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A unique time in particle physics

Ø A wealth of high-quality data now available from a broad spectrum of experiments and observations. 
Ø Powerful new ideas are boosting the accuracy of both theoretical and experimental results.

Ø Major decisions for future projects are being made (Snowmass/P5, European Strategy) based on 
current results and technologies, future projections, and theoretical guidance.
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Impressive breadth 
and quality of 
experimental results

~ 80 experimental talks!

B-factories, LHCb, (ATLAS/CMS)
Towards higher luminosities.
Probing flavour dynamics in the 
quark sector. Neutrino experiments, 

DUNE on the horizon.
Probing new physics and 
lepton flavour dynamics.

Dark-matter experiments,
Cosmological observations.

ATLAS and CMS main program,
Towards the HL-LHC upgrade.
Probing new physics with energy and 
unprecedented precision .



Complementarity in bounding new physics

High-energy collider have less sensitivity but can test the compatibility 
of new physics over a uniquely broad spectrum of measurements.

[European Strategy, arXiv:1910.11775]

See talks by 
Ana Texeira,
Jure Zupan, 

and 
flavor-physics talks



Impressive breadth 
and quality of 
experimental results

The role of theory is challenging 

Ø Unambiguously confirm the realm of validity of known theories (Standard Model)
Ø Identify its failures and use them as hints of new physics
Ø Constantly explore new ideas and promote future explorations
Ø Identify and interpret new phenomena 

~ 80 experimental talks
~ 30 theory talks



The Standard 
Model

Strengths and 
Weaknesses

● Our current knowledge of particle physics is 
based on the Standard Model (SM) which has 
been confirmed by discoveries and precision 
measurements to correctly describe particle 
physics at the EW scale with great accuracy.

● The strength and success of the SM  at the 
EW scale allows us to identify its failures and 
weaknesses.

● They become a unique handle to explore 
physics beyond the SM (BSM).
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For MW we combine:
q All LEP 2 measurements 
q Previous Tevatron average
q ATLAS and LHCb early measurements
q CDF [MW=(80.4335±0.0094) GeV]
q ATLAS [MW=(80.3665±0.016) GeV]
q CMS [MW=(80.3602±0.010) GeV]

MW = 80.366 ± 0.0080 GeV (without CDF)
          80.356 ±	0.0045 GeV (from fit)

For mt we combine:
q 2016 Tevatron combination
q ATLAS  Run 1 and early Run2 results
q CMS Run 1 and early Run 2 results
q CMS l+j [mt=(171.77±0.38) GeV]
q CMS l+j boosted [mt=(173.06±0.83) GeV]
q ATLAS l+j boosted [mt=172.95±0.53) GeV

mt = 172.31 ±	0.32 GeV 
        172.38 ±	0.31 GeV (from fit)

J. de Blas et al. 2204.04204, updated
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 0.4 GeV±= 172.8 tm

 0.007 GeV±= 80.379 WM

J. de Blas et al. 1902.04070
HL/HE-LHC Report

With HL 
precision

SM strength: consistency at the quantum level



See talk by Daniel Litim SM vacuum stability revisited

Stability is dominated 
by RG running

Uncertainty dominated by 
central values and errors 
for top-quark mass and 
strong coupling constant

accuracy

comparison of
222 vs 433 loop 
running

uncertainties dominated by central values and 
errors for top mass and strong coupling constant   

CMS, 1904:05237: 
Combined fit of 𝑀. and 𝛼/: effect 
of correlations

Can we ascertain or refute vacuum stability at the 5𝜎 level?

2

rameter spaces of masses and couplings for SM exten-
sions to be “Planck-safe” – meaning stable up to or at
the Planck scale, and free of subplanckian Landau poles
– and uncover sizable room for new physics. Results are
achieved by extensive studies of the two-loop RG run-
ning of couplings between the scale of new physics and
the Planck scale using the precision tool ARGES [12].
Our methodology has been developed in a series of earlier
works [2, 13–17], inspired by models of particle physics
with controlled interacting UV fixed points [18–30]. Pre-
vious studies of the Higgs portal include BSM models
with a real [31–34], complex [35–40], or charged scalar(s)
[41–44], models with additional BSM Yukawa couplings
[13, 14, 16, 45–51] and two-Higgs-doublet models [52–60]
(for an overview see [2] and references therein).

Thirdly, we investigate the modifications of the Higgs
potential dictated by Planck-safe SM extensions and
their phenomenology at colliders. In particular, we deter-
mine the impact of new physics on the Higgs trilinear, the
Higgs-to-electroweak-boson, and the Higgs quartic cou-
plings, which can be sizable. We show that the former
two can already be probed at the HL-LHC [4], whereas
the latter will require a future collider with su!cient en-
ergy and precision such as the FCC-hh [5].

The paper is organized as follows. We begin with an
update of the SM quantum e"ective potential and its
stability in terms of the most critical input parameters
(Sec. II). This is followed by a study of the Higgs portal
for a variety of singlet scalar field extensions with and
without flavor, and their BSM parameter spaces for safe
and stable extensions up to the Planck scale (Sec. III).
We further work out the phenomenology of stable SM ex-
tensions, in particular their impact on the Higgs trilinear,
quartic, and couplings to the Z boson, and their signa-
tures at present and future colliders (Sec. IV). We close
with a brief discussion of results and some conclusions
(Sec. V). Four appendices contain further details of the
SM stability analysis (App. A), conventions and termi-
nology (App. B), scalar mixing (App. C), and constraints
from unitarity (App. D).

II. REVISITING SM VACUUM STABILITY

Since the discovery of the Higgs boson [61, 62] the
meta-stability of its potential has been evidenced [1, 63].
The metastability appears to be non-pathological in that
the tunnel rate is many orders of magnitude larger than
the age of the universe [1]. Also, absolute stability has
neither been excluded conclusively due to underlying un-
certainties of SM observables. Ever since these early
works, important strides have been made in both the-
ory and experiment improving this prediction. Thus, a
high-precision determination of the region of vacuum sta-
bility in the SM is warranted and will be conducted here,

enhancing previous studies, e.g. [1, 63–68] .1

A. Input

Progress on the experimental side consists of improved
precision for all input observables that determine vac-
uum stability in the SM. These include the Higgs, top
and Z pole masses Mh,t,Z , the 5-flavor strong coupling
ω(5)

s (µ = MZ), the fine-structure constant ωe and the
hadronic contribution to its running !ω(5)

e (µ = MZ),
Fermi’s constant GF , MS quark masses mb(µ = mb),
mc(µ = mc), mu,d,s(µ = 2 GeV) and lepton pole masses
Me,µ,ω . Their central values and uncertainties are taken
from the 2024 update of the PDG [69].

Progress on the theory side consists of several streams.
Specifically, using [70], all running SM parameters and
their uncertainties are determined from the input observ-
ables at a reference scale

µref = 200 GeV . (1)

The precision of this procedure is an improvement upon
[1], an overview of all loop contributions is found in
[71]. In particular, five loop logarithmic resummations
are conducted [72–76] while threshold and matching cor-
rections to the light quark masses and gauge couplings
are considered up to four loops in QCD [77, 78]. The pole
masses of the top quark, Z and Higgs boson are matched
at full two loop precision with leading three-loop correc-
tions [79–82].

SM vacuum stability is established provided the quan-
tum e"ective potential is bounded from below and devoid
of deeper secondary minima. For the SM e"ective poten-
tial, we employ the following RG-improved ansatz

1
(4ε)2 Ve! = 1

4ωε,e!(h)e4!̄(h)h4 . (2)

Here h denotes the Higgs field, the factor ”̄(h) arises from
resumming the Higgs anomalous dimension, and ωε,e!(h)
relates to the e"ective Higgs coupling extracted from the
e"ective potential. The latter signals vacuum stability
provided that

ωε,e! > 0 (3)

for all field values. In our computation, the coupling
ωε,e! is obtained at a constant field value h = h0 by
matching the e"ective potential (2) to fixed-order per-
turbative calculations of the e"ective potential [83–88].
We work in Landau gauge. While the e"ective poten-
tial, and hence ωε,e!, is gauge-dependent, the depth of
its minimum is not, see App. A for details.

