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Most of the open questions of particle physics are directly related to 
Higgs physics and in particular to the Higgs potential
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FIG. 1: The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental questions that can be
investigated by studying it in detail.
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I. ABSTRACT

A future Higgs Factory will provide improved precision on measurements of Higgs couplings beyond those obtained
by the LHC, and will enable a broad range of investigations across the fields of fundamental physics, including
the mechanism of electroweak symmetry breaking, the origin of the masses and mixing of fundamental particles, the
predominance of matter over antimatter, and the nature of dark matter. Future colliders will measure Higgs couplings
to a few per cent, giving a window to beyond the Standard Model (BSM) physics in the 1-10 TeV range. In addition,
they will make precise measurements of the Higgs width, and characterize the Higgs self-coupling.

II. WHY THE HIGGS IS THE MOST IMPORTANT PARTICLE

Over the past decade, the LHC has fundamentally changed the landscape of high energy particle physics through
the discovery of the Higgs boson and the first measurements of many of its properties. As a result of this, and no
discovery of new particles or new interactions at the LHC, the questions surrounding the Higgs have only become
sharper and more pressing for planning the future of particle physics.

The Standard Model (SM) is an extremely successful description of nature, with a basic structure dictated by
symmetry. However, symmetry alone is not su�cient to fully describe the microscopic world we explore: even after
specifying the gauge and space-time symmetries, and number of generations, there are 19 parameters undetermined by
the SM (not including neutrino masses). Out of these parameters 4 are intrinsic to the gauge theory description, the
gauge couplings and the QCD theta angle. The other 15 parameters are intrinsic to the coupling of SM particles to the
Higgs sector, illustrating its paramount importance in the SM. In particular, the masses of all fundamental particles,
their mixing, CP violation, and the basic vacuum structure are all undetermined and derived from experimental
data. As simply a test of the validity of the SM, all these couplings must be measured experimentally. However, the
centrality of the Higgs boson goes far beyond just dictating the parameters of the SM.

The Higgs boson is connected to some of our most fundamental questions about the Universe. Its most basic
role in the SM is to provide a source of Electroweak Symmetry Breaking (EWSB). While the Higgs can describe
EWSB, it is merely put in by hand in the Higgs potential. Explaining why EWSB occurs is outside the realm of
the Higgs boson, and yet at the same time by studying it we may finally understand its origin. There are a variety
of connected questions and observables tied to the origin of EWSB for the Higgs boson. For example, is the Higgs
mechanism actually due to dynamical symmetry breaking as observed elsewhere in nature? Is the Higgs boson itself
a fundamental particle or a composite of some other strongly coupled sector? The answers to these questions have a
number of ramifications beyond the origin of EWSB.

If the Higgs boson is a fundamental particle, it represents the first fundamental scalar particle discovered in nature.

[S. Dawson et al. ’22]

Higgs physics

Particular focus in PoF V:                                                                      
Higgs pair (triple) production, Higgs self-couplings, precision predictions, 
new signatures, guidance for searches, model building, model distinction, 
… 
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Crucial questions related to electroweak (EW) symmetry breaking: 
what is the form of the Higgs potential and how does it arise?


Known so far:                                                                                                 
(h: detected Higgs at 125 GeV) 


Distance of EW minimum                                                                 
from origin of field space: v  


Curvature of the potential                                                           
around the EW minimum: mh          

3

Higgs potential: the ``holy grail’’ of particle physics

[K. Radchenko ’24]

Trilinear coupling Quartic coupling Possible couplings involving additional scalars

V = 1/2 mh2 h2 + v λhhh h3 + λhhhh h4 + … + v λhhH h2H + v λHHH H3 + …
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Vacuum stability: possible tunnelling into deeper 
minima of the Higgs potential

4Figure 7. Depth of the different types of stationary points along the line of constant Xt = 2.8TeV
from Fig. 4. The colour code indicates which fields acquire vevs at the stationary point. The dashed
line indicates which of the stationary points is the MDM. The grey line is the EW vacuum.

