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Highlights of the Physics Studies
towards the 2026 ESPP Update

Most of the results from:
2026 Physics Briefing Book, arXiv: 2511.03883 [hep-ex] 



Electroweak Physics

Conveners: M. Dunford, JB

Strong Interactions

Conveners: C. Diaconu , A. Dainese

Flavour Physics

Conveners: G. Isidori, M-H. Schune

Neutrino Physics and 
Cosmic Messengers


Conveners: P. Hernandez, S. Bolognesi

BSM Physics

Conveners: F. Maltoni, R. Gonzalez-Suarez

Dark Matter and         
Dark Sectors


Conveners: J. Monroe, M. McCullough

Detector instrumentation

Conveners: T. Bergauer, U. Husemann

Computing

Conveners: T. Boccali, B. Kersevan
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Accelerator Science    
and Technology


Conveners: G. Arduini, P. Burrows


CERN-ESU-2025-001
4 November 2025

Physics Briefing Book
Input for the 2026 update of the European Strategy for Particle Physics

Electroweak Physics: Jorge de Blas1, Monica Dunford2 (Conveners),
Emanuele Bagnaschi3 (Scientific Secretary), Ayres Freitas4, Pier Paolo Giardino5, Christian Grefe6,

Michele Selvaggi7, Angela Taliercio8, Falk Bartels2 (Contributors)

Strong Interaction Physics: Andrea Dainese9, Cristinel Diaconu10 (Conveners),
Chiara Signorile-Signorile11 (Scientific Secretary), Néstor Armesto12, Roberta Arnaldi13,

Andy Buckley14, David d’Enterria7, Antoine Gérardin15, Valentina Mantovani Sarti16,
Sven-Olaf Moch17, Marco Pappagallo18, Raimond Snellings19,83, Urs Achim Wiedemann7

(Contributors)

Flavour Physics: Gino Isidori20, Marie-Hélène Schune21 (Conveners),
Maria Laura Piscopo83 (Scientific Secretary), Marta Calvi84, Yuval Grossman23, Thibaud Humair24,

Andreas Jüttner7,25, Jernej F. Kamenik26,65, Matthew Kenzie27, Patrick Koppenburg83,
Radoslav Marchevski28, Angela Papa29, Guillaume Pignol30, Justine Serrano10 (Contributors)

Neutrino Physics & Cosmic Messengers: Pilar Hernandez39, Sara Bolognesi40 (Conveners),
Ivan Esteban41 (Scientific Secretary), Stephen Dolan7, Valerie Domcke7, Joseph Formaggio42,

M. C. Gonzalez-Garcia80,81,82, Aart Heijboer19, Aldo Ianni44, Joachim Kopp7,79, Elisa Resconi45,
Mark Scott33, Viola Sordini87 (Contributors)

Beyond the Standard Model Physics: Fabio Maltoni8,31, Rebeca Gonzalez Suarez32 (Conveners),
Benedikt Maier33 (Scientific Secretary), Timothy Cohen7,28,78,⇤, Annapaola de Cosa34,⇤,

Nathaniel Craig35, Roberto Franceschini36, Loukas Gouskos37, Aurelio Juste38, Sophie Renner14,
Lesya Shchutska28 (Contributors)

Dark Matter and Dark Sector: Jocelyn Monroe54,46, Matthew McCullough7 (Conveners),
Yohei Ema7,† (Scientific Secretary), Paolo Agnes47, Francesca Calore48, Emanuele Castorina22,

Aaron Chou49, Monica D’Onofrio50, Maksym Ovchynnikov7,†, Tina Pollmann19, Josef Pradler59,86,
Yotam Soreq52, Julia Katharina Vogel53 (Contributors)

Accelerator Science and Technology: Gianluigi Arduini7, Philip Burrows51 (Conveners),
Jacqueline Keintzel7 (Scientific Secretary), Deepa Angal-Kalinin55, Bernhard Auchmann76,7,

Massimo Ferrario3, Angeles Faus Golfe21, Roberto Losito7, Anke-Susanne Mueller56,
Tor Raubenheimer57, Marlene Turner7, Pierre Vedrine40, Hans Weise24, Walter Wuensch7,