1 Determining the tunnel rate into the false vacuum, and verify-
ing that the lifetime is indeed much larger than the age of the
universe is beyond the scope of this work.On quantum criticality and 

custodial naturalness, 
See talk by Andreas Trautner



Within experimental and theoretical errors 
that often already reach percent level

SM strength: broad consistency with all LHC measurements

0 1 2 3 4

theoσ / expσProduction Cross Section Ratio:   

CMS PreliminaryAug 2023

All results at:
http://cern.ch/go/pNj7

https://arxiv.org/abs/1405.7225
https://arxiv.org/abs/1405.7225γγ  0.12± 0.01 ±1.06 -15.0 fb
https://arxiv.org/abs/1308.6832
https://arxiv.org/abs/1308.6832(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb
https://arxiv.org/abs/2102.02283
https://arxiv.org/abs/2102.02283(NLO th.), γW  0.05± 0.00 ±1.01 -1137 fb
https://arxiv.org/abs/1308.6832
https://arxiv.org/abs/1308.6832(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
https://arxiv.org/abs/1502.05664
https://arxiv.org/abs/1502.05664(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb
https://arxiv.org/abs/1210.7544
https://arxiv.org/abs/1210.7544WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
https://arxiv.org/abs/2107.01137
https://arxiv.org/abs/2107.01137WW  0.09± 0.18 ±1.24 -10.302 fb
https://arxiv.org/abs/1306.1126
https://arxiv.org/abs/1306.1126WW  0.09± 0.04 ±1.07 -14.9 fb
https://arxiv.org/abs/1507.03268
https://arxiv.org/abs/1507.03268WW  0.08± 0.02 ±1.00 -119.4 fb
https://arxiv.org/abs/2009.00119
https://arxiv.org/abs/2009.00119WW  0.06± 0.01 ±1.00 -135.9 fb
https://arxiv.org/abs/2107.01137
https://arxiv.org/abs/2107.01137WZ  0.04± 0.20 ±0.57 -10.302 fb
https://arxiv.org/abs/1609.05721
https://arxiv.org/abs/1609.05721WZ  0.06± 0.07 ±1.05 -14.9 fb
https://arxiv.org/abs/1609.05721
https://arxiv.org/abs/1609.05721WZ  0.07± 0.04 ±1.02 -119.6 fb
https://arxiv.org/abs/2110.11231
https://arxiv.org/abs/2110.11231WZ  0.03± 0.02 ±1.00 -1137 fb
https://arxiv.org/abs/2107.01137
https://arxiv.org/abs/2107.01137ZZ  0.12± 0.59 ±1.36 -10.302 fb
https://arxiv.org/abs/1211.4890
https://arxiv.org/abs/1211.4890ZZ  0.07± 0.13 ±0.97 -14.9 fb
https://arxiv.org/abs/1406.0113
https://arxiv.org/abs/1406.0113ZZ  0.08± 0.06 ±0.97 -119.6 fb
https://arxiv.org/abs/2009.01186
https://arxiv.org/abs/2009.01186ZZ  0.04± 0.02 ±1.04 -1137 fb

5.02, 7, 8, 13 TeV CMS measurements (stat,stat+sys) 

stat                 sys

CMS measurements
 theory(NLO)vs. NNLO 



SM: still work in progress  
Often referred to as “theoretical systematics”: ubiquitous in all talks we have listened to.

Parametric 
Uncertainties:

High precision which will 
continuously improve

Short-distance 
QCD+EW:

Impressive progress 

Long-distance QCD effects
(PDF, hadronization,

hadronic matrix elements, …)
Impact of:

QCD infrastructure, 
Theoretical framework,

Observables (definition of), …

PROJECTIONS FOR HIGGS COUPLINGS

S. Dawson

62

ILC250 ILC500
kg 1.1 1.0
kW 1.8 0.4
kZ .38 0.3
kg 2.2 0.97
kb 1.8 0.60
kt 1.9 0.80

Uncertainties in % with 2 ab-1
CLIC350 GeV, 

1 ab-1
3 TeV, 
5 ab-1

kg - 2.3
kW 0.8 0.1
kZ 0.4 0.2
kg 2.1 0.9
kb 1.3 0.2
kt 2.7 0.9

CLIC, uncertainties in %

Large theory errors 
at HL-LHC Energy critical at e+e- machines; negligible theory error
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Controlling hadronic matrix elements in rare b decays

Ground-state limit

• clear distinction between ground-state  
and full inclusive determination


• we are also working on inclusive 
 where very little excited-state 

contributions

Ds → Xϵℓ̄

inclusive

exclusive

13

ΓDs |Vν |Bs− = f+(q2)(pBs
+ pDs

)ν + f⟨(q2)(pBs
⟨ pDs

)ν

X̄⟩
VV →

MBs

EDs

q2 | f+(q2) |2

• lattice determination (exclusive) of  
decay into ground state straightforward:


[see also De Santis and Gross arXiv:2502.15519]

Ground-state limit

• clear distinction between ground-state  
and full inclusive determination


• we are also working on inclusive 
 where very little excited-state  

contributions

Ds → Xϵℓ̄

inclusive

exclusive

13

ΓDs |Vν |Bs− = f+(q2)(pBs
+ pDs

)ν + f⟨(q2)(pBs
⟨ pDs

)ν

X̄⟩
VV →

MBs

EDs

q2 | f+(q2) |2

• lattice determination (exclusive) of  
decay into ground state straightforward:


[see also De Santis and Gross arXiv:2502.15519]

CKM puzzle (Vcb anomaly):
lattice+experiment
working on a fully comprehensive 
analysis of both and B(s) and D(s)
inclusive decays 

See talk by Andreas Jüttner

Méril Reboud - 23/03/2025 2

Rare b-decays

CMS 2024

● LHCb and CMS measure b FCNC with an 

unprecedented precision:

▻ Mesonic processes B → K(*)ℓℓ, Bs → ϕℓℓ

▻ Baryonic processes Λb → Λ(*)ℓℓ

▻ b → d transi(ons

● Large tensions are s(ll observed

▻ > 4σ in B → Kμμ and Bs → ϕμμ…

● Hadronic matrix elements dominate the theory 

uncertain(es

▻ This talk: (How) can we reduce uncertain(es?
[Gubernari, MR, van Dyk, Virto, ‘22;

LHCb ‘14; Babar ‘12; Belle ‘19; CMS ‘24]

Méril Reboud - 23/03/2025 19

 

III. Non Local Form Factors

LHCb and CMS 
measure b FCNC with 
unprecedented precision

Large tensions observed

Theory affected by large 
uncertainties from 
non-local form factors, 
dominated by charm loops

See talk by Méril Reboud

Theoretical uncertainty could 
mimic new physics.

Recent progress on lattice QCD 
and analytic constraints allow 
for large numerical analyses.D-mesons:  CP-violation in charm decays, 

Highly sensitive to new physics See talk by Maria Laura Piscopo 



Top-antitop production near threshold
Toponium physics at the LHC See talk by Benjamin Fuks

Benjamin Fuks - 29.03.2025 - Toponium physics at the LHC

Top-antitop production near threshold

2

[ Sumino, Fujii, Hagiwara, Murayama & Ng (PRD`93) ]

[ Fadin & Khoze (JETP Lett`87) ]
[ Fadin, Khoze & Sjöstrand (Z.Phys.C`90) ]

space (GeV )−1

time (GeV )−1

a0 ∼ 0.05 GeV−1 toponium formation

toponium
1

2Γt
∼ 0.3 GeV−1

 and b̄ t

 and b b̄

1
2Γt

+ 1
Γt

∼ 0.9 GeV−1

t̄
A position-space picture

• Two-particle state created at  

≃ wave packet propagation to the  barrier 

      ➙ Typical scale: the Bohr radius 

           

• Oscillations within the barrier until system decay 

      ➙ Top [ ] or antitop [ ] decay 
      ➙ Typical scale ≃  

• Probe of the QCD potential 
     ➙ Toponium effects 
     ➙ Currently not included in MC simulations

x = (t0, ⃗x)
VQCD

a0 = 1
CF αs mt /2

∼ (20 GeV)−1

y = (t1, ⃗y) z = (t2, ⃗z)
(2Γt) −1 ∼ (3 GeV)−1

t

y

x

z

Probe of the QCD potential
Ø Toponium effects
Ø Currently not included in MC simulations

Top-antitop production near threshold
Ø Emergence of a toponium system at a scale of 0.05 GeV-1

Ø Decay at a time scale of ~ 0.3 GeV-1

Ø Occurs well before hadronisation at 5 GeV-1

Possible impact on top-quark mass 
measurement
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Duhr, Dulat, Mistlberger, 2001.07717

Duhr, Dulat, Mistlberger, 2007.13313

• Scale dependence: non-uniform behavior in all Q-regions
• Important input for PDFs (not yet included)
• Region around Q~MW: reconsider how to estimate 

theoretical uncertainty from scale variation 

MW

Recall : need 0.1% accuracy in template distributions 
in order to achieve DMW~10 MeV

NC-DY
CC-DY

Reaching percent-level precision for (HL)-LHC physics 
A prototype example: Drell-Yan production – what higher-orders can tell



SM – weakness
Apart from not explaining nor including

Ø The nature of dark matter and dark energy
Ø The origin of the baryon asymmetry of the universe
Ø The origin of neutrino masses
Ø Gravity as a quantum theory 

The scalar sector of the SM itself leaves lots of questions unexplained and mainly fails to 
explain the origin of the EW scale itself

Ø Why the form of the SM scalar potential? 