4.1.3 Parameter Dependence of the Vacuum Structure and Degenerate Vacua

The dashed line in Fig. 4 is the line where Xt has the same value as in the benchmark plane,
Fig. 3. The mass mh of the SM-like Higgs boson depends dominantly on the parameters
tan�, Xt and the stop masses. We therefore expect the Higgs mass to stay close to 125GeV

when moving away from the point ⇥ along this line.8 We use this as motivation to further
investigate the vacuum structure along this line.

Figure 7 shows the depth of the stationary points of the scalar potential as a function
of µ along this line. The constant depth of the EW vacuum is shown in grey while the
other colours indicate the CCB stationary points. Note that not only local minima, but
all stationary points including saddle points and local maxima are shown in Fig. 7. The
dashed line indicates the MDM for each value of µ.

It can be seen from Fig. 7 that for large negative µ simultaneous t̃ and ⌧̃ vevs (orange)
dominate the global minimum for the considered field content until the ⌧̃ vevs at these
stationary points approach zero around µ = �2.2TeV, and pure t̃ vevs take over. From
µ ⇡ �1.8TeV onwards the EW vacuum is the global minimum until a CCB vacuum with
b̃ vevs appears at µ ⇡ 1.6TeV. The MDM, on the other hand, is the second deepest b̃-
vev minimum for µ . �3.5TeV, before switching to the t̃-vev minimum, followed by the
window of absolute stability µ 2 [�1.8TeV, 1.5TeV]. For positive values of µ > 1.5TeV

the instability first develops towards the global b̃-vev minimum until the t̃-vev minimum
takes over at µ ⇡ 2TeV.

In Fig. 7 several stationary points with multiple kinds of sfermion vevs appear. Sta-
tionary points with mixed squark and slepton vevs can be deeper than the corresponding

8We have verified using FeynHiggs 2.14.3 [97–103] that 124GeV . mh . 126GeV indeed holds along
this line as long as |µ| . 3TeV.

– 19 –

Example: potential along a direction through SUSY parameter space:

Electroweak 
vacuum

⇒Most dangerous minimum (MDM) often differs from the global 
minimum and also from the one that is closest in field space
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Temperature evolution of the Higgs potential in the early universe:

The Higgs potential and the electroweak phase 
transition (EWPT)
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  Introduction: the FOEWPT

What is a FOEWPT?

12

High temperature

Critical temperature 
(degenerate minima)

[D. Gorbunov, V. Rubakov]

Potential barrier depends 
on trilinear Higgs 
coupling(s)
EW baryogenesis: creation 
of the asymmetry between 
matter and antimatter in 
the universe requires 
strong first-order EWPT
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Probing additional sources of CP violation; strong 
CP problem
Machine Learning for CP sensitivity at the LHC and future colliders 


Global fits of Electric Dipole Moments in Effective Field Theories as 
complementary CP information


CP-mixing and interference effects in BSM Higgs searches


Applications of new ideas on generalised/non-invertible symmetries to 
address open puzzles of the SM, in particular the hierarchy problem and 
the strong CP problem


…

6
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LHC searches start to probe the region giving rise to a strong FOEWPT7

300 400 500 600 700 800
mH

500

600

700

800

900

m
A

gg ! A ! ZH ! `
+
`
�
bb̄

pp ! tbH
± ! tb tb

gg ! A ! tt̄

gg ! H ! tt̄

k>.J, i�M � = 1, +Qb(� � ↵) = 0,

mA = m
H± , m

2
12 = m

2
H

bBM � +Qb �

m
A

=
m

Z

+
m

H

T2`i
X mMBi�

`Biv

p�
+m

mK
bi�

#X

�hG�a Q#bX, gg ! A ! ZH ! `
+
`
�
tt̄

�hG�a 2tTX, gg ! A ! ZH ! `
+
`
�
tt̄

>B;;b"QmM/b +QK#X N8 W*XGX 2t+HX

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
vn/Tn

R

300 400 500 600 700 800

mH [:2o]

500

600

700

800

900

m
A
[:

2o
]

pp ! tbH
± ! tb tb

gg ! H ! ⌧
+
⌧
�

gg ! A ! ZH ! `
+
`
�
bb̄

k>.J AA, i�M � = 1.5, +Qb(� � ↵) = 0,

mA = m
H± , m

2
12 = m

2
H

bBM � +Qb �

m
A

=
m

Z

+
m

H

T2`iX
mMBi�

`Biv

p�
+m

mK
bi�

#X

GQ+�H 2.85� 2t+2bb
�hG�a Q#bX, gg ! A ! ZH ! `

+
`
�
tt̄

�hG�a 2tTX, gg ! A ! ZH ! `
+
`
�
tt̄

�hG�a Q#bX, gg ! A ! ZH ! ⌫⌫bb̄

�hG�a 2tTX, gg ! A ! ZH ! ⌫⌫bb̄

>B;;b"QmM/b +QK#X N8W *XGX 2t+HX

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
vn/Tn

R

300 400 500 600 700 800

mH [:2o]

500

600

700

800

900

1000

m
A
[:

2o
]

gg ! A ! ZH ! `
+
`
�
bb̄

k>.J Ao, i�M � = 2, +Qb(� � ↵) = 0,

mA = m
H± , m

2
12 = m

2
H

bBM � +Qb �

m
A

=
m

Z

+
m

H

T2`iX
mMBi�

`Biv

p�
+m

mK
bi�

#X

�hG�a Q#bX, gg ! A ! ZH ! `
+
`
�
tt̄

�hG�a 2tTX, gg ! A ! ZH ! `
+
`
�
tt̄

�hG�a Q#bX, gg ! A ! ZH ! ⌫⌫bb̄

�hG�a 2tTX, gg ! A ! ZH ! ⌫⌫bb̄

>B;;b"QmM/b +QK#X N8W *XGX 2t+HX

1.25 1.50 1.75 2.00 2.25 2.50 2.75
vn/Tn

R

300 400 500 600 700 800

mH [:2o]

500

600

700

800

900

1000

m
A
[:

2o
]

gg ! A ! ZH ! `
+
`
�
bb̄

k>.J Ao, i�M � = 3, +Qb(� � ↵) = 0,

mA = m
H± , m

2
12 = m

2
H

bBM � +Qb �

m
A

=
m

Z

+
m

H

T2`iX
mMBi�

`Biv

p�
+m

mK
bi�

#X

�hG�a Q#bX, gg ! A ! ZH ! ⌫⌫bb̄

�hG�a 2tTX, gg ! A ! ZH ! ⌫⌫bb̄

>B;;b"QmM/b +QK#X N8W *XGX 2t+HX

1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00
vn/Tn
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tan� = 1 (upper left), tan� = 1.5 and type II (upper right), tan� = 2 and type IV (lower left), and
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unitarity are indicated with pink and cyan colors, respectively. Regions excluded from previous LHC searches
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blue, respectively, where the dashed lines indicate the corresponding expected exclusion limits. Parameter
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2HDM, tanβ =1.5:

2.85 σ local 
excess at   
(mA, mH) = 
(650, 450) GeV


not confirmed 
by CMS

⇒
[CMS Collaboration ’24]

Strongest 
phase transition

[ATLAS 
Collaboration 
’23]

Probing the electroweak phase transition with the                
``smoking gun’’ signature pp → A → ZH → Ztt
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Canonical examples of GW backgrounds
 of primordial origin .Gravitational waves as probe into the early Universe

Energy density of GW (red-shift as radiation) 
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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
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2NKD , such that
we can relate the GW peak amplitude to the ALP abundance

radiation era-> flat
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Irreducible GW background from amplification of 
initial quantum fluctuations of the gravitational field 
during inflation
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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
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2NKD , such that
we can relate the GW peak amplitude to the ALP abundance

radiation era-> flat
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Quantitative understanding of QCD is vital for interpretation of data at the 
LHC and future colliders, often presents a limiting factor for physics 
impact of measurements


Goals:

- push precision of predictions by developing new methods and 
concepts; extend predictions to new processes / observables

- more systematic understanding and treatment of theoretical 
uncertainties

- develop systematic frameworks for improving and quantifying precision

of predictions

- implement developed methods into public tools for the high-energy 
community; focus on accuracy of results and efficient use of computing 
resources


Examples:

theory uncertainties: concept of nuisance parameters; apply factorisation formulae to new 
processes/observables, include sub-leading effects; concepts/methods: parton shower 
algorithms; tools: event generators, evolution and manipulation of PDFs 10

Precision physics of the ew and strong interactions
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QCD + electroweak contributions

LHC physics: multi-boson physics with polarisation, NLO QCD+EW corr.