Chenghui Yu58 (Contributors)

Detector Instrumentation: Thomas Bergauer59, Ulrich Husemann56 (Conveners),
Dorothea vom Bruch10 (Scientific Secretary), Thea Aarrestad34, Daniela Bortoletto54,

Shikma Bressler60, Marcel Demarteau61, Michael Doser7, Gabriella Gaudio62, Inés Gil-Botella63,
Andrea Giuliani21, Fabrizio Palla64, Rok Pestotnik65, Felix Sefkow24, Frank Simon56,

Maksym Titov40(Contributors)

Computing: Tommaso Boccali64, Borut Kersevan26,65 (Conveners),
Daniel Murnane66 (Scientific Secretary), Gonzalo Merino Arevalo63, John Derek Chapman27,

Frank-Dieter Gaede24, Stefano Giagu67, Maria Girone7, Heather M. Gray66, Giovanni Iadarola7,
Stephane Jezequel68, Gregor Kasieczka15, David Lange69, Sinéad M. Ryan70, Nicole Skidmore71,

Sofia Vallecorsa7 (Contributors)

Theoretical Overview: Eric Laenen19,83,85

Reviewers: Anadi Canepa49, Xinchou Lou58, Rogerio Rosenfeld72, Yuji Yamazaki73

Editors: Roger Forty7, Karl Jakobs74, Hugh Montgomery75, Mike Seidel28,76, Paris Sphicas7,77
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Physics studies

Evaluate and compare the physics potential of the different  
future collider projects

In this talk: Focus on the large scale projects proposed for 
the next particle collider at CERN, after the LHC
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Very different design to address the search for new physics

Physics Preparatory Group Studies

Jorge de Blas - U. of Granada 
Highlights of the Physics Studies towards the 2026 ESPP Update 

November 20, 2025 4
4

K. Jakobs, ESPP Open Symposium, 27th June 2025

Potential for development: future 10 TeV parton-scale collider options  

FCC-hh, 
baseline 85 TeV  (à 120 TeV) 

Muon Collider (3, 10 TeV) e+e- with improved acceleration technologies
LCF, C3 (à 1 TeV), CLIC (1.5 TeV), HALHF, …
à plasma acceleration for higher energies

(can !(10) TeV be reached? on what timescale?)

LCF, CLICLHeCLEP3FCC-ee

R&D

PERLE

+ possibility for HI collisions 

A Linear Collider Vision for the Future of Particle Physics

Contact persons: Jenny List⇤ Roman Pöschl†

on behalf of the LCVision Editorial Board: Masaya Ishino (U. Tokyo), Benno List (DESY),
Jenny List (DESY), Tatsuya Nakada (EPFL Lausanne), Michael Peskin (SLAC),

Roman Pöschl (IJCLab), Aidan Robson (U. Glasgow), Thomas Schörner (DESY/CERN),
Steinar Stapnes (CERN)

In this paper we review the physics opportunities at linear e+e– colliders with a special focus on
high centre-of-mass energies and beam polarisation, take a fresh look at the various acceler-
ator technologies available or under development and, for the first time, discuss how a facility first
equipped with a technology that is mature today could be upgraded with technologies of tomorrow
to reach much higher energies and/or luminosities. In addition, we discuss detectors, alternat-
ive collider modes, as well as opportunities for beyond-collider experiments and R&D facilities as
part of a linear collider facility (LCF). The material of this paper supports all plans for e+e– linear
colliders and additional opportunities they offer, independently of technology choice or proposed
site, as well as R&D for advanced accelerator technologies. This joint perspective on the phys-
ics goals, early technologies and upgrade strategies has been developed by the LCVision team
based on an initial discussion at LCWS2024 in Tokyo and a follow-up at the LCVision Community
Event at CERN in January 2025. It heavily builds on decades of achievements of the global linear
collider community, in particular in the context of CLIC and ILC.

LEP3: A high luminosity electron-positron Higgs 
boson factory in the LHC tunnel

Imperial May'25 tsv 1

A possible back-up to the preferred option (FCC-ee and FCC-hh) for the next 
accelerator for CERN

Updated Version of the 10-page Document submitted recently.