Ø Why a light Higgs-boson mass (𝑀!~Λ"#). 

Ø Why the hierarchy of Yukawa couplings (fermion masses)? Why this new force?

Ø Why one scalar? Elementary? Composite?

𝑉 𝜙 = 𝜇0𝜙1𝜙 + 𝜆(𝜙1𝜙)0 (𝜇0< 0)

𝑀2
0 = −2𝜇0 → +𝑂 Λ!"0

𝐿34( =	𝑦56 C𝜓75𝜙𝜓8
6 + ℎ. 𝑐.

𝑦56 →
𝑚9

𝑣 	𝛿56 	

All these themes have been at the core of 
this week’s program! 

They all come together at Moriond EW
(neutrinos, BSM, DM, axions, cosmology)

?

? ?

Origin of quark/lepton flavor dynamics



Exploring 
models

beyond the SM
• BSM models targeting SM failures and weaknesses

• Flavor hierarchies (CKM, PMNS, …)
• Baryon Asymmetry of the Universe 
• Dark Matter 

• BSM models exploring unchartered regions
• Very light/weakly coupled (axions, DM, …)
• Very heavy (beyond LHC bounds)



See talk by Marco Nardecchia

Models with light vectors accompanied by anomalons, 
heavy chiral leptons which directly affect 𝐻𝛾𝛾 and 𝐻𝑍𝛾couplings

Higgs Physics
Main effects are the radiative two-body decays of the Higgs into gauge bosons:

- Diphoton contribution can be consistent only if |Y | ⇡ 3

2
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- BSM contributions independent from the mass of new states when 

h ! Z� and h ! ��
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mh ⌧ Manom
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See also Bizot, Frigerio

arXiv:1508.01645

Higgs Physics
Main effects are the radiative two-body decays of the Higgs into gauge bosons:

- Diphoton contribution can be consistent only if |Y | ⇡ 3

2
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Higgs Physics
Main effects are the radiative two-body decays of the Higgs into gauge bosons:

- Diphoton contribution can be consistent only if |Y | ⇡ 3
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[ATLAS+CMS 2023: 𝑅:; = 2.2 ± 0.7]

Light weakly-interacting particles
Could still have evaded detection so far 

𝐵 → 𝐾∗ +	𝐸=5//,

See talk by Jernej Kamenik



Dark Matter/AxionsAxion phenomenology
[LDL, Landini, Mescia, Susič 2503.16648]• Pati-Salam and SO(10) models yield same predictions

 L. Di Luzio (INFN Padua) - Imperfect Axions                                                                               

See talk by Luca Di Luzio

Is DM electroweak?

See talk by Diego Redigolo

Comprehensive review of EW DM survivors 
pointing to needed theoretical improvements
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A proper PQ theory should:

Ø realize the PQ as an accidental symmetry
Ø protect the U(1)PQ against UV sources of 

PQ breaking (PQ-quality problem)

Phenomenological study of  
Accidental SO(10) and Pati-Salam axions

See talk by Anupam Ray

DM with implications for Baryogenesis
See talks by Alejandro Ibarra and Miguel Escudero Abenza



Dark Matter/Axions

See talk by Gilad Perez

Nelson-Barr ultra-light DM
Non-QCD axion DM solving the strong CP problem

New type of pheno
Ø Time dependent CKM angles
Ø Probed by B-factories and nuclear clocks

Food for thought: 
Shadow Matter (and Charge)

Ø Loosening constraints of GR allows for source terms that could 
explain why we think there is dark matter

Ø New source terms for EM produce a charged component of the 
fake dark matter. could affect the CMB, BBN, galactic 
dynamics, and direct detection. Challenging pheno (plasma 
dynamics)

Ø If Shadow Matter is most or all of dark matter, it is in conflict 
with inflation. Worth exploring new ideas for initial conditions.

See talk by David E. Kaplan



CKM hierarchy vs PMNS anarchy
Pati-Salam + flavor deconstruction inspired
+ partial compositeness

Ø Generate CKM/PMNS patterns
Ø Composite Higgs
Ø Testable at present/future experiments

Flavor pattern from quantum entanglement?
See talk by Sokratis Trifinopoulos

See talk by Javier Lizana
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CKM and PMNS matrices. We discuss future extensions
and fever dreams in section IV.

II. SETUP

A. Flavor Hilbert Space

Let us first consider the Hilbert space corresponding to
quark flavor. For up quarks, we consider a G-dimensional
Hilbert space Hu, where G is the number of generations,
and similarly for the down quarks Hd. In the full three-
generation scheme (G = 3), the states are qutrits with
the following basis elements:

Hu : |1→u , |2→u , |3→u , (4)

Hd : |1→d , |2→d , |3→d . (5)

These correspond, respectively, to the quark flavors up,
charm, top, down, strange, and bottom. The anti-
particles belong to the complex conjugate Hilbert spaces
Hū and Hd̄, which are, however, isomorphic to Hu and
Hd. Similarly, we can define Hilbert spaces for the lep-
tons Hω and neutrinos Hε .

Throughout our discussion, whenever we refer to a
state of a given “flavor,” we really mean a mass eigen-
state. This is particularly relevant for the discussion
of neutrinos, where the flavor eigenstates (i.e. electron-,
muon-, and tau-type neutrinos) are substantially di!er-
ent from the mass eigenstates (i.e. ω1, ω2, and ω3). Since
we most often refer to states by their index i = 1, . . . , G,
we hope that no confusions arise.

Considering now the product Hilbert space,

Hf = Hu ↑Hd , (6)

a generic state can be written as

|ε→ =
G∑

i,j=1

εij |ij→ud , |ij→ud ↓ |i→u ↑ |j→d , (7)

where ε is a G ↔ G matrix with tr(ε†ε) = 1 to ensure
normalization. If ε is a rank-1 matrix, then |ε→ takes the
form of an unentangled product state.

Viewing |ε→ as a generic bipartite state, we can quan-
tify the entanglement between the up-type and down-
type qubits in various ways. A convenient measure of
entanglement is the linear entropy [52].2 For a bipar-
tite system with density matrix ϑ, the linear entropy is

2
This quantity measures the purity of the reduced density matrix

ωR and it is in general not a formal entanglement measure (see

Ref. [53] for a comprehensive review). For pure states as consid-

ered here, however, it can be used to characterize entanglement,

since it is the linear limit of the von Neumann entropy, which is

the unique entanglement measure for pure bipartite systems [54].

For the two-flavor study in Sec. III A, we checked that entangle-

ment minimization yields the same result for linear entropy and

von Neumann entropy.

defined as

E(ϑ) ↓
G

G↗ 1

∣∣1↗ tr ϑ2R
∣∣ , (8)

where ϑR is the reduced density matrix across the parti-
tion. This number ranges from 0 (for no entanglement)
to 1 (maximal entanglement). For convenience when
working with pure states, we will often use the notation
E(|ε→). For the special cases of G = 2 and G = 3:

E(|ε→)G=2 = 4ϖ1ϖ2 , (9)

E(|ε→)G=3 = 3 (ϖ1ϖ2 + ϖ2ϖ3 + ϖ3ϖ1) , (10)

where ϖi are the eigenvalues of ε†ε that satisfy the trace
condition

∑
i ϖi = 1.

B. Entangling Power

Starting from the unentangled product state, we can
ask how much entanglement is generated by an operator
Sf , with a notation inspired by (but not identical to) the
scattering operator. The entangling power of Sf quanti-
fies how entangled the final state is after applying Sf to
the initial state [52]. Using the linear entropy in Eq. (8)
as a measure of state entanglement, the entangling power
of Sf is defined as

E(Sf ) ↓ E
(
Sf |i→u ↑ |j→d

)
, (11)

where the bar denotes the average over a chosen set of
initial product states.
The focus of this paper is on 2 ↘ 2 left-handed fermion

(or, after crossing, right-handed anti-fermion) scattering:

f i
L(p1)f

j
L(p2) ↘ fk

L(p3)f
ω
L(p4) , (12)

where p are the corresponding four-momenta of the parti-
cles. When we include fermion masses, the subscript “L”
(“R”) will refer to negative (positive) helicity particles.
With fixed helicities, the relevant amplitudes depend on
the kinematics of the external particles: the center-of-
mass energy

≃
s and the scattering angle ” between the

incoming and outgoing particles, as discussed further in
Sec. II C.3

In general, 2 ↘ 2 fermion scattering will generate en-
tanglement just from momentum and helicity correla-
tions, but our goal is to isolate the flavor component.
We therefore consider a situation where we prepare the
initial-state particles with certain momenta, helicities,
and flavors, and measure the helicities and kinematics
of the final-state particles (but not the flavor). Con-
cretely, we project down to final-state particles whose

3
Because we are dealing with initial-state left-handed fermions

whose spin is anti-aligned with its momentum, there is no de-

pendence on the azimuthal angle around the beam direction.