For BSM models (extended Higgs models, SMEFT etc.), off-shell ttbar + X,

pp → bblvlv + {A, AA, Z, H, ...} etc., Top threshold effects 


MC generators: NNLO EW in collinear and soft subtraction, matching to 
showers, development for the tt threshold scan (NLO EW, NNLO QCD 
threshold matching, matching to soft gluon shower etc.), GPU offloading 
and ML for phase-space sampling (cross-link to SciComp and MT-DMA)


Electroweak physics at highest energies (MuC, FCC-hh etc.): electroweak 
factorisation, EW PDFs, matching to EW showers and fragmentation


Physics at photon colliders and physics program at LUXE (pheno + 
simulation tools)


NLO EW calculations/simulations for Higgs physics / BSM models at

e+e- colliders (FCC-ee, LCF, etc.)

11
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Example: e+e- → tt, projection for future matching 

Future matching of NNLO QCD contribution in the continuum and 
NNLL tt threshold resummation:

12
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Effective field theory analyses and future collider studies

Effective Field Theory: classification of physical impacts of 
dimension-8 operators on EW and Higgs measurements; theoretical 
constraints from unitarity and causality (swampland and positivity); 
small instanton effects on axion and axion-like particle interactions 
with SM degrees of freedom 


Future colliders: demonstrate the potential of precision EW and 
Higgs measurements to probe new physics at high energy as well as 
at low coupling. The study will combine effective field theory 
analyses and model-specific studies for instance in the context of 
grand-unification scenarios.


13
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Probing the dark sector

Collider signatures of dark sectors


Dark matter production mechanisms 


Constraining new physics with cosmological probes such as BBN 
and CMB


Dark matter spikes around black holes


Primordial black holes


Signatures and models of self-interacting dark matter


Novel experimental probes for ultralight dark matter
14
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Using quantum sensors to search for (ultra)light DM

Close interaction between experiment and theory!
15

19/06/2025 Quantum Sensing 3

(Ultra)light DM searches
Simple SM extension: ultralight scalar       8 DM candidate

Ultralight (                      )  8 DM as classical, coherently oscillating field

8 induces oscillations of              and fermion masses
8 oscillations of electron levels in atoms and ions: testable by frequency ratios of (atomic) clocks

CERN Courier

n
A A’

Isotope shifts for 
Dark Mediator

Highly charged ions Nuclear clock (Th)

Atom/ion clocks

E

Φ
Enhanced 
sensitivity to 
ULDM ϕ

Theory – experimental collaboration!

Additional directions
● Cavities for axions and High-

Frequency Gravitational Waves
● Atom interferometers for ULDM 

and Gravitational Waves
● Quantum Information Theory for 

optimizing detection schemes
● Non-minimal models

[see talk by S. Worm]



Theory plans: phenomenology, Georg Weiglein, PoF V MU-FPF Retreat, DESY, 06 / 2025

Conclusions

Precise predictions, theory input for enhancing the sensitivity of 
experimental analyses to BSM effects and to the discrimination 
between different realisations of the underlying physics 


Exploit and improve machine-learning methods, make use of new 
mathematical / theoretical developments


Interplay between collider physics, the evolution of the early universe 
and the physics of gravitational waves


Close interaction between experiment and theory, build on 
successful track record of common publications and joint projects

16



Theory plans: phenomenology, Georg Weiglein, PoF V MU-FPF Retreat, DESY, 06 / 2025

Backup
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Theory plans: phenomenology, Georg Weiglein, PoF V MU-FPF Retreat, DESY, 06 / 2025
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Triple Higgs production: HL-LHC vs. lepton colliders

HL-LHC is comparable to 1 TeV lepton collider for ϰλ ≈ 1      
Higher-energetic lepton colliders have better sensitivity
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Higgs cosmology .

-Electroweak baryogenesis

-Electroweak phase transition

-Non standard Higgs thermal histories

3

-Cosmological solutions to the hierarchy 
problem

-Higgs & inflation

-Higgs partners cosmology

36 framework

(a) Inelastic collision for e = 0.1: the field oscillates
around the new vacuum (green).