CERN-ACC-Note-2020-0002
Geneva, July 28, 2020
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The Large Hadron-Electron Collider at the HL-LHC

LHeC and FCC-he Study Group

To be submitted to J. Phys. Ghh

ee

The Muon Collider
Input to the European Strategy for Particle Physics - 2026 update

The International Muon Collider Collaboration

Contact persons:

Daniel Schulte
*

(daniel.schulte@cern.ch)

Federico Meloni
†

(federico.meloni@desy.de)

Chris Rogers
‡

(chris.rogers@stfc.ac.uk)

Abstract
Muons offer a unique opportunity to build a compact high-energy elec-

troweak collider at the 10 TeV scale. A Muon Collider enables direct

access to the underlying simplicity of the Standard Model and unpar-

alleled reach beyond it. It will be a paradigm-shifting tool for particle

physics representing the first collider to combine the high-energy reach of

a proton collider and the high precision of an electron-positron collider,

yielding a physics potential significantly greater than the sum of its in-

dividual parts. A high-energy muon collider is the natural next step in

the exploration of fundamental physics after the HL-LHC and a natural

complement to a future low-energy Higgs factory. Such a facility would

significantly broaden the scope of particle colliders, engaging the many

frontiers of the high energy community.

The last European Strategy for Particle Physics Update and later the

Particle Physics Project Prioritisation Panel in the US requested a study

of the muon collider, which is being carried on by the International

Muon Collider Collaboration. In this comprehensive document we

present the physics case, the state of the work on accelerator design

and technology, and propose an R&D project that can make the muon

collider a reality.

*Organisation Européenne pour la Recherche Nucléaire (CERN), Geneva, Switzerland
†Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
‡STFC Rutherford Appleton Laboratory (RAL), Harwell Oxford, United Kingdom

From K. Jacobs’ talk at  
Open Symposium in Venice
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The Muon Collider
Input to the European Strategy for Particle Physics - 2026 update

The International Muon Collider Collaboration

Contact persons:

Daniel Schulte
*

(daniel.schulte@cern.ch)

Federico Meloni
†

(federico.meloni@desy.de)

Chris Rogers
‡

(chris.rogers@stfc.ac.uk)

Abstract
Muons offer a unique opportunity to build a compact high-energy elec-

troweak collider at the 10 TeV scale. A Muon Collider enables direct

access to the underlying simplicity of the Standard Model and unpar-

alleled reach beyond it. It will be a paradigm-shifting tool for particle

physics representing the first collider to combine the high-energy reach of

a proton collider and the high precision of an electron-positron collider,

yielding a physics potential significantly greater than the sum of its in-

dividual parts. A high-energy muon collider is the natural next step in

the exploration of fundamental physics after the HL-LHC and a natural

complement to a future low-energy Higgs factory. Such a facility would

significantly broaden the scope of particle colliders, engaging the many

frontiers of the high energy community.

The last European Strategy for Particle Physics Update and later the

Particle Physics Project Prioritisation Panel in the US requested a study

of the muon collider, which is being carried on by the International

Muon Collider Collaboration. In this comprehensive document we

present the physics case, the state of the work on accelerator design

and technology, and propose an R&D project that can make the muon

collider a reality.

*Organisation Européenne pour la Recherche Nucléaire (CERN), Geneva, Switzerland
†Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
‡STFC Rutherford Appleton Laboratory (RAL), Harwell Oxford, United Kingdom

Very different design to address the search for new physics

Physics Preparatory Group Studies
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A significant part of the physics 
programme at any of the proposed 

future colliders will focus on 
precision physics

Improving our current knowledge 
of the SM and testing those 

aspects that remain unexplored
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Understanding EWSB

Nature of the EWPT ↔︎ Matter/Anti-Matter Asymmetry?
Is the EW vacuum stable?

What triggers EWSB?
Naturalness? Is the Higgs elementary/composite?

The SM Flavour puzzle
Why 3 copies of fermions?

What explains the hierarchical 
structure of their masses?

