
Understanding the Quantum Universe: 
particle physics status and plans

Beate Heinemann
DESY and Hamburg Univrsity

120/10/2023



Our Universe
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The Standard Model Lagrangian

gauge sector

n mass sector

Higgs sector

flavour sector

+ are there new particles and forces 
(that solve some of the mysteries)? 



(Some) interesting questions for particle physics

• What is the origin of flavour?
– Why is the mixing matrix so different in quark and neutrino sector?
– Are there flavour changing neutral currents?

• Why is there any matter left in our Universe?
– Which mechanisms exist to fulfill the three Sakharov’s conditions?
– How did electroweak phase transition occur?
– Is there CP violation in the neutrino sector?

• Is Dark Matter a particle?
– Can we produce it from known matter?
– Is there a dark world?
– And… what is Dark Energy?

• Is the Universe natural?
– Why is the Higgs mass so low?
– Are there new symmetries in Nature?

• …
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Big Questions and the Higgs Boson
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The Flavour Puzzle

Higgs is the only SM boson that distinguishes flavour
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The Flavour Puzzle
I. Rabi



Why is there Flavour?
Is it like a periodic table? 



Why is there Flavour?
Do we have a completely wrong perspective?

Epicycles



p p
Energy = 13.6 TeV (Run 3)

Circumference: 27 km
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The ATLAS detector
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1st prototype of ATLAS LAr 
calorimeter barrel 1990
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The Higgs Mechanism
• 1964

– P. Higgs, R. Brout, F. Englert
• New scalar self-interacting field with 4 d.o.f.:

• Ground state: non-zero-value breaks 
electroweak symmetry generating 
– 3 Goldstone bosons: W±

L,ZL
– 1 neutral Higgs boson

• Masses of fermions mf proportional to 
unknown Yukawa couplings gf

x

gf

fermion

𝑚! = 𝑔!
𝑣
2



Higgs Boson production & decay

Higgs boson production and decay 
complex and through many signatures
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Higgs Boson production & decay
Initial observation: decays to  𝛾𝛾, 𝑍𝑍,𝑊𝑊
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ATLAS

F. Gianotti and P. Higgs, July 4th 2012 at CERN



Higgs boson couplings
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• Fermion coupling to top, b, 
tau and muon seen

• All agree with expectation



Higgs boson couplings
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• Fermion coupling to top, b, 
tau and muon seen

• All agree with expectation

±10%



Why measure couplings with precision?
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Reminder: beta-decay



Why measure couplings with precision?

Precise measurement of process at low energy probes mass 
scales at high energies
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Reminder: beta-decay



Why measure Higgs couplings with precision?
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Can teach us about new interactions 

Does not 
exist in SM



Why measure Higgs couplings with precision?
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Future Higgs Prospects
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±10%



Future Colliders
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Proposed colliders:
• Linear e+e-: ILC, CLIC
• Circular e+e-: FCC-ee, CePC
• pp: HE-LHC, FCC-hh, SppC
• ep: LHeC, FCC-eh  



Future Colliders
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“Higgs is the most important actor 
… the reason for building the 
next colliders is to study the 
Higgs boson to death, full stop”  
(Nima Arkani-Hamed)



Energy Consumption / Recovery

24

Accelerators require a 
lot of energy, e.g. 
CERN: 1.3 TWh/year



PERLE at IJClab

25Conceptional Design Report: https://arxiv.org/pdf/1705.08783.pdf

Proto-type for LHeC with 250 MeV electrons
and interesting use for nuclear physics 
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Higgs: Coupling Constraints: Future Colliders

3.2. FUTURE PROSPECTS 35

Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings to b-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.

arXiv: 1905.03764
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Many different probes of flavour

Rare processes at B- and Kaon and Muon factories can 
probe higher scales than the LHC direct searches! 
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Belle II and LHCb
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LHCb at LHC/CERNBelle II at SuperKEKB/KEK

𝐿"#$% = 4.65 × 10&' cm-2s-1



Anomalies in Flavour Physics
Lepton universality

• Flavour physics can probe physics at 
much higher energy

• Test universality of such interactions

Status 2019



Lepton Flavour Universality Tests: 2022

31M. F. Sevilla, EPS ‘23



Lepton Flavour Universality Tests: 2023

32M. F. Sevilla, EPS ‘23



New from Belle II: 𝐵± → 𝐾±𝜈𝜈̅

33

A. Glazov, EPS 2023

New result:
• 3.6σ evidence
• 2.8σ higher than prediction



Big Questions and the Higgs Boson
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A brief history of the Universe
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A brief history of the (very early!) Universe
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How much matter and anti-matter?