(b) Elastic collision for e = 0.22: the false vacuum
(blue) is re-established after the collision.

Figure 13: Field configurations in the x � t plane for elastic (left) and inelastic (right) collisions.
The incoming planar bubbles are modeled as step functions that nucleate at tnuc =
L/2 and x = ±L/2, collide at the origin, and reflect back. Green (blue) regions
depict the true (false) vacuum. The oscillations of the field after the collision are
determined by solving the trapping equation.

main particle production effects since the regions of trapping get smaller and smaller
after each re-collision.

The background field f is coupled to another scalar y with the following interaction
Lagrangian

�DLy =
l

2
f2y2 +

1
2

m2
yy2, (75)

where l is a dimensionless coupling and my is the bare mass of y. We assume, that
the interactions are weak such that they do not affect the evolution of the f field and
that it can be treated as a classical background field.

In the broken vacuum f = n + j, the interaction Lagrangian becomes

�DLy =
l

2
j2y2 + lnjy2 +

l

2
n2y2 +

1
2

m2
yy2, (76)

where n is the VEV and j are the field excitations around the minimum.

Bubble collisions correspond to a classical scalar background field that varies in
time and space, which can excite other fields, in this case y, and lead to particle
production. The main approach introduced in Ref. [30] relies on performing a Fourier
decomposition of the background field and computing particle production from the
decay of the classical f-modes. This will be the method we will mainly rely on (see
Chapter 5)

However, there are also other non-perturbative particle production mechanisms that
could take place. If efficient, these effects will back-react on the scalar field evolution,
which has to be taken into consideration. That is why the next step is to estimate the
importance of such effects before we proceed further.

|v
(x̃

)|

t̃ = 4.47 t̃ = 5.75 t̃ = 7.02 t̃ = 32.00

w
(x̃

)/
w̄

�
1

˜ |r
⇥

v
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0.610
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-0.200

0.000

1.281
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3.844

5.125

6.407

0.873

1.747

2.620

3.493

4.367

4.741

5.115

5.490

5.864

6.238

�=0.5, vw=0.36, N=512, L̃/vw=20.0

Figure 1. Velocity (upper panel), enthalpy fluctuations (middle panel), and vorticity (lower panel)
in an xy-plane slice of the simulation volume at z = 0 and at di↵erent times t̃, for a strong PT with
↵ = 0.5 and wall velocity vw = 0.36, which corresponds to a deflagration (see Fig. 13).

the simulation, t̃0 ' 10, for the reference nucleation history with L̃/vw = 20. We will consider
times t̃ > t̃0 to fit the time evolution of the kinetic energy fraction K(t̃) = K0 (t̃/t̃0)�b in
Sec. 4.2.

In total, we have performed 1028 simulations, which we summarize in Tab. 1, with an
estimated time of ⇠ 106 CPU hours. We note that each large-resolution simulation (N = 512)
takes ⇠ 103 CPU hours, a quite modest value that indicates the numerical e�ciency of the
Higgsless approach.

4 Numerical results

Before we present a detailed account of our numerical results, we would like to put them in
perspective. Overall, our results can be summarized by the following findings:

• Simulations of strong first-order PTs with ↵ = 0.5: We present numerical results for
strong PTs covering a wide range of wall velocities and performing systematic checks
of the numerical convergence of our results. For the first time, we obtain the full GW
spectra for strong PTs.7 Stronger simulations are more challenging when it comes to

7
Reference [77] also provides estimates of the kinetic energy and the integrated GW spectra for ↵ = 0.5,

but does not present results about the spectral shape.

– 15 –



Axion cosmology & axion dark matter .

-Gravitational signatures of 
axion dark matter
-Late cosmology of ultra-light 
dark matter

-Early cosmology of the 
Peccei-Quinn sector

-Signatures of axion spectator during inflation

4
-Axion-Higgs cosmological interplay

ALP dark matter parameter space (with KSVZ-like photon coupling g✓� = (↵em/2⇡)(1.92/f�))
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Requirements for the successful intermediate kination era

2. Large initial scalar VEV ⟨ϕ⟩ ≫ fa

1. -symmetric (quadratic) potential 
with spontaneous symmetry-breaking minimum 

U(1)

⟨ϕ⟩ = fa

3. Explicit -breaking term 
(wiggle for angular velocity)

U(1)

4. Radial damping mechanism

case II: ϕini = fa Angular potential 
U(θ)

for T ≥ Tc

case I: ϕini ≫ fa

ϕ = fa

V(Φ) I

II
for T < Tc

δ

θ0

·θ

0 2ππ 3π 4π
angular direction: θ

[Gouttenoire, Servant, PS, 2108.10328 & 2111.01150] 

-Axion dark matter production 
mechanism

61Alessandro Lenoci DESY
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Primordial gravitational waves .