What is the origin of neutrino masses?

How well do we know the strong force?

What is the nature of Dark Matter?
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• HL-LHC precision on Higgs coupling modifier at the 
level of:

‣ 2-4% for dominant decays

‣ 3%-7% for rare decays

• Assumes progress on theory calculations

‣ S2 scenario: TH systematics halved (where feasible)

• Even in this case results limited by TH uncertainties!

‣ Precision QCD needed for our understanding 
of the Higgs

‣ PDF uncertainties also significantly impact 
Higgs observables (also in EW and BSM searches!)

● The precision of κµ and κZγ improves by 
30%, wrt old projections 

● Theory uncertainties are dominating 
○ if driven by experimental 

precision, we could reach a 
further factor 2 improvement

Single H precision - Higgs couplings

10

Example: Higgs physics at the HL-LHC

The importance of knowing the strong force
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• Precision QCD (pQCD & non-pQCD) needed to fully exploit the precision Higgs measurements 

‣ Not only at the HL-LHC but at any future Higgs factory

• Example: Higgs interactions with gluons

‣ Identifying gluon jets requires significantly improved                                                                        
gluon fragmentation in Parton showers (NNLL) MCs

‣ Interpretation of H →gg with a precision of 0.7% (EXP):

‣ Requires QCD TH uncertainties in ΓH →gg  to be reduced below 1%                                        
(currently, N4LO ~3%)

‣ Also requires knowledge of αS(ΜΖ) with a precision of 0.1% (relevant also for other hadronic channels)

 αS(ΜΖ) currently know with a precision of ~0.8% !

27/29ESPP Venice, June’25                                                                                   S. Moch / D. d'Enterria

Summary: QCD for Higgs physicsSummary: QCD for Higgs physics

 (1) Studying BSM in Higgs-gluon coupling within 

      ±0.7% (exp) requires αs(mZ) within ±0.1%:

■ Precision needed to fully exploit the (B)SM program at Higgs factories

   requires exquisite control of pQCD & non-pQCD: ℬ(H→had)=80% 

■ 3 key examples:

 (2) Identifying gluon jets requires significantly

      improved gluon fragmentation

      in parton shower (NNLL) MCs:

      High-stats data samples to be exploited: 

      e+e-→Z→qq(g), e+e-→H(gg)Z 

 (3) Observing strange-Yukawa 

       requires significantly improved 

       quark & gluon hadronization:

  ☛ Dedicated studies of huge/clean hadronic 

     Z,W→jj samples are key to H→jj physics.

68], must be used for the stt̄ vs.
p

s theoretical prediction. Simulation studies of the tt̄ threshold
data samples at the FCC-ee [39] —assuming that the value of as(m

2
Z) will be known within

10�4 from the Z pole run (Fig. 4.1) [59], while the value of top Yukawa coupling (yt) will be
constrained within 3% according the expected HL-LHC precision [69]— lead to a final foreseen
experimental precision on mt and Gt of about 7 and 13 MeV [ID217], respectively, dominated
by statistical uncertainties (Fig. 4.2, right, shows the available previsions3 for mt). Such a
tiny experimental uncertainty is a challenge for the theoretical predictions. Although fixed-
order QCD calculations up to N3LO are available [70], the stt̄ cross-section near threshold is
dominated by Coulomb interactions, since the tt̄ pair is produced (nearly) at rest. This kinematic
regime, where the top-quark velocity is of order as, is described by non-relativistic QCD [71–
73], which offers a framework to include QCD effects up to N3LO and the resummation of
Coulomb corrections [74–76]. EW effects, currently known to N2LO accuracy [77], can be
described within an analogous EFT framework, and the description of the W+W�bb̄ + X final
state also requires including nonresonant channels (without onshell top quarks) [78, 79]. For
the potential-subtracted mt [67], the combined theoretical uncertainties from missing higher-
order corrections lead to an uncertainty of about 35 MeV on the extracted mt value [39, 80],
which are a factor of five larger than the experimental ones (Fig. 4.2, right). For observables
other than the

p
s lineshape, more theoretical work is still needed, in particular regarding the

calibration of the top-quark mass parameter used in MC event generators, dubbed the MC mass,
which corresponds most closely to a short-distance mass (such as the MSR mass [81] at a
low scale), not directly to the pole mass, with an associated theoretical uncertainty of about
±(0.5�1.0) GeV [43].