baryons = protons, neutrons,…

Today: per litre in Universe:
• 550000 photons
• 0.001 baryons
• 0 antibaryons



Matter-Antimatter Asymmetry
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10.000.000.001

Matter

10.000.000.000

Antimatter

During very early Universe





Materie-Antimaterie Asymmetry
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0

Antimatter

Now

1

Matter



The three conditions of Andrei Sakharov

Three conditions have to be fulfilled 
simultaneously:
1. No thermal equilibrium
2. Violation of C and CP
3. Baryon number not conserved

© RIA Novosti archive

A. Sakharov, 1921-1989



Matter antimatter oscillations: CP violation

Matter-antimatter oscillations occur in the quark sector:
• E.g. 4 billion times per second for Bs meson
• Rate not sufficient to explain asymmetry in Universe



Is there CP violation in the neutrino sector?

LBNF/DUNE (2029+)
• Phase 1: 1.2 MW beam 
• Phase 2: 2 MW beam

43

J-PARC/Hyperkamiokande (2027+)
1.3 MW beam 



The electroweak phase transition

44from Selya Ipek



Electroweak potential
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Figures by G. Servant

Standard Model
• Electroweak phase transition (EWPT) 

is a “smooth crossover”
• Electroweak symmetry restored for 

T≥TC=130 GeV

Alternative idea
• Electroweak phase transition via 

tunneling: 1st order transition
– Two phases co-exist

• Electroweak baryogenesis possible if 
strong 1st order transition



Electroweak potential
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Figures by G. Servant

Standard Model
• Electroweak phase transition (EWPT) 

is a “smooth crossover”
• Electroweak symmetry restored for 

T≥TC=130 GeV

Alternative idea
• Electroweak phase transition via 

tunneling: 1st order transition
– Two phases co-exist

• Electroweak baryogenesis possible if 
strong 1st order transition

24 OVERVIEW OF THE PHYSICS CASE FOR CEPC

but during the electroweak phase transition the sphaleron-mediated reactions are shut off.
If this shutoff is sufficiently abrupt, then an excess of matter over antimatter can be gener-
ated. This requires that the electroweak phase transition is strongly first order in the sense
that

v(Tpt)

Tpt
& 1.0 ("strongly first order” electroweak phase transition) (2.11)

where v(Tpt) is the value of the Higgs field inside of the bubbles during the phase transi-
tion at temperature Tpt.

Electroweak baryogenesis is not viable in the Standard Model, because the electroweak
phase transition is a continuous crossover, v(Tpt) = 0, and thus the observed excess
of matter over antimatter is an irrefutable motivation for physics beyond the Standard
Model. In general the new physics can take many forms, but in the context of electroweak
baryogenesis, it is clear that the new physics must couple to the Higgs boson so that the
sphaleron-suppression condition in Equation (2.11) is satisfied. Therefore this condition
directly quantifies the required departure from Standard Model physics.

NEW PHYSICS AND THE ELECTROWEAK PHASE TRANSITION

The Standard Model predicts that the EWPT is a continuous crossover, but we have seen
in the discussion of Figure 2.11 that even minimal extensions of the Standard Model
can drastically change the predictions for electroweak symmetry breaking. Thus for any
model with new physics coupled to the Higgs boson, it is necessary to ask: What is the
nature of the electroweak phase transition?

In the years before the LHC started running, much of the work was focused on the
light stop scenario of the Minimal Supersymmetric Standard Model (MSSM) [49, 50].
Early LHC data determined that this scenario is ruled out [51, 52], because the light stops,
which are colored and charged particles with spin-0, should have been easy to produce and
detect at the LHC. However, if the new scalar particles were not charged or colored, the
electroweak phase transition could still be first order while evading collider constraints; to
leading order, the electroweak phase transition only cares about couplings with the Higgs
boson, not quantum numbers [53]. Therefore in order to assess the unique power of CEPC
to test new physics that leads to a first order electroweak phase transition, it is useful to
consider models with uncharged and uncolored particles, which are very difficult to probe
at the LHC [54].