(𝑢𝑑 → 𝑢𝑑)
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FIG. 3. Electroweak entanglement in the quark sector as a function of the scattering center-of-mass energy
→
s. (a) The

perpendicular entangling power after minimizing over the CKM angles, considering the two scattering channels ud ↑ ud and
ud̄ ↑ ud̄ separately. (b) The CKM angles at the entangling power minimum, with solid lines corresponding to the channel that
minimizes E→ at each

→
s and dashed lines to the other channel for reference. The CP-violating phase ωCKM has no impact on

the minimization.

B. Towards the Full CKM Matrix

Extending the above analysis for three generations of
quarks is straightforward. A key di!erence, though, is
that we need to keep track of fermion mass dependence,
such that only quarks that can be kinematically accessed
at a given center-of-mass energy

→
s contribute to the

scattering.9 We stress that the energy dependence of the
entangling power should not be confused with renormal-
ization group evolution, which is practically negligible in
the studied energy ranges.

Considering the ud ↑ ud and ud̄ ↑ ud̄ channels sep-
arately, we present the perpendicular entangling power
E
→ as a function of

→
s in Fig. 3a. Here, we have mini-

mized over the CKM angles for each channel separately.
The two channels alternate as to which sets the minimum
in Eq. (16). As anticipated in Sec. III A, the ud ↑ ud
channel sets the minimum in the range mZ ↭ →

s ↭ mt.
In Fig. 3b, we present the CKM angles that minimize

E
→
min

in solid lines, with the angles that minimize the
other channel shown in dashed lines for reference. Not
surprisingly, these angles depend on

→
s, so if we want to

make a prediction for the CKM angles, we have to further
specify the energy scale. For concreteness, we fix

→
s at

the scale that yields the smallest value of E→
min

, restricted
to the range mZ ↭ →

s ↭ mt. This occurs at
→
s ↓ mt,

where the top quark cannot participate in the scattering.
Therefore, we find roughly the same minimum as the

9
Since Sf is already a non-unitary operator, there are no ad-

ditional complications from discarding kinematically forbidden

channels. To avoid discontinuous behavior, though, we use the

G = 3 normalization of Eq. (14) even when only a subset of

flavors participate in the scattering.

two-generation study in Sec. III A:

ωmin

CKM,12 ↔ 6↑, ωmin

CKM,23 ↔ ωmin

CKM,13 ↗ 0 . (34)

Since ωCKM,13 ↗ 0 (at least for this leading order anal-
ysis), this minimization is independent of the complex
phase εCKM, which appears multiplied by sin ωCKM,13 in
the standard CKM parametrization of Eq. (B1). These
predicted CKM values can be compared to the measured
angles [55]:

ωexp
CKM,12 ↔ 13↑, ωexp

CKM,23 ↔ 2↑, ωexp
CKM,13 ↔ 0.2↑ .

(35)
Since we do not have a principle to set the scattering

energy, it is interesting to study the entangling behavior
as a function of

→
s. At energies far below the electroweak

scale, the flavor-preserving photon exchange dominates,
so entanglement suppression no longer enforces a flavor-
diagonal coupling of the charged current, leading to max-
imal mixing between the first two generations. Above
but close to the top quark mass,

→
s ↫ mt, the mass

di!erences between the fermions become negligible and
we get roughly equal mixing angles around 4↑. In the
high-energy limit with

→
s ↘ mt, the ud̄ ↑ ud̄ channel

becomes the one that minimizes the entangling power,
which prefers no quark mixing.

C. Towards the Full PMNS Matrix

The analysis for the lepton case mirrors that of the
quark case. In Fig. 4a, we show the entangling power
of the ϑϖ ↑ ϑϖ and ϑϖ̄ ↑ ϑϖ̄ channels after separate
minimization over the PMNS angles. Across the whole
→
s range, the ϑϖ ↑ ϑϖ channel consistently yields the

minimum entangling power.

7
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FIG. 3. Electroweak entanglement in the quark sector as a function of the scattering center-of-mass energy
→
s. (a) The

perpendicular entangling power after minimizing over the CKM angles, considering the two scattering channels ud ↑ ud and
ud̄ ↑ ud̄ separately. (b) The CKM angles at the entangling power minimum, with solid lines corresponding to the channel that
minimizes E→ at each

→
s and dashed lines to the other channel for reference. The CP-violating phase ωCKM has no impact on

the minimization.

B. Towards the Full CKM Matrix

Extending the above analysis for three generations of
quarks is straightforward. A key di!erence, though, is
that we need to keep track of fermion mass dependence,
such that only quarks that can be kinematically accessed
at a given center-of-mass energy

→
s contribute to the

scattering.9 We stress that the energy dependence of the
entangling power should not be confused with renormal-
ization group evolution, which is practically negligible in
the studied energy ranges.

Considering the ud ↑ ud and ud̄ ↑ ud̄ channels sep-
arately, we present the perpendicular entangling power
E
→ as a function of

→
s in Fig. 3a. Here, we have mini-

mized over the CKM angles for each channel separately.
The two channels alternate as to which sets the minimum
in Eq. (16). As anticipated in Sec. III A, the ud ↑ ud
channel sets the minimum in the range mZ ↭ →

s ↭ mt.
In Fig. 3b, we present the CKM angles that minimize

E
→
min

in solid lines, with the angles that minimize the
other channel shown in dashed lines for reference. Not
surprisingly, these angles depend on

→
s, so if we want to

make a prediction for the CKM angles, we have to further
specify the energy scale. For concreteness, we fix

→
s at

the scale that yields the smallest value of E→
min

, restricted
to the range mZ ↭ →

s ↭ mt. This occurs at
→
s ↓ mt,

where the top quark cannot participate in the scattering.
Therefore, we find roughly the same minimum as the

9
Since Sf is already a non-unitary operator, there are no ad-

ditional complications from discarding kinematically forbidden

channels. To avoid discontinuous behavior, though, we use the

G = 3 normalization of Eq. (14) even when only a subset of

flavors participate in the scattering.

two-generation study in Sec. III A:

ωmin

CKM,12 ↔ 6↑, ωmin

CKM,23 ↔ ωmin

CKM,13 ↗ 0 . (34)

Since ωCKM,13 ↗ 0 (at least for this leading order anal-
ysis), this minimization is independent of the complex
phase εCKM, which appears multiplied by sin ωCKM,13 in
the standard CKM parametrization of Eq. (B1). These
predicted CKM values can be compared to the measured
angles [55]:

ωexp
CKM,12 ↔ 13↑, ωexp

CKM,23 ↔ 2↑, ωexp
CKM,13 ↔ 0.2↑ .

(35)
Since we do not have a principle to set the scattering

energy, it is interesting to study the entangling behavior
as a function of

→
s. At energies far below the electroweak

scale, the flavor-preserving photon exchange dominates,
so entanglement suppression no longer enforces a flavor-
diagonal coupling of the charged current, leading to max-
imal mixing between the first two generations. Above
but close to the top quark mass,

→
s ↫ mt, the mass

di!erences between the fermions become negligible and
we get roughly equal mixing angles around 4↑. In the
high-energy limit with

→
s ↘ mt, the ud̄ ↑ ud̄ channel

becomes the one that minimizes the entangling power,
which prefers no quark mixing.

C. Towards the Full PMNS Matrix

The analysis for the lepton case mirrors that of the
quark case. In Fig. 4a, we show the entangling power
of the ϑϖ ↑ ϑϖ and ϑϖ̄ ↑ ϑϖ̄ channels after separate
minimization over the PMNS angles. Across the whole
→
s range, the ϑϖ ↑ ϑϖ channel consistently yields the

minimum entangling power.
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FIG. 4. Electroweak entanglement in the lepton sector as a function of the scattering center-of-mass energy
→
s. (a) The

perpendicular entangling power after minimizing over the PMNS angles, considering the two scattering channels ωε ↑ ωε and
ωε̄ ↑ ωε̄ separately. The inset focuses on the region around the minimizing energy to illustrate the e!ect of the CP-violating
phase for the benchmarks ϑNO

PMNS = 197→ (solid line) and ϑIOPMNS = 286→ (dotted line). (b) The PMNS angles at the entangling
power minimum, with solid lines corresponding to the ωε ↑ ωε channel that minimizes E↑ after fixing the CP-violating phase
at ϑNO

PMNS = 197→, dotted lines to the same but at ϑIOPMNS = 286→, and dashed lines to minimizing the ωε̄ ↑ ωε̄ channel for
reference.