4.1.3 Progress in theoretical predictions

Table 4.2: Wish-list for calculations of missing higher-order perturbative QCD O(an
s ) and/or

EW O(an) to match the expected experimental uncertainty at future e+e�and e p colliders.
Observable Missing higher-order & power-suppressed corrections
Hadronic Z width O(a5

s ), O(a6
s ), O(a3), O(asa

3), O(a2
s a2)

Hadronic W width O(a5
s ), O(a2), O(a2

s a)

Hadronic t width O(a5
s )

Hadronic event shapes (Z, W , H decays) N3LO differential, N3,4LL resummation, power corrections
Inclusive jet rates 3-jet cross-sections at N3LO, 4-jets at N2LO, 5-jets at NLO
Lattice QCD results O(a6

s ) b -function; O(a5
s ) heavy quark decoupling; O(a4

s ) static potential
(as extr.; quark masses mc,mb) O(a3

s ) lattice perturbation theory matching (lattice coupling to aMS
s etc.)

s(e+e� ! W+W�) vs.
p

s EW N2LO: O(a2), Mixed EW-QCD: O(asa
2), O(a2

s a)

s(e+e� ! tt̄) vs.
p

s NRQCD: O(a5
s ), Non-resonant: O(a5

s ), O(a3
s ) differential; QED: O(a3) at NNLL

H! bb̄ width N4LO (mb 6= 0); N4LO differential (mb = 0)
H! gg width N5LO (heavy-top limit), N4LO (mt 6= 0); N4LO differential, N3LO differential (mt 6= 0)
MC simulations for e+e� ! X processes N2,3LO matched to N2,3LL PS. Permille control of non-pQCD effects (hadronization, CR, . . . )
ep ! hadrons (PDF and as determ.) N3,4LO evolution equations and inclusive cross-sections
ep ! jets (as determ.) N3LO cross-sections

Achieving the theoretical precision that matches experimental uncertainties for future col-
lider measurements is a formidable challenge for precision QCD calculations, far exceeding the
current state of the art. For the benchmark observables, the required improvements at higher
order in QCD and EW perturbation theory are summarized in Table 4.2. Progress towards those

3The LC experimental precision on the top mass is expected to be around 20 MeV [ID140] with a similar
theoretical uncertainty of 35 MeV.
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68], must be used for the stt̄ vs.
p

s theoretical prediction. Simulation studies of the tt̄ threshold
data samples at the FCC-ee [39] —assuming that the value of as(m

2
Z) will be known within

10�4 from the Z pole run (Fig. 4.1) [59], while the value of top Yukawa coupling (yt) will be
constrained within 3% according the expected HL-LHC precision [69]— lead to a final foreseen
experimental precision on mt and Gt of about 7 and 13 MeV [ID217], respectively, dominated
by statistical uncertainties (Fig. 4.2, right, shows the available previsions3 for mt). Such a
tiny experimental uncertainty is a challenge for the theoretical predictions. Although fixed-
order QCD calculations up to N3LO are available [70], the stt̄ cross-section near threshold is
dominated by Coulomb interactions, since the tt̄ pair is produced (nearly) at rest. This kinematic
regime, where the top-quark velocity is of order as, is described by non-relativistic QCD [71–
73], which offers a framework to include QCD effects up to N3LO and the resummation of
Coulomb corrections [74–76]. EW effects, currently known to N2LO accuracy [77], can be
described within an analogous EFT framework, and the description of the W+W�bb̄ + X final
state also requires including nonresonant channels (without onshell top quarks) [78, 79]. For
the potential-subtracted mt [67], the combined theoretical uncertainties from missing higher-
order corrections lead to an uncertainty of about 35 MeV on the extracted mt value [39, 80],
which are a factor of five larger than the experimental ones (Fig. 4.2, right). For observables
other than the

p
s lineshape, more theoretical work is still needed, in particular regarding the

calibration of the top-quark mass parameter used in MC event generators, dubbed the MC mass,
which corresponds most closely to a short-distance mass (such as the MSR mass [81] at a
low scale), not directly to the pole mass, with an associated theoretical uncertainty of about
±(0.5�1.0) GeV [43].

