
range around 95 GeV.

Given that all the excesses discussed above oc-
curred at a similar mass, it is possible that they

arise from the production of a single new particle –
which would be a first sign of physics beyond the SM
(BSM) in the Higgs-boson sector. This triggered
activities in the literature regarding possible model
interpretations that could account for the various
excesses [15–27, 32–37]. The first analysis using the
CMS result based on the full Run 2 data can be
found in Ref. [26].

Since the new result from ATLAS implies that
a moderate di-photon excess at about 95 GeV has
independently been observed by two di↵erent exper-
iments, it is of interest to assess the implications of
the combined result from ATLAS and CMS on pos-
sible model interpretations. In the present paper we
focus in particular on the extension of the 2HDM
by a complex singlet (S2HDM) as a template for
a model where a mostly gauge-singlet scalar par-
ticle obtains its couplings to fermions and gauge
bosons via the mixing with the SM-like Higgs bo-
son at 125 GeV. We will demonstrate that this kind
of scenario is suitable for describing the di-photon
excess, taking into account the (in comparison to
the CMS result slightly increased) significance of
the combined result. Moreover, we will discuss the
possibility of simultaneously describing the bb̄ ex-
cess and the di-tau excess.
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EW phase transition 
in Minimal Composite Higgs models .
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Higgs is a bound state of new strong interactions 
confining at ~1TeV

Concrete Example: EWBG in Composite Higgs 

New scalar triggering the first order phase transition  
- composite dilaton  
(PNGB of approximate conformal invariance)

work in progress 
Bruggisser,VonHarling,OM,Servant

Elementary SNR fermions are coupled to the composite sector through 
linear mass mixing (“partial compositeness”)

We use 4D composite dilaton+Higgs EFT of 1804.07314
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Higgs is a bound state of new strong 
interactions confining at ~ 1 TeV

The new scalar triggering the 1st-order PT is a 
composite dilaton 

(PNGB of approximate conformal invariance) 

solves the hierarchy pb.
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EW baryogenesis in composite Higgs models



▪ AI for complex Higgs final states


▪ Precision predictions


▪ Global fits / scans


▪ Requirements for a future Higgs factory
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H.3: Tools and New Facilities for Future 

Higgs Characterization

3 The Portal to New Physics
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Figure 11: (a) Projected accuracies for lHHH at the HL-LHC (black) [155] and an e+e� collider at a c.m. en-
ergy of 550 GeV alone (red) and combined with 1 TeV (blue) in dependence of the actual value of
lHHH that is realised in nature. (b) zoomed version.
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Figure 12: (a) Absolute precision on trilinear Higgs self-coupling scaled to its SM value (kl ) as a function of
kl from the ZHH and WW fusion processes at the LCF at 550 GeV, showing the complementary
information from the two production modes (b) The LCF550 precision from (a) and the potential of
further upgrades to 1 TeV or a µµ collider at a centre-of-mass energy of 280 GeV as discussed in
Secs. 3.8 and 4.7.

While the existing bounds on lHHH are rather weak, they nevertheless already probe so far untested para-
meter regions of physics beyond the SM [162, 163] because lHHH can receive large mixing effects and/or
very large loop corrections from the additional scalars (which we will generically denote F in the following)
of models with extended Higgs sectors. These large radiative contributions to lHHH — often referred to as
mass-splitting or non-decoupling effects — were first pointed out in Refs. [164, 165], but have now been
shown to occur in various BSM models with extra scalars (see Refs. [163, 166–191] for studies in models with
additional singlets, doublets, triplets, etc. or combinations thereof). Moreover, the physical nature of these
effects was confirmed by explicit two-loop calculations [179, 180]. These corrections are driven by couplings
of the generic form gHHFF µ (m2

F �M
2)/v2, where mF denotes the physical mass of a BSM scalar F, M

is the mass scale that controls the decoupling of the BSM scalar(s), and v is the EW vacuum expectation
value. In scenarios (away from the decoupling limit) where a splitting occurs between M and mF, the gHHFF
couplings can be substantial, resulting in large BSM contributions to kl . It should be emphasised that these
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▪ Postdoctoral positions on the physics of the Higgs potential, the relation of Higgs physics to 
the matter / ant-matter asymmetry, precision predictions and future colliders (HALHF)


▪ PhD positions on the interplay of electroweak symmetry breaking and gravitational waves
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Positions in Higgs phenomenology



Thanks for your attention!  
 
Find out more about the cluster: 
www.qu.uni-hamburg.de  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2HDM example: ϰλ, EWPT and GW signals

Effects of interference and loop contributions on the limits from resonant di-Higgs production, Georg Weiglein, Higgs Days 2024, Santander, 09 / 2024
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Relation between trilinear Higgs coupling and strong 
first-order EWPT with potentially observable GW signal

Region with strong first-order EWPT and potentially detectable GW 
signal is correlated with significant deviation of ϰλ from SM value
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⇒

alignment limit, 
tanβ = 3,           
1-loop prediction

region with 
potentially 
observable 
gravitational 
wave (GW) 
signal

current bound

HL-LHC 
sensitivity

ILC sensitivity region with 
strong first-
order EWPT

[T. Biekötter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. ’22]

Links to GW, DM and 
SMART!




ATLAS res. vs. pref. param. region in 2HDM for SFOEWPT:    Recent CMS result:
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Smoking gun searches: pp → A → ZH → Ztt
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LHC searches start probing the region giving rise to a SFOEWPT

tanβ =1.5