In contrast to the CKM case, the complex phase ωPMNS

a!ects the value and position of the minimum. To gain an
intuition for its impact, we scan ωPMNS in the range [0, 2ε]
at each

→
s and determine the minimum of E→

ωε over the
other angles. In general, we find the rough dependence
E
→
ωε ↑ sin2 ωPMNS across all energies, which favors min-

imal CP violation at ωPMNS ↓ 0 or ε. One could view
the suppression of CP violation in the neutrino sector as
a “prediction” of this framework, assuming that higher-
order e!ects do not change the location of the minimum.

There is an intriguing interplay between ωPMNS and
the neutrino mass hierarchy. Global analyses [56] provide
two di!erent best-fit PMNS points depending on normal
ordering (NO, mω,1 < mω,2 < mω,3) versus inverted or-
dering (IO, mω,3 < mω,1 < mω,2) of the neutrino masses.

The NO best fit of ωexp,NO

PMNS
= 197↑+41

→

↓25→ is consistent with
the entangling minimum at ε, while the IO best fit of
ωexp,IO
PMNS

= 286↑+27
→

↓32→ is close to the maximum at 3ε/2. As
shown with the dotted lines in Fig. 4a, the di!erence in
the value of E→

ωε between the minimum (solid black) and
maximum (dotted black) is relatively small and could be
modified by higher-order e!ects. Taken seriously, though,
this analysis would further “predict” normal ordering of
neutrinos with minimal CP violation.10

The values of the PMNS angles that minimize the en-
tangling power are shown in Fig. 4b. For most of the

10
Note that Ref. [30] also comes to the same conclusion from an

entanglement minimization principle applied to neutrino oscilla-

tions. Given the di!erent origin of entanglement generation from

the one considered in this work, we do not discern at present any

underlying connection between these two observations.

range mϑ ↭ →
s ↭ mZ , the minimum happens when all

of the angles are sizeable, in agreement with the qualita-
tive experimental picture of lepton mixing. The energy
scale that minimizes E

→
ωε in this range is

→
s ↔ 30 GeV.

Fixing this scale and setting ωPMNS to the NO best fit
value, we find the following PMNS angles:

ϑNO,min

PMNS,12 ↑ ϑNO,min

PMNS,23 = 29↑ , ϑNO,min

PMNS,13 = 16↑ . (36)

Taking ωPMNS to be the IO best fit value, we again find
that two of the angles are similar, but with a reverse
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These PMNS predictions can be compared to the exper-
imental values:
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PMNS,23 ↑ 48↑, ϑexp
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Compared to the quark case, it is somewhat easier

to understand the qualitative behavior as a function of
→
s. Because the photon channel does not contribute,

the only competition is between diagrams with W or Z
exchange, which is present at all energy scales. Balanc-
ing these diagrams happens when mixing angles are of
comparable size. Below the tau threshold

→
s ↭ mϑ , the

three neutrinos scatter against two charged leptons, and
balancing flavor-preserving against flavor-violating scat-
tering requires two nearly maximal angles. Far enough
above the tau threshold,

→
s ↗ mϑ , all of the mixing

angles need to be around the same size to minimize the
entangling power.
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→
s. (a) The

perpendicular entangling power after minimizing over the PMNS angles, considering the two scattering channels ωε ↑ ωε and
ωε̄ ↑ ωε̄ separately. The inset focuses on the region around the minimizing energy to illustrate the e!ect of the CP-violating
phase for the benchmarks ϑNO

PMNS = 197→ (solid line) and ϑIOPMNS = 286→ (dotted line). (b) The PMNS angles at the entangling
power minimum, with solid lines corresponding to the ωε ↑ ωε channel that minimizes E↑ after fixing the CP-violating phase
at ϑNO

PMNS = 197→, dotted lines to the same but at ϑIOPMNS = 286→, and dashed lines to minimizing the ωε̄ ↑ ωε̄ channel for
reference.

In contrast to the CKM case, the complex phase ωPMNS

a!ects the value and position of the minimum. To gain an
intuition for its impact, we scan ωPMNS in the range [0, 2ε]
at each
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s and determine the minimum of E→

ωε over the
other angles. In general, we find the rough dependence
E
→
ωε ↑ sin2 ωPMNS across all energies, which favors min-

imal CP violation at ωPMNS ↓ 0 or ε. One could view
the suppression of CP violation in the neutrino sector as
a “prediction” of this framework, assuming that higher-
order e!ects do not change the location of the minimum.

There is an intriguing interplay between ωPMNS and
the neutrino mass hierarchy. Global analyses [56] provide
two di!erent best-fit PMNS points depending on normal
ordering (NO, mω,1 < mω,2 < mω,3) versus inverted or-
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↓32→ is close to the maximum at 3ε/2. As
shown with the dotted lines in Fig. 4a, the di!erence in
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maximum (dotted black) is relatively small and could be
modified by higher-order e!ects. Taken seriously, though,
this analysis would further “predict” normal ordering of
neutrinos with minimal CP violation.10

The values of the PMNS angles that minimize the en-
tangling power are shown in Fig. 4b. For most of the
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the one considered in this work, we do not discern at present any
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spin is anti-aligned with their momentum (negative helic-
ity) and anti-particles with aligned spin and momentum
(positive helicity), and consider final-state particles that
appear at a given scattering angle !, without making
any flavor projections.4 The formal description of this
procedure can be found in App. A.

We denote the combined action of scattering and mea-
surement by Sf , which should not be confused with the
unitary scattering operator S in Fock space. In our case,
the operator Sf is not unitary—both because of the re-
striction to two-particle final states and because of the
projections above—and it acts on the flavor Hilbert space
Hf . As explained in App. A, one can define Sf such
that it preserves the norm for specific scattering chan-
nels, though orthogonal initial states will in general map
to non-orthogonal final states.

Even though Sf is not unitary, we can still use the en-
tangling power in Eq. (8) to reliably characterize entan-
glement of the final state. The reason is that we are focus-
ing on elastic scattering, i.e. transitions between initial
and final states of the same SM quantum numbers (up
to flavor). Therefore, we can consider an idealized mea-
surement that discards final states that do not have the
desired kinematics but nevertheless leaves flavor quan-
tum coherence intact, such that no classical admixture
is generated by Sf . In this way, scattering maps states
within the same flavor Hilbert space:

Hf
Sf
→→↑ Hf . (13)

Next, we have to choose the states to average over in
Eq. (11). In the absence of fermion masses, the CKM and
PMNS matrices can be diagonalized by doing a chiral ro-
tation. This, in turn, means that Eq. (11) will have no
sensitivity to flavor mixing angles in the massless limit,
unless the average depends on a preferred choice of fla-
vor frame. We therefore choose to average over product
states of definite fermion generation:

Eud(Sf ) =
1

G2

G∑

i,j=1

E
(
Sf |ij↓ud

)
. (14)

This quantity depends on SM parameters through Sf ,
and it also depends on the choice of particular elastic
channel and scattering kinematics, as we now discuss.

C. Scattering Channels and Kinematics

The ud ↑ ud diagrams in Fig. 1 correspond to the
lowest-order flavor-changing electroweak scattering pro-
cesses, but we can also consider its crossed version:

uLid̄Rj ↑ uLkd̄Rω . (15)

4
This implies the ability to measure helicity without measuring

mass, which is possible for a thought experiment, though chal-

lenging for a real one.

Note that we do not consider the uū ↑ d̄d channel since it
is inelastic. There are also conjugate processes with ūRi

as the first particle, but they do not provide additional
information because of CPT symmetry.
Because entangling power is not crossing symmetric,

we have to decide which channel(s) to study. We choose
to analyze the minimum electroweak entangling power:

Emin(Sf ) ↔ min
(
Eud, Eud̄

)
, (16)

where the subscripts correspond to the initial state of the
scattering channel.
We then have choose the kinematics of the scattering.

We focus on perpendicular scattering with

! =
ω

2
, (17)

and indicate this choice with a ↗ superscript:

E
→
min

(S→
f ) ↔ Emin(Sf )

∣∣∣
!=

ω
2

. (18)

We refer to this quantity as the perpendicular entangling
power, which has the nice feature of being invariant to
spatial reversal of the two incident beams.5 For mass-
less particles, perpendicular scattering corresponds to the
Mandelstam variables t = u = →

s
2
, which again empha-

sizes that entangling power is not crossing symmetric.
In the analysis below, we explore di”erent choices for

the center-of-mass collision energy
↘
s, finding the most

interesting behavior when
↘
s is between the heaviest par-

ticipating fermion and the electroweak scale:

mZ ↭
↘
s ↭ mt (quarks) , mε ↭

↘
s ↭ mZ (leptons) .