4.1.3 Progress in theoretical predictions

Table 4.2: Wish-list for calculations of missing higher-order perturbative QCD O(an
s ) and/or

EW O(an) to match the expected experimental uncertainty at future e+e�and e p colliders.
Observable Missing higher-order & power-suppressed corrections
Hadronic Z width O(a5

s ), O(a6
s ), O(a3), O(asa

3), O(a2
s a2)

Hadronic W width O(a5
s ), O(a2), O(a2

s a)

Hadronic t width O(a5
s )

Hadronic event shapes (Z, W , H decays) N3LO differential, N3,4LL resummation, power corrections
Inclusive jet rates 3-jet cross-sections at N3LO, 4-jets at N2LO, 5-jets at NLO
Lattice QCD results O(a6

s ) b -function; O(a5
s ) heavy quark decoupling; O(a4

s ) static potential
(as extr.; quark masses mc,mb) O(a3

s ) lattice perturbation theory matching (lattice coupling to aMS
s etc.)

s(e+e� ! W+W�) vs.
p

s EW N2LO: O(a2), Mixed EW-QCD: O(asa
2), O(a2

s a)

s(e+e� ! tt̄) vs.
p

s NRQCD: O(a5
s ), Non-resonant: O(a5

s ), O(a3
s ) differential; QED: O(a3) at NNLL

H! bb̄ width N4LO (mb 6= 0); N4LO differential (mb = 0)
H! gg width N5LO (heavy-top limit), N4LO (mt 6= 0); N4LO differential, N3LO differential (mt 6= 0)
MC simulations for e+e� ! X processes N2,3LO matched to N2,3LL PS. Permille control of non-pQCD effects (hadronization, CR, . . . )
ep ! hadrons (PDF and as determ.) N3,4LO evolution equations and inclusive cross-sections
ep ! jets (as determ.) N3LO cross-sections

Achieving the theoretical precision that matches experimental uncertainties for future col-
lider measurements is a formidable challenge for precision QCD calculations, far exceeding the
current state of the art. For the benchmark observables, the required improvements at higher
order in QCD and EW perturbation theory are summarized in Table 4.2. Progress towards those

3The LC experimental precision on the top mass is expected to be around 20 MeV [ID140] with a similar
theoretical uncertainty of 35 MeV.
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• Precision QCD (pQCD & non-pQCD) needed to fully exploit the precision Higgs measurements 

‣ Not only at the HL-LHC but at any future Higgs factory

• Example: Higgs interactions with gluons

‣ Identifying gluon jets requires significantly improved                                                                   
gluon fragmentation in Parton showers (NNLL) MCs

‣ Interpretation of H →gg with a precision of 0.7% (EXP):

‣ Requires QCD TH uncertainties in ΓH →gg  to be reduced below 1%                                 
(currently, N4LO ~3%)

‣ Requires knowledge of αS(ΜΖ) with a precision of 0.1% (relevant also for other hadronic channels)

 αS(ΜΖ) currently know with a precision of ~0.8% !

27/29ESPP Venice, June’25                                                                                   S. Moch / D. d'Enterria

Summary: QCD for Higgs physicsSummary: QCD for Higgs physics

 (1) Studying BSM in Higgs-gluon coupling within 

      ±0.7% (exp) requires αs(mZ) within ±0.1%:

■ Precision needed to fully exploit the (B)SM program at Higgs factories

   requires exquisite control of pQCD & non-pQCD: ℬ(H→had)=80% 

■ 3 key examples:

 (2) Identifying gluon jets requires significantly

      improved gluon fragmentation

      in parton shower (NNLL) MCs:

      High-stats data samples to be exploited: 

      e+e-→Z→qq(g), e+e-→H(gg)Z 

 (3) Observing strange-Yukawa 

       requires significantly improved 

       quark & gluon hadronization:

  ☛ Dedicated studies of huge/clean hadronic 

     Z,W→jj samples are key to H→jj physics.