-LISA Science

5

-Einstein Telescope Science

-PTA  Science

39

Sensitivity to Anisotropies

-Next-to-LISA space mission

  

The bigger picture

Traditionally, we work a lot 
on GWs sources for LISA, 
since this provides a strong 
link with particle physics. 

However, due to the current 
GW landscape, it is 
interesting for us to slightly 
pivot to currently running 
experiments and also closer 
to data.

Andrea 
Midridate

Xiao Xue
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Tracing the history of the Universe

High-freq. limit 
 

( ) 

f max
GW ≃ 1013 Hz

λGW ∼ H−1 ∼ M−1
pl

Low-freq. limit 
 f min

GW ≃ H−1
0

≃ 10−18 Hz

GW frequency observed today:   fGW,0 ≃ λ−1
GW(aprod/a0) ≃ 10−6 Hz [

H−1
prod

λGW ] [
Tprod

100 GeV ]
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Tracing the history of the Universe

GW spectra are sensitive to 
the cosmological history. 

GW frequency 

  

GW energy density 

 

 Here the standard Hot-Big-Bang 
(radiation era @ high energies) 

fGW,0 ≃ λ−1
GW (

aprod

a0 )

ρGW,0 ≃ ρprod
GW (

aprod

a0 )
4

⟸

What if the Universe is not 
radiation-dominated 
at high energies?

GW frequency

constraints on the primordial sources are discussed in Secs. 2.2.1 and 2.2.2, limiting the SGWB
landscape down to Fig. 2.1. The prime sources of primordial SGWB2 discussed in Secs. 2.3 and
2.4 populate the region widely, while the experimental prospects probe almost half of it.

| | | | | | | | |

| | | | | | | | |

| | | | | | | |

10-9 10-6 10-3 1 103 106 109 1012 1015
Temperature of the Universe

GeV
λGW
inf =H-1

λGW=
H-1

102

λGW ≃ H-1/106

Figure 2.1: The landscape of primordial SGWBs and the sensitivities of the future-planned GW observato-
ries, cf. Sec. 2.5. Assuming the standard ⇤CDM cosmology, we show the SGWB spectra from the Standard
Models (primordial inflation and thermal plasma) in Sec. 2.3 and beyond SM (preheating, first-order phase
transition, cosmic strings) in Sec. 2.4. See footnote for the chosen parameters. The GW frequency today cor-
responds to its production time, shown in the above-colored lines for di�erent sizes �GW of sources (colors
match that of spectra). The maximum amplitude is bounded by the �Ne↵ constraints at BBN/CMB scales,
cf. Sec. 2.2.2.

From signals to their origins. — Due to the cosmic expansion, GW energy density today is
redshifted from the production time as radiation,

⌦GW,0 =

✓
⇢GW,prod

⇢tot,0

◆✓
aprod
a0

◆4

' ⌦r,0

✓
⇢GW

⇢tot

◆

prod

, (2.15)

where the last step assumes the standard ⇤CDM cosmology, and ⌦r,0 = 5.38 · 10�5 [39] is the
abundance of radiation today. The last bracket suggests that the observed signal depends on the
strength of the GW generation process. The strongest source ⇢GW ! ⇢tot leads to the extreme
bound ⌦GW,0 . 10

�5 on primordial SGWB assuming the standard cosmology. Nonetheless, the
CMB/BBN observations put a more stringent constraint ⌦GW,0 . 10

�7; see Sec. 2.2.2.
The GW frequency today relates to the source’s characteristic length scale �GW, through the

red-shift factor,

fGW = ��1
GW

✓
aprod
a0

◆
' 10

�6
Hz

 
H�1

prod

�GW

!✓
Tprod

100 GeV

◆
, (2.16)