(19)
Even though our prescription yields the same qualitative
results across these energy ranges, when presenting the
final results in Secs. III B and III C, we choose the value
of

↘
s that minimizes E→

min
within those intervals.

D. Alternative Choices

Ultimately, we will identify CKM- and PMNS-like
structures by minimizing Eq. (18) with respect to the
flavor mixing parameters. Given the numerous choices
we made—particularly the flavor averaging in Eq. (14),

5
An alternative way to respect spatial inversion is including Edu
and Ed̄u terms in the minimization of Eq. (16). We stress that

we do not impose invariance with respect to spatial inversion as

a symmetry at the Lagrangian level (which is obviously violated

by electroweak interactions) or amplitude level (which also does

not hold for distinguishable particles). Instead, we are requiring

that the result of the minimization processes over the possible

range of SM couplings is invariant under this transformation,

which constrains the “ensemble” of di!erent versions of the SM

in the space of possible couplings.
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2HDM features neutral 2 CP-even H: h = H0
1 sin (� � ↵) +H0

2 cos (� � ↵)

H = H0
1 cos (� � ↵)�H0

2 sin (� � ↵)

+ a CP-odd and charged ones … for simplicity: at mH = mH± = mA.

out the rest of this anal
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FLAVOR PROTECTION IN DOWN-TYPE SFV ALLOWS NEW HIGGSES 
@ TEV TO COUPLE TO UP-TYPE QUARKS WITH ~0.1 STRENGTH.

Same outcome also for the up-type SFV 2HDM.

102

103

104

�
u

200 300 400 600 800 1000 1500 2000

mH (GeV)

0.002

0.005

0.01

0.02

0.05

0.1

0.2

0.5

�
u

A ! Zh (139fb�1)

H ! hh (139fb�1)

H ! ZZ (139fb�1)

Flavor Bounds

⇠ = 0
cos(� � ↵) = 0.1

101

�
c

200 300 400 600 800 1000 1500 2000

mH (GeV)

0.002

0.005

0.01

0.02

0.05

0.1

0.2

0.5

�
c

A ! Zh (139fb�1)

H ! hh (139fb�1)

H ! ZZ (139fb�1)

Flavor Bounds

⇠ = 0
cos(� � ↵) = 0.1

Di-Higgs production is a very  

sensitive probe of enhanced Higgs  

couplings to light quarks

arXiv:2101.04119

DOMINANT COLLIDER 
BOUNDS FROM SEARCH 

FOR NEW HIGGSES

Mainly from quark fusion, due  

to possibly large Yukawa

Mostly into di-boson & di-Higgs 

due to non-zero mixing angle

λu,c − yu,c /ySM
u,c is the Yukawa modifier

OBS.
102

103

104

�
u

200 300 400 600 800 1000 1500 2000

mH (GeV)

0.002

0.005

0.01

0.02

0.05

0.1

0.2

0.5

�
u

A ! Zh (139fb�1)

H ! hh (139fb�1)

H ! ZZ (139fb�1)

Flavor Bounds

⇠ = 0
cos(� � ↵) = 0.1

101

�
c

200 300 400 600 800 1000 1500 2000

mH (GeV)

0.002

0.005

0.01

0.02

0.05

0.1

0.2

0.5

�
c

A ! Zh (139fb�1)

H ! hh (139fb�1)

H ! ZZ (139fb�1)

Flavor Bounds

⇠ = 0
cos(� � ↵) = 0.1

Di-Higgs production is a very  

sensitive probe of enhanced Higgs  

couplings to light quarks

arXiv:2101.04119

DOMINANT COLLIDER 
BOUNDS FROM SEARCH 

FOR NEW HIGGSES

Mainly from quark fusion, due  

to possibly large Yukawa

Mostly into di-boson & di-Higgs 

due to non-zero mixing angle

λu,c − yu,c /ySM
u,c is the Yukawa modifier

OBS.

Yukawa couplings
For a more general overview: 
see talk by Tania Robens 



𝑇 = 0	 → 𝑇 > 0

Study the vacuum history and the possibility 
of a strong 1st order EW phase transition
(condition for EW baryogenesis)

Phenomenological implications:
Ø Enhanced trilinear Higgs couplings
Ø Detectable Gravitational Waves 

M.M. Mühlleitner, KIT                                 59th Rencontres de Moriond EW+U,

Collider Implications of an SFOEWPT

29

2HDM SFOEWPT requires enhanced trilinear 
Higgs self-coupling of the SM-like Higgs

dark gray: no EW symmetry restoration (EWSR) at high T

light gray. EWSR at high T,  
colored: EWSR at high T + , i.e. SFOEWPT

ξp < 1

ξp ≥ 1

2HDM SFOEWPT typically: A-H mass gap  
 signatures (need not, however) ⇝ A → ZH

Similar findings e.g. [Dorsch eal,’13,’14; Biekötter eal,’23]

[Biermann,Borschensky,MM,Santos,Viana,to appear]

Preliminary Preliminary

Colored points: SFOEWPT
Colored points: SFOEWPT

See talk by Margarete Mühlleitner 

Similar study for BSM theories with vector-like fermions
(assuming SU(5) perturbative conditions at GUT scale)

Vacuum stability in PGUsVacuum stability in PGUs

Kamila Kowalska                                              National Centre for Nuclear Research, Warsaw       10 

vacuum gets stabilized

KK, Rizzo, Sessolo, in preparation

F2

G. Degrassi, S. Di Vita, J. Elias-Mirό, J. Espinosa, G. Giudice, G. 
Isidori, A. Strumia, J. High Energ. Phys. 2012, 98 (2012)

NNLO

SM vacuum is 
metastable

Gopalakrishna, Velusamy, PRD 99 (2019), 
Arsenault et al. PRD 107 (2023), Hiller et al. 
arXiv: 2401.08811, Adhikary et al. ArXiv: 
2406.16050… many more

stability can be restored in BSM

ex. with VL fermions

no BSM Yukawa interactions with BSM Yukawa interactions

vacuum gets destabilized

F2

KK, Rizzo, Sessolo, in preparation

Upper bound on 
the BSM Yukawas

~ 0.1 - 0.3

Kamila Kowalska                                              National Centre for Nuclear Research, Warsaw       13

Gravitational waves in PGUsGravitational waves in PGUs

scalar potential

symmetry breaking through CW:

Ellis et al. JCAP 06 (2019), Jinno, Takimoto 
PRD 95 (2017), Okada, Seto PRD 98 
(2018), Marzo et al. EPJC 79 (2019), 
Hasegawa et al. PRD 99 (2019), Haba, 
Yamada PRD 101 (2020)…
many more  

singlet scalar + U(1)X
U(1)X=U(1)B-L

C.Marzo, L.Marzola, V.Vaskonen, 1811.11169  

strenght of the GW signal 
given by gX

PGU: unification condition fixes gX  at every scale

KK, Rizzo, Sessolo, in preparation

VL not charged under U(1)X

 GW signal  
fixed for each 
PGU model

KK, Rizzo, Sessolo, in preparation

See talk by Kamila Kowalska

𝐹> →	different PGU models



Interpreting
new physics

  

● Within the more general framework of effective field 
theories
• SM Effective Field Theory 
• Low Energy Effective Field Theory (Flavor)
• Effective theory for 𝜇 → 𝑒 conversion

 
● Matching to UV models



Connecting far apart scales: the EFT picture 

(SM)EFT
(UV)

LEFT
(t,H,W,Z)

LUV

LEW
(t,H,W,Z)

Lb (B)

Lc (D)

Ls (K)

Heavy physics decouples and leaves  
effective contact interactions of  dim > 4

RGE

RGE

Calculate physical processes at each scale and 
derive constraints on the UV theory

EFT operators in
terms of SM fields

WC depend on 
mt, MW,MZ,MH, …MX

b

c

BSM UV extensions

Lighter (B)SM particles

ℒ()"*+ = ℒ() +*
,,&

𝐶,,&()"*+

Λ&-.
𝑂,,&()"*+

ℒ/"*+ = ℒ0"12031 +*
,,&

𝐶,,&/"*+

Λ"#&-.
𝑂,,&/"*+



Beyond EW fits – Higgs, top, flavour observables 

SMEFT
(UV)

LEFT
(t,H,W,Z)

LUV

LEW
(t,H,W,Z)

Lb (B)
Lc (D)

Ls (K)

Connecting far apart scales naturally lends itself to the EFT framework

𝑪𝒊,𝒅𝑺𝑴𝑬𝑭𝑻(𝜦𝑼𝑽) (from matching to UV theory)

All fit observables are calculated in terms of 𝐶5,@AB)CD Λ)*

Evolved to 𝑪𝒊,𝒅𝑺𝑴𝑬𝑭𝑻 𝜦𝑬𝑾  

Match to LEFT operators to 
calculate flavour observables

Based on 1-loop SMEFT 
anomalous dimension

So far only LO RGE evolution can be consistently implemented, 
NLO RGE evolution requires 2-loop anomalous dimension.