A viable model with a first order EWPT is found in even the most minimal extension
of the Standard Model with a real, scalar singlet field S [55–57]. The relevant Lagrangian
is written as

L =
�
DµH

�†�
DµH

�
+

1

2

�
@µS

��
@µS

�
� µ2

H
H†H � �H

�
H†H

�2

�
µ2

S

2
S2

�
aS

3
S3

�
�S

4
S4

� �HSH†HS2
� 2aHSH†HS (2.12)

where H(x) denotes the Higgs doublet field. The last two operators in Equation (2.12)
correspond to the so-called Higgs portal interactions. The Higgs field acquires a vacuum
expectation value, hHi = (0 , v/

p
2) that breaks the electroweak symmetry. In general the

singlet field may acquire a vacuum expectation value, hSi = vS , and it can mix with the
Higgs boson, which is parametrized by an angle ✓. The spectrum of this theory contains
two scalars with masses mH ' 125 GeV and mS .
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Figure 2.10: An illustration of a continuous crossover (left) and a first order phase transition (right).

By contrast, a continuous crossover occurs smoothly throughout the system.

See also Figure 2.10. If the phase transition is determined to be first order, there would be
profound implications for early-universe cosmology and the origin of the matter-antimatter
asymmetry. Moreover, determining the order of the EWPT is simply the first step in a
much richer research program that deals with other aspects of the phase transition includ-
ing its latent heat, bubble wall velocity, and plasma viscosity.

THE HIGGS POTENTIAL

The order of the EWPT is intimately connected to the shape of the Higgs potential energy
function. For each value of the Higgs field, �, there is an associated potential energy
density, V (�). During the electroweak phase transition, the Higgs field passes from � = 0

where the electroweak symmetry is unbroken to � = v ' 246 GeV where the electroweak
symmetry is broken and the weak gauge bosons are massive. Thus the order of the phase
transition is largely determined by the shape of V (�) in the region 0 < � < v.

For instance, if the Higgs potential has a barrier separating � = 0 from � = v, then
electroweak symmetry breaking is accomplished through a first order phase transition with
the associated bubble nucleation that we discussed above. If there is no barrier in V (�),
the transition may be either first order or a crossover depending on the structure of the
thermal effective potential, Ve↵(�, T ).

Currently we know almost nothing about the shape of the Higgs potential. This situation
is illustrated in Figure 2.11 and the following discussion. When we make measurements
of the Higgs boson in the laboratory, we only probe small fluctuations of the potential
around � = v. By measuring the strength of the weak interactions, GF = (

p
2v2

)
�1

'

1 ⇥ 10
�5

GeV
�2, we learn that the Higgs potential has a local minimum at v ' 246 GeV.

By measuring the Higgs boson’s mass, we learn that the local curvature of the potential at
its minimum is (d2V/d�2

)
��
�=v

= m2
H

' (125 GeV)
2. This is the extent of what we know

today about the Higgs potential. Even the third derivative, which is related to the Higgs
boson’s cubic self-coupling, is completely undetermined!

Measurements of the Higgs boson thus far are consistent with the predictions of the
Standard Model of particle physics. The Standard Model asserts that the Higgs potential
has the form

V (�) =
1

2
µ2�2

+
1

4
��4 , (2.8)

which only depends on the two parameters µ2 and �. Taking � > 0 and µ2 < 0 induces a
Vacuum Expectation Value (VEV) for the Higgs field and triggers electroweak symmetry



Di-Higgs Production: LHC result

Constraints on κλ : 
-0.4<κλ<6.3 at 95% CL
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𝜅( = /𝜆 𝜆)*

Nathanial Craig
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Di-Higgs Production: LHC result

48Nathanial Craig

Nature could have any of these!!

P. Meade



Sensitivity to κλ: future colliders
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What might we learn about the H potential?

50

(or FCC-hh)Nathanial Craig

Δ𝜅 < 5%Δ𝜅 < 50%



Big Questions and the Higgs Boson
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Composition or the Universe



A brief history of the (very early!) Universe
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A brief history of the (very early!) Universe
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85% of the matter in the Universe is invisible!

©Planck

Dark matter only known through gravitational interactions 



Dark Matter: annihilation in the early Universe

Time



The WIMP(*)-Miracle
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Nu
m
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en
ist

y:
 n

/s

observed

ΩXh2=0.1188±0.0010
= 5.32 x Ωbh2

(*) WIMP=Weakly Interacting Massive Particle



Dark Matter candidates: WIMPs or axions?