2In Fig. 2.1: primordial inflation (Einf = 1016 GeV), thermal plasma (Treh = 1016 GeV), preheating (Treh =
1016 GeV, {gi} = {10�2

, 10�3
}), phase transition (T⇤ = 150 GeV, �/H⇤ = 100, ↵ = 2), and local cosmic strings

(Gµ = 10�12).
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Reading the cosmological history in the 
GW frequency spectrum .
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Ultra-high-frequency primordial GW .
2

Inflation followed
by kination

↑
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FIG. 1. Benchmark GWBs of primordial origin with large amplitude above kHz frequencies, compared to sensitivities of existing
and planned experiments below the kHz [1–5, 45, 48–53] as well as experiments sensitive at frequencies above the kHz from
[47] (in shaded gray). The green line is associated with a very strong first-order phase transition [22] (�/H = 7, ↵ = 10) at a
temperature T ⇠ 1010 GeV (compatible with a Peccei-Quinn phase transition with axion decay constant fa ⇠ 1010 GeV for
instance [54]). Interestingly, the irreducible background from inflation with inflationary scale Einf ' 1016 GeV can be amplified
if inflation is followed by kination (purple line) [55] or if a kination era is induced much later by the rotating QCD axion DM
field (blue line) [55–57]. Local cosmic strings can generate a signal (in red) as large as the BBN bound (3), that also uniquely
goes beyond 109 Hz. The gray line shows the signal from preheating [41] corresponding to an inflaton mass M ' Mpl with a
coupling g = 10�3 to the thermal bath. Similar but suppressed GW spectra can come from the fragmentation of a scalar field,
which is not the inflaton [58–60]. The lower gray shaded region is the spectrum from the Standard thermal plasma [17–19],
assuming a reheating temperature Treh ' 6⇥ 1015 GeV.

as the GW fraction of the total energy density of the
Universe today ⌦GWh

2. It can be related to the charac-
teristic strain hc of GW by [43]

hc ' 1.26⇥ 10�18(Hz/fGW)
p
⌦GWh2. (1)

Its characteristic frequency is related to the moment
when GW was emitted, and its amplitude is typically
small1 (⌦GWh

2 . ⌦rh
2
' 4 · 10�5 [61], where ⌦r is the

fraction of energy density in radiation).
The frequency range of cosmological GWB is linked to

the size of the source, which is limited to the horizon size
by causality. The frequency today of a GW produced
with wavelength �GW  H

�1(T ) when the Universe had
temperature T (assuming radiation domination for the

1 Except the signals resulting from a modified equation of state
of the Universe such as kination or sti↵ eras [55] or extremely
strong first-order phase transitions.

GW considered in this paper) is

fGW ' 1 kHz


H

�1(T )

�GW

�✓
T

1010 GeV

◆
, (2)

where H is the Hubble expansion rate, and fGW =
�
�1
GW[a(T )/a0] with a being the scale factor of cosmic

expansion. For instance, the irreducible GWs produced
during inflation that re-enter the horizon at temperature
T have �GW ⇠ H

�1. On the other hand, GWs from
first-order phase transitions have �GW that is roughly the
bubbles’ size, typically of the order O(10�3

� 10�1)H�1.
GWs produced from the thermal plasma are produced
maximally at �GW ⇠ T

�1, such that the signal gen-
erated at any T is peaked at fGW ⇠ O(10) GHz. Fi-
nally, for cosmic strings, �GW relates to the string-loop
size, which is fixed by the Hubble size; see Eq. (11) for
the precise relation. Therefore, apart from the thermal
plasma source, the highest GW frequencies are associ-
ated with the earliest moments in our Universe’s his-
tory, and the maximum reheating temperature of the
Universe Treh  T

max
reh ' 6 ⇥ 1015 GeV [62] bounds

Servant, Simakachorn, 2312.09281 
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String Theory and

Mathematical Physics

Volker Schomerus
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String Theory and Mathematical Physics
Scientific Goals 

Main Theme: Study of Quantum Field Theory, i.p. Gauge Theories, 
deep in the (non-perturbative, strongly coupled) quantum regime. 