Jenkins, Manohar, and Trott, 
1308.2627, 1310.4838,1312.2014

Jenkins, Manohar, Stoffer, 
1709.04486, 1711.05270

Will be constrained 
by the global fit 

together with SM 
parameters



SMEFT Global Fits

• Higgs boson observables
• Production and decay rates
• Simplified Template Cross Sections (STXS)

• Top quark observables
• 𝑝𝑝 → 𝑡 ̅𝑡, 𝑡 ̅𝑡𝑍, 𝑡 ̅𝑡𝑊, 𝑡 (𝑡𝛾,𝑡𝑍𝑞, 𝑡𝛾𝑞, 𝑡𝑊,…

• Drell-Yan, Di-boson measurements
• 𝑝𝑝 → 𝑊, 𝑍 → 𝑓! (𝑓"
• 𝑝𝑝 → 𝑊𝑍,𝑊𝑊, 𝑍𝑍, 𝑍𝛾

• Flavor observables 
• DF=2: Δ𝑀𝐵#,% , 𝐷& − (𝐷&, 𝜀'
• Leptonic decays: 𝐵#,% → 𝜇(𝜇), B → 𝜏𝜈, 𝐷 → 𝜏𝜈, K → 𝜇𝜈, π → µν	
• Semi-leptonic decays: 𝐵 → 𝐷(∗)𝑙𝜈, 𝐾 → 𝜋𝜈𝜈̅, 𝐵 → 𝐾𝜈𝜈̅, 𝐵,𝐾 → 𝜋𝑙𝜈
• Radiative B decays (𝐵 → 𝑋%,#𝛾)

Constraining new physics through the spectrum of LHC and b-factory measurements

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

Global fits: EWPO+H+EW+Top
Global fits

• Already now and without a dedicated experimental effort there 
is considerable information that can be used to set limits:


•Fitmaker [Ellis et al. 2012.02779]

•SMEFiT  [Either et al. 2105.00006]

•SFitter [Biekötter, Corbett, Plehn, 2018] +  [Brivio et al., 1910.03606]  (separated)

•HEPfit [de Blas, et al. 2019]

•  30+ operators, linear and/or quadratic fits, Higgs/Top/EW at 
LHC, WW at LEP and EWPO.

44

See ATLAS and 
CMS talks

See Belle and 
LHCb talks



SMEFT: beyond SM coupling rescaling

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

One can satisfy all the previous requirements, by building an EFT 
on top of the SM that respects the gauge symmetries:

Searching for new interactions with an EFT 
A simple approach

L
(6)
SM = L

(4)
SM +

X

i

ci
⇤2

Oi + . . .

With the “only” assumption that all new states are heavier than 
energy probed by the experiment .


The theory is renormalizable order by order in , perturbative 
computations can be consistently performed at any order, and 
the theory is predictive, i.e., well defined patterns of deviations 
are allowed, that can be further limited by adding assumptions 
from the UV.  Operators can lead to larger effects at high energy 
(for different reasons).  


s < Λ

1/Λ

* Sufficiently weakly interacting states may also exist without spoiling the EFT.

.
Λ2 > s |ci | /δ

s |ci | /Λ2 < δ

 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision

33

(6)

... generic BSM scenarios ...

Extension of the SM Lagrangian by d > 4 e↵ective field theory (EFT) operators:

L
e↵

SM = LSM +
X

d>4

1
⇤d�4

Ld = LSM +
1
⇤
L5 +

1
⇤2

L6 + · · ·

where

Ld =
X

i

C(d)

i
O

(d)

i
,

h
O

(d)

i

i
= d ,

under the assumption that new physics lives at a scale ⇤ >
p
s.

Expansion in (v, E)/⇤: a↵ects all SM

observables at both low and high-energy.

• SM masses, couplings ! rescaling

• shape of distributions ! more visible

in high-energy tails

Systematic, yet complex approach.

+

Studying correlations among operators

can point to specific BSM patterns.

[Figures from F. Maltoni]
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Framework: Extend SM Lagrangian by effective interactions (SMEFT)

Under the assumption that new 
physics leaves at scales Λ > 𝑠

Expansion in ⁄(𝒗, 𝑬) 𝜦:  affects all SM observables at 
both low and high energy

Ø SM masses and couplings →  rescaling
Ø Shapes of distributions → more visible in tails of distributions

Built of SM fields and respecting the SM gauge symmetry.



Can be instructive to have a class of models in mind  
See talk by Christoph Englert

Flavour assumption: U(2)^5 scenario
4q-operators drastically constrained by 
flavour observables, put strong bound on 
new physics scale when added to a global fit

This can be mapped to specific UV models

Allwicher, Cornella, Isidori, Stefanek: 2311.00020

loopholes?
‣ right-handed down sector…

exotics programme), the Standard Model E↵ective Field Theory (SMEFT) [1] appears as

a motivated approach to compare exotics searches at the LHC with flavour observables.

Although many SMEFT interactions are well explored and constrained in the literature, a

notable exception is the operator containing only right-handed down-type quarks

Odd = (d̄iR�µdj
R
)(d̄kR�µdlR). (1.1)

Traditional tree-level SMEFT fits (e.g. [2–4]) do not constrain this operator at all, since it

does not contribute to electroweak, Higgs or top observables at leading order. Including

renormalisation-group evolution, Odd can run into electroweak precision and top observables,

but the resulting constraints remain weak, ⇤ ⇠ 0.1 – 0.4 TeV for the e↵ective NP scale [5, 6].

The only collider observables that the Odd operator enters at tree level are LHC dijet

distributions, but this operator has not as yet been individually constrained in dijet

fits [7, 8]. Furthermore, non-resonant analyses are challenging as they require a good

understanding of large QCD jet backgrounds, which heavily relies on data-driven methods

with fewer phenomenological handles than resonance production. Therefore, non-resonant

analyses typically exhibit a reduced future performance increase compared to resonance

searches.

Given the low indirect bounds on Odd, another angle of attack on these operators is to

study bounds on UV states which generate them at tree level. There are only two BSM

particles that match only onto Odd at tree level (and are therefore not better constrained

by other operator bounds), as defined by their charges:

�(3) ⇠ (3,1)2/3,

�(6) ⇠ (6̄,1)2/3,
(1.2)

under SU(3)C ⇥ SU(2)L ⇥ U(1)Y [9]. These are both scalar diquarks, labelled as ‘VII’ and

‘VIII’ in the notation of Ref. [10], or as !2 and ⌦2 in the notation of Ref. [9]. We will

focus on these scenarios in this work. The colour representations of the diquarks impose

di↵erent flavour structures on their couplings; the triplet diquark has a flavour-antisymmetric

coupling to quarks, while the sextet diquark has a flavour-symmetric coupling. This gives

the two states rather di↵erent flavour phenomenology and a↵ects how they can be produced

at colliders.

The LHC phenomenology of (one or both) down-type diquarks has been studied

previously in Refs [10–15], while Refs [10, 16, 17] study their flavour phenomenology.∗ Our

work seeks to add some important new aspects to this literature. Notably, LHC data and

searches have not yet been interpreted as limits on the down-type sextet diquark, since

previous collider phenomenology studies of this model all date from over a decade ago.†

Likewise, the e↵ects of the o↵-diagonal couplings of the sextet in flavour physics have not

∗Studies of diquarks with di↵erent quantum numbers, and hence inducing di↵erent four-quark operators,

have recently been undertaken in Refs [18, 19], with the aim of explaining anomalous results in flavour

physics.
†Exceptions are the studies of Refs [20–22], which focus on additional non-renormalisable interactions of

colour sextets, and hence do not directly apply to the minimal case considered here.
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‣ is this relevant in the UV model landscape?
State Spin SM charges Tree-level generated operators

�(3) 0 (3,1)2/3 Odd

�(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH2, OeH , OdH , OuH , O(1)
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, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

The Lagrangians for each diquark are

L(6) = �y(6)
ij

�(ab)
(6) dTa

RiCdbRj + h.c., (2.1)

L(3) = �y(3)
ij

�a

(3) ✏abc dTb

RiCdcRj + h.c., (2.2)

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling y(3)
ij
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y(6) =

0
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On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 � Cijkl
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⇣
d̄iR�µdj

R

⌘⇣
d̄kR�µdlR

⌘
, (2.4)
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Cijkl
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=