Dark matter density today: 300 GeV/liter



Direct Searches for WIMPs
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Gran Sasso, Italy

Ca. 1400m below surface

WIMP



Searches for WIMP Dark Matter
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Underground direct detection 
experiments: XENON1T and LZ



WIMP Dark Matter: next generation

61

Simplest supersymmetry scenarios predict “Wino” or “Higgsino” with 
masses > 1 TeV => difficult (but possible) to test

3rd generation noble liquid 
tank WIMP searches planned:
• DARWIN/XLZD: Liquid Xe
• ARGO: Liquid Ar

Will test much of parameter 
space of supersymmetry



Does Higgs couple to Dark Matter?

62

DM annihilation
early Universe &

satellites

DM-N Scattering
(XENON1T etc.)

DM production
early Universe & 

LHC



“Invisible” Higgs decays?
• Higgs can decay to dark matter 

candidates if mH > 2 mχ

• Current limit: BR<10.7%

63



“Invisible” Higgs decays?
• Higgs can decay to dark matter 

candidates if mH > 2 mχ

• Current limit: BR<10.7%

64

• HL-LHC will improve by factor 10 compared to now
• Future ee colliders gain another factor ~10
• And… FCC-hh yet another factor 10!



Comparing direct detection and Higgs constraints

65

Dark Matter can be scalar, vector or fermion:

4

pmiss

T [GeV] Ngg

inv
NV

inv �NBkg exp. Rpp

inv
obs. Rpp

inv

120 5694 1543 12820 3.5 4.4

220 904 286 1030 1.7 1.6

350 110 45 171 2.2 3.3

500 15 9 73 6.0 1.4

TABLE II: Predicted event yieldsNinv (assuming BR(H ! inv) =
100%), the 1� background uncertainty �NBkg, and the expected
and observed 95% CL limits on the invisible Higgs rateRpp

inv
for each

reported missing energy cut in the 8 TeV 10 fb �1 ATLAS monojet
search [14]. The event yields are given separately for the ggF and
VBF+VH production modes, assuming the SM Higgs production
cross sections in these channels.

the SM cross section, the monojet constraints on the in-
visible branching fraction are not yet relevant. However,
in models beyond the SM the Higgs production rate can
be significantly enhanced, especially in the gluon fusion
channel. One well known example is the case of the SM
extended by the 4th generation of chiral fermions where
the gg ! H cross section is enhanced by an order of mag-
nitude. In that class of models a large invisible width
may easily arise due to Higgs decays to the 4th gener-
ation neutrinos, in which case the monojet constraints
discussed here become very important. More generally,
the ggF rate can be enhanced whenever there exist addi-
tional colored scalars or fermions whose mass originates
(entirely or in part) from electroweak symmetry break-
ing. In a model-independent way, we can describe their
e↵ect on the ggF rate via the e↵ective Higgs coupling to
gluons:

�L =
cgg

4
HG

a

µ⌫
G

µ⌫,a
, (4)

where cgg can take arbitrary real values depending on
the number of additional colored species, their masses,
their spins, and their couplings to the Higgs. Further-
more, given the small Higgs width in the SM, �H,SM ⇠

10�5
mH , a significant invisible width �H,inv ⇠ �H,SM

may easily arise even from small couplings of the Higgs
to new physics, for example to massive neutrinos or to
dark matter in Higgs portal models. We parametrize
these possible couplings simply via the invisible branch-
ing fraction Brinv, which is allowed to take any value
between 0 and 1. In Fig 2 we plot the best fit region
to the LHC Higgs data in the Brinv-cgg parameter space.
For the SM value cgg = 0 an invisible branching frac-
tion larger than ⇠ 20% is disfavored at 95% CL. When
cgg > 0, the global fit admits a larger invisible branch-
ing fraction, even up to Brinv ⇠ 50%. Nevertheless, the
monojet constraints on the Higgs invisible width derived
in this paper are weaker then the indirect constraints
from the global fits, when the latest Higgs data are taken
into account.