• Explore space of QFTs; focus on fixed points of renormalization group

• Establish new paradigms for QFT i.p. through exactly solvable models

• Compute novel (non-local) observables at zero and finite temperature. 

Through holography obtain new tools to study quantum gravity
and in particular the quantum physics of black holes.  

Mostly Fundamental Interactions  a bit dark universe

2



String Theory and Mathematical Physics  |  Volker Schomerus  |  MU  |  TPP 3

String Theory and Mathematical Physics
The Center for Mathematical Physics (ZMP)  

ZMP grew into world-class center for Mathematical Physics  a unique facility in Germany

2005                            2010                   2015                         2020                            2025  

in
au

gu
ra

tio
n

18 PIs

15 PIs, ~ 60 ECRs

3



• Explore space of QFTs; focus on fixed points of renormalization group

• Establish new paradigms for QFT i.p. through exactly solvable models

• Compute novel (non-local) observables at zero and finite temperature. 

Moduli Spaces
Integrability
Higher Structures

4



String Theory and Mathematical Physics
Maintaining the unique Center  

As a founding member of ZMP, DESY‘s contributions remain key to success

During the expected runtime of the SFB 1624 (2024-2036) two of the DESY 
funded PIs (Schomerus, Teschner*) need replacement in order to maintain

a critical physics contribution/link.   

• Funds about 50% of the research within physics side of ZMP

• Crucial for the embedding of ZMP into physics program

e.g. Quantum Universe

Also one PI at UHH (Arutyunov)

𝚳𝚽
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The Wolfgang Pauli Centre

Volker Schomerus 6



The Wolfgang Pauli Centre for Theoretical Physics 
Developments during PoF IV 

2017 First concept paper

2018-2020 Comprehensive strategy paper by UHH/DESY

2020 High level scientific evaluation of the WPC strategy

2022  UHH and DESY sign cooperation agreement

2023 Decision to rent space in Notkestrasse (Doppel H)

2024-2025 Planning for refurbishment of new location

Construction costs explode after Russian invasion

→WPC strategy paper

→WPC evaluation report 
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The Wolfgang Pauli Centre
WPC in Doppel-H 

~ 4600 m2 to be rented and refurbished for the
needs of WPC (co-working, meeting facilities..)   

According to current optimal timeline, building
could be fully operational in 2029. 

Given issues with current office spaces on campus
and promises made for PoF IV  it seems crucial that
plans for WPC in current form are realized w/o delay
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The Wolfgang Pauli Centre
New Scientific Measures 

Research hostel can host up to 6 new YIGs 

extends fellow program to senior postdocs
- transition to faculty positions

New thematic visitor program with ~20 visitors

Once fully operational requires ~ 400 K Euro/year
about 50 % is funded from DESY and UHH(QU) 

WPC is designed as a facility for interaction

across divisions, photon science & astrophysics. 

9



Quotations from Review 
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``I fully endorse the WPC's visionary proposal and I am convinced that the WPC will become an internationally-recognized 
center of scientific excellence and a source of inspiration for the physics community and the public alike.’’          

Gian Giudice, Head of the Theoretical Physics Department, CERN

``The WPC is well conceived and is truly impressive in its scope and broad vision. [….] Hamburg is an ideal place for this
center thanks to the well-established activity in multiple institutions in all five pillars, and to the proximity of unique
experimental capabilities at DESY and the European XFEL.’’ Shaul Mukhamel, University of California, Irvine, USA

``I wholeheartedly endorse this exciting proposal to expand and enhance the WPC.[…] I can well imagine that this initiative
will raise the WPC to become Germany’s leading institute for theoretical physics and a recognized leader on the world
stage.’’ Robert Myers, Director, Perimeter Institute, Waterloo, Canada

``I express my strong support for the WPC effort, and I see potential for a unique interdisciplinary environment for
theoretical physics to develop, based on existing strengths in Hamburg.’’

Peter Zoller, Research Director, University of Innsbruck, Austria

``Hamburg has a long tradition as a power house in theoretical physics. Now WPC brings not only the local talents together
but also conducts thematic programs that bring in international leaders. In addition, it maintains proximity to experimental
activities. The proposal makes perfect sense, and WPC is poised to become a formidable foe of all the other centers around
the world.’’ Hitoshi Murayama, University of California, Berkeley, USA