Strong Coupling Constant precision summary

European Strategy
for Particle Physics

Fig. 4.1: Schematic representation of the status and projections relative to the strong coupling
determination benchmark. Current precision of the world-average as(m

2
Z) value (leftmost entry)

compared to the expected uncertainties at different future facilities from various observables,
and expected statistical uncertainty from lattice-QCD in 20 years from now (rightmost entry).

tiple observables can be used for precise as(m
2
Z) extractions [ID209], including low-energy

collisions at
p

s ⇡ 20–80 GeV [58]. Also, per mille precision on as(m
2
Z) can be reached by

exploiting hadronic Z- and W -boson decays, thanks to the very large integrated luminosities
at the Z pole and W+W� threshold and the very small systematic and parametric uncertainties
expected [59]. Beyond the Z pole, event shapes and jet-rates at high-energy e+e� machines
can provide a complementary and theoretically-accurate test of the as running. The FCC-hh
stands out for its ability to measure the running of as at scales of up to ⇠40 TeV from jet events
[ID209, ID227]. This represents an order-of-magnitude larger energy scale than probed today.
QCD effects on the W boson mass. At hadron colliders, the W boson mass is extracted using
the leptonic decays W ! `n via fits of the transverse momentum p`

T (and transverse mass m`n
T ,

at low pileup) distributions. The present uncertainty on mW at the LHC is about ±10 MeV [13],
of which about half is due to QCD-related effects: knowledge of PDFs and of the low-pT boson
distribution (dominated by intrinsic parton kT and soft gluon dynamics). Such uncertainty is
expected to decrease to ±5 MeV at the end of the HL-LHC phase [ID170], with QCD-related
uncertainties amounting to ±3 MeV (accounting for PDF uncertainties alone, and assuming that
the low-pT W boson distribution is described with much higher precision). At the LHeC, with
improved determinations of PDFs and as(m

2
Z), an overall DmW ⇡ 3 MeV precision could be

achieved [ID214]. The hadron collider mW uncertainties, including the QCD-related ones, are
shown in the lower part of Fig. 4.2 (left). At future e+e�facilities, the W boson mass and
width (GW ) can be measured through different methods. First, a threshold scan over

p
s = 157–

163 GeV produces WW pairs (nearly) at rest, and a fit of the sWW (
p

s) theory predictions to
the measured lineshape provides a precise extraction of mW and GW [60]. In addition to ac-
curate theory predictions, this method requires an excellent control of the

p
s value (in the

hundreds of keV range, reachable via resonant depolarization at FCC-ee). The leptonic final
state, e+e� ! W+W� ! `+n `�n , provides the most precise measurement thanks to lower
backgrounds and absence of hadronic uncertainties. The forecast experimental uncertainty
amounts to ±0.3 MeV at FCC-ee, while the present theory prediction precision for sWW (

p
s)

is 3–5 MeV [61, 62]. Improving the theory prediction by more than an order of magnitude is a
major challenge [ID209] that requires calculations with N2LO EW accuracy, mixed EW-QCD
corrections [63] and significantly improved MC modeling of QED initial-state radiation.

Second, the kinematic reconstruction of the invariant mass distribution of W ! j j dijet

43

From EWPO (W&Z decays)

The importance of knowing the strong force

LHeC & FCC-ee comparable to future Lattice QCD projections ~ 0.1% 

PDF fits +jets
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• Precision QCD also needed future EW and Top measurements

Top mass (key observable in the EW fit): 
accessible at e+e- from the tt threshold scan

MW (key observable in the EW fit)

European Strategy
for Particle Physics

European Strategy
for Particle Physics

Fig. 4.2: Experimental (solid entries) and theoretical (lighter entries) precision of benchmark
mW (left) and mt (right) determinations at the LHC and expected at the HL-LHC and at vari-
ous future colliders. The theory precision is dominated by QCD uncertainties, except for the
threshold scan measurements at FCC-ee and LEP3, for which electroweak uncertainties are
more important.