(y(6)
ik

)⇤ y(6)
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2M2
�(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
ik

)⇤ y(3)
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M2
�(3)

(triplet). (2.6)
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the two states rather di↵erent flavour phenomenology and a↵ects how they can be produced
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The LHC phenomenology of (one or both) down-type diquarks has been studied

previously in Refs [10–15], while Refs [10, 16, 17] study their flavour phenomenology.∗ Our

work seeks to add some important new aspects to this literature. Notably, LHC data and

searches have not yet been interpreted as limits on the down-type sextet diquark, since

previous collider phenomenology studies of this model all date from over a decade ago.†

Likewise, the e↵ects of the o↵-diagonal couplings of the sextet in flavour physics have not

∗Studies of diquarks with di↵erent quantum numbers, and hence inducing di↵erent four-quark operators,

have recently been undertaken in Refs [18, 19], with the aim of explaining anomalous results in flavour

physics.
†Exceptions are the studies of Refs [20–22], which focus on additional non-renormalisable interactions of

colour sextets, and hence do not directly apply to the minimal case considered here.
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On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di↵erences of phases (�11 � �12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives
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Scalar diquarks → probe   
composite scenarios

State Spin SM charges Tree-level generated operators

!(3) 0 (3,1)2/3 Odd

!(6) 0 (6̄,1)2/3 Odd

B 1 (1,1)0 Oll, O(1)
qq , O(1)

lq
, Oee, Odd, Ouu, O(1)

ud
, Ole, Oqe, Old, Olu, O(1)

qd
,

O(1)
qu , OHD, OH!, OeH , OdH , OuH , O(1)

Hl
, O(1)

Hq
, OHe, OHd, OHu

G 1 (8,1)0 O(1)
qq , O(3)

qq , Odd, Ouu, O(8)
ud

, O(8)
qu , O(8)

qd

Table 1. Complete list of single-particle UV completions which can generate the Odd operator at
tree level, along with any other operators that are also tree-level generated by the same state. Taken
from Ref. [9].

The Lagrangians for each diquark are

L(6) = →y(6)
ij

!(ab)
(6) dTa

RiCdbRj + h.c., (2.1)

L(3) = →y(3)
ij

!a

(3) ωabc dTb

RiCdcRj + h.c., (2.2)

where i, j are flavour indices, a, b, c are fundamental colour indices, and C is the charge

conjugation matrix. The sextet coupling y(6)
ij

is a symmetric complex matrix, while the

triplet coupling y(3)
ij

is an antisymmetric complex matrix

y(6) =





y(6)11 eiω11 y(6)12 eiω12 y(6)13 eiω13

y(6)12 eiω12 y(6)22 eiω22 y(6)23 eiω23

y(6)13 eiω13 y(6)23 eiω23 y(6)33 eiω33




, y(3) =





0 y(3)12 eiε12 y(3)13 eiε13

→y(3)12 eiε12 0 y(3)23 eiε23

→y(3)13 eiε13 →y(3)23 eiε23 0




. (2.3)

On the face of it, y(6) therefore depends on 12 real parameters while y(3) depends on 6 real

parameters. However, working in the SM mass basis, we can use the global baryon number

symmetry of the SM Lagrangian to rotate away one phase. If we consider each diquark

separately, the physical parameters are then the magnitudes of the matrix entries, and all

di”erences of phases (ε11 → ε12, etc).

2.1 SMEFT matching and operator flavour structure

Integrating out the diquarks at tree level gives

Ld=6 ↑ Cijkl

dd

(
d̄iRϑµdj

R

)(
d̄kRϑµdlR

)
, (2.4)

where i, j, k, l are flavour indices and

Cijkl

dd
=

(y(6)
ik

)→ y(6)
jl

2M2
!(6)

(sextet), (2.5)

Cijkl

dd
=

(y(3)
ik

)→ y(3)
jl

M2
!(3)

(triplet). (2.6)
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Effective theory for 𝝁 → 𝒆 conversion

R2
5/3(R2

2/3)

µ→

e→ u(d)

u(d)

e→

Figure 4. Diagram for tree-level contributions to µ → e conversion mediated by scalar leptoquark
R2. Leptoquark superscripts indicate the electric charge of the exchanged particle.

Operator-mixing induced by the one-loop running allows for non-zero limits to be

placed on the purely leptonic and o!-diagonal semi-leptonic SMEFT operators. This treat-

ment is consistent as long as the logarithmically enhanced RG running contributions to

dimension-six operators are numerically leading and the finite terms from loop-level match-

ing can be ignored.

5.2 Leptoquarks

Next, we use our computational framework to analyze the µ → e conversion rate in the

context of an explicit UV model. Specifically, we assume that the µ → e conversion is

generated by tree-level exchange of a leptoquark scalar R2, which then leads to vector,

scalar and tensor interactions, making it an ideal showcase for quantifying the relative

magnitudes and correlations between di!erent nuclear responses. The leptoquark R2 is in

the (3,2, 7/6) representation of the SM gauge group, so that the interaction Lagrangian is

given by [70]

L ↑ ↓y
RL

2 ij ū
i

RR
a

2ω
ab

L
j,b

L
+ y

LR

2 ij ē
i

RR
a →
2 Q

j,a

L
+ h.c., (5.2)

where the summation over flavor indices, i, j = 1, 2, 3, and electroweak SU(2) indices

a, b = 1, 2 is implicit, and we do not display the contraction of color indices.

Integrating out the leptoquark at tree level, cf. Fig. 4, gives the following nonzero

contributions to the SMEFT Wilson coe”cients (we use the notation of Refs. [54, 69]),

C
12ii

ωu = ↓
1

2m2
LQ

y
RL

2 i2y
RL→
2 i1 , (5.3a)

C
ii12
qe = ↓

1

2m2
LQ

y
LR→
2 2i y

LR

2 1i, (5.3b)

C
(1),12ii

ωequ
= 2C

(3),12ii

ωequ
= ↓

1

2m2
LQ

y
LR→
2 2i y

RL→
2 i1 , (5.3c)

C
(1),21ii

ωequ
= 2C

(3),21ii

ωequ
= ↓

1

2m2
LQ

y
LR

2 i2y
RL

2 1i, (5.3d)
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Figure 4. Diagram for tree-level contributions to µ → e conversion mediated by scalar leptoquark
R2. Leptoquark superscripts indicate the electric charge of the exchanged particle.

Operator-mixing induced by the one-loop running allows for non-zero limits to be

placed on the purely leptonic and o!-diagonal semi-leptonic SMEFT operators. This treat-

ment is consistent as long as the logarithmically enhanced RG running contributions to

dimension-six operators are numerically leading and the finite terms from loop-level match-

ing can be ignored.

5.2 Leptoquarks

Next, we use our computational framework to analyze the µ → e conversion rate in the

context of an explicit UV model. Specifically, we assume that the µ → e conversion is

generated by tree-level exchange of a leptoquark scalar R2, which then leads to vector,

scalar and tensor interactions, making it an ideal showcase for quantifying the relative

magnitudes and correlations between di!erent nuclear responses. The leptoquark R2 is in

the (3,2, 7/6) representation of the SM gauge group, so that the interaction Lagrangian is

given by [70]
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where the summation over flavor indices, i, j = 1, 2, 3, and electroweak SU(2) indices

a, b = 1, 2 is implicit, and we do not display the contraction of color indices.

Integrating out the leptoquark at tree level, cf. Fig. 4, gives the following nonzero

contributions to the SMEFT Wilson coe”cients (we use the notation of Refs. [54, 69]),
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Moriond EW, Mar 27, 2025J. Zupan  Searching for NP using muons

 kinematicsμ ⇒ e

• initial state:  in 1s orbital

• final state: relativistic  with three momentum

•  (for  ) 
 

μ→

e→

Ebind
μ − mμ

27Al Ebind
μ ≪ 0.463 MeV

≃ | ⃗q | ∼ 𝒪(100 MeV)

7

Al

μ→ e→ ⃗q

≃
Al

Haxton, McElvain, Menzo, Rule, JZ, 2406.13818

See talk by Jure Zupan

Example:
Leptoquark

Model

Probing heavy new physics 
in 𝜇 → 𝑒 conversion



Overview talks

  

We had some very nice overview talks:

Ø Global Analysis of neutrino data (Ivan Esteban)
Ø Large Scale Structures Observations (Ruth Durrer)
Ø Connecting to cosmic inflation (Marco Drewes)
Ø H0 tension (Martin Schmaltz)
Ø Gravitational Waves: present and future (Valerie Domcke)



Thank you!

ØTo the organizers and the staff who has hosted us during this remarkable week.
ØTo all the speakers who have reported about so many different exciting results and ideas.
ØTo all our colleagues who have contributed to the work we have heard about.