Invisible branching fraction and direct detection

If the invisible particle into which the Higgs boson
decays is a constituent of dark matter in the universe,

0.0 0.2 0.4 0.6 0.8 1.0
-0.010

-0.005

0.000

0.005

0.010

Brinv

c g
g

FIG. 2: 68% CL (light green) and 95% CL (dark green) best fit
regions to the combined LHC Higgs data. The black meshed region
is excluded by the monojet constraints derived in this paper, while
the red meshed region is excluded by the recent ATLAS Z+(H !
MET) search [25].

the Higgs coupling to dark matter can be probed not
only at the LHC but also in direct detection experi-
ments. In this section, we discuss the complementarity of
these two direct detection methods. We consider generic
Higgs-portal scenarios in which the dark matter particle
is a real scalar, a real vector, or a Majorana fermion,
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pmiss

T [GeV] Ngg

inv
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inv �NBkg exp. Rpp

inv
obs. Rpp

inv

120 5694 1543 12820 3.5 4.4

220 904 286 1030 1.7 1.6

350 110 45 171 2.2 3.3

500 15 9 73 6.0 1.4

TABLE II: Predicted event yieldsNinv (assuming BR(H ! inv) =
100%), the 1� background uncertainty �NBkg, and the expected
and observed 95% CL limits on the invisible Higgs rateRpp

inv
for each

reported missing energy cut in the 8 TeV 10 fb �1 ATLAS monojet
search [14]. The event yields are given separately for the ggF and
VBF+VH production modes, assuming the SM Higgs production
cross sections in these channels.
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where cgg can take arbitrary real values depending on
the number of additional colored species, their masses,
their spins, and their couplings to the Higgs. Further-
more, given the small Higgs width in the SM, �H,SM ⇠

10�5
mH , a significant invisible width �H,inv ⇠ �H,SM

may easily arise even from small couplings of the Higgs
to new physics, for example to massive neutrinos or to
dark matter in Higgs portal models. We parametrize
these possible couplings simply via the invisible branch-
ing fraction Brinv, which is allowed to take any value
between 0 and 1. In Fig 2 we plot the best fit region
to the LHC Higgs data in the Brinv-cgg parameter space.
For the SM value cgg = 0 an invisible branching frac-
tion larger than ⇠ 20% is disfavored at 95% CL. When
cgg > 0, the global fit admits a larger invisible branch-
ing fraction, even up to Brinv ⇠ 50%. Nevertheless, the
monojet constraints on the Higgs invisible width derived
in this paper are weaker then the indirect constraints
from the global fits, when the latest Higgs data are taken
into account.

Invisible branching fraction and direct detection

If the invisible particle into which the Higgs boson
decays is a constituent of dark matter in the universe,
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FIG. 2: 68% CL (light green) and 95% CL (dark green) best fit
regions to the combined LHC Higgs data. The black meshed region
is excluded by the monojet constraints derived in this paper, while
the red meshed region is excluded by the recent ATLAS Z+(H !
MET) search [25].
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• Approaches are complementary
– Higgs more sensitive at low mass, direct detection more sensitive at high mass

• Comparison is model-dependent
– This is good: if we see signal we will learn physics from it!

Scalar DM
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Dark Matter
WIMPs and/or axions

• Traditionally strong 
focus on WIMPs but 
interest in axions is 
growing 

• QCD axion is the *only* 
solution to strong CP 
problem



Axion Status
Current constraints

Theory expectation for axion 
as dark matter (in simple 
models)

10,- < 𝑚$./01< 10,2 𝑒𝑉

Will cover entire mass range 
down to 10-9 eV in the next 
decade or so!

Very dynamic area!



Axion Status
Future experiments

Theory expectation for axion 
as dark matter (in simple 
models)

10,- < 𝑚$./01< 10,2 𝑒𝑉

Will cover entire mass range 
down to 10-9 eV in the next 
decade or so!

Very dynamic area!



Search for Axion-like particles at DESY, ALPS II: 
Can light travel through a wall?

Light Light?Wall

axion



Particle Physics @ DESY  |  168th SC Meeting May 2023  |  
BH

20 years in the making…

Any Light Particle Search II



Any Light Particle Search II

Cleanroom with 
high power laser.

Cleanroom with “wall” 
and optics to match 
both optical cavities.

Cleanroom with 
cavity optics and
HET detection.

Particle Physics @ DESY  |  168th SC Meeting May 2023  |  
BH

12 HERA dipole magnets

12 HERA dipole magnets

7 coll. institutions

Recent achievements
• 12/2021: magnet string at T=4 K.
• 06/2022: world-record cavity storage 

time: 6.75 ms.
• 11/2022: observe first calibration signal
• May 24th: first science run
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Current and Future Axion Experiments at DESY 



Conclusions
Particle physics plans a balanced portfolio of complementary 
experiments to understand the quantum Universe

V. Rubin: “Science progresses 
best when observations alter 
our preconceptions”