decays in e+e� ! WW collisions over
p

s = 157–365 GeV can also be used to determine mW .
The WW events with semileptonic (qq̄`n) and fully hadronic (qq̄qq̄) final states can be exploited
by applying the constraint on the total four-momentum in each event, with energy equal to

p
s

and zero momentum, as done at LEP2. At the WW threshold, the W bosons are produced at
rest back-to-back, and the constrained W ! j j invariant mass fits are relatively free from QCD
uncertainties in the semileptonic final states, reaching DmW ⇡ 0.25 MeV at FCC-ee [64]. In the
all-hadronic WW final states, colour reconnection (CR) affects hadrons with large separation
with respect to the jet (parton) direction by pulling them towards or away from the jet. Their
impact on invariant mass fits translates into DmW ⇡ 1 MeV at FCC-ee [64]. CR effects can be
studied via the particle flow in the region between jets, and constrained in-situ from changes in
the jet direction (or in the reconstructed W mass) by varying the parameters of the jet algorithms,
and by comparing `+ jets to fully-hadronic events.

The W ! j j decays produced in e+e� ! WW events at higher
p

s values, such as those
expected at the LC facility, are boosted, which further adds some dependence on the mod-
elling of hadronization (in particular on the baryon and strange composition as a function of
angle). Hadronization can also affect the measured jet energy, resolution and jet mass via the
charged/neutral ratio fraction of very low and high momentum tracks and the shower shape.
The impact of such effects on mW measurements at LC is estimated at DmW ⇡ 0.9 MeV.

The upper entries of Fig. 4.2 (left) show the expected experimental and theoretical preci-
sion on mW at different e+e�colliders from the two methods above, stressing the importance of
a good control of QCD effects.
QCD effects on the top quark mass. The top-quark mass (mt) is a key SM parameter that will
be measured at the HL-LHC with a precision of Dmt ⇡ LQCD ⇡ 200 MeV [ID170]. Achieving
a significantly lower uncertainty requires dedicated runs at future e+e�colliders in a threshold
scan over

p
s ⇡ 340–365GeV, where the mass mt and width (Gt) can be extracted through a

fit of the theoretical predictions to the measured stt̄(
p

s) lineshape2. Suitable renormalization
schemes for mt , such as short-distance mass schemes unaffected by infrared ambiguities [65–

2Top-threshold energy scans can also be carried out at a muon collider [ID207], if sufficient data can be col-
lected in dedicated low-energy runs.
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• HL-LHC  : 
• Precise top mass is essential for the SM consistency checks
• mtop(pole) from ttbar+jet x-sections: 200 MeV (limit ΛQCD for hadronic machines )
• mtop(MC) from boosted tops: 400 MeV (theoretical interpretation?)

• FCCee LCF (LC/CLIC)
• e+e- collisions from threshold scan √s = 340 GeV (FCC-ee)
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ATLAS&CMS projections ESPP2026 
Vaccum stability predictions adapted arXiv:1507.08833

!s precision

Uncertainties from theory:
• Parametric uncertainty !s 1‰è2 MeV
• QCD theory N3LO : 35 MeV

e+e-
→ttbar

Δmtop ≈∓30 MeV

[arXiv:2203.06520]
1‰

Mtop

N3LO QCD theory uncertainty: 35 MeV vs. O(10) MeV stat. 

EXP precision expected below 1 MeV
TH requirements:

68], must be used for the stt̄ vs.
p

s theoretical prediction. Simulation studies of the tt̄ threshold
data samples at the FCC-ee [39] —assuming that the value of as(m

2
Z) will be known within

10�4 from the Z pole run (Fig. 4.1) [59], while the value of top Yukawa coupling (yt) will be
constrained within 3% according the expected HL-LHC precision [69]— lead to a final foreseen
experimental precision on mt and Gt of about 7 and 13 MeV [ID217], respectively, dominated
by statistical uncertainties (Fig. 4.2, right, shows the available previsions3 for mt). Such a
tiny experimental uncertainty is a challenge for the theoretical predictions. Although fixed-
order QCD calculations up to N3LO are available [70], the stt̄ cross-section near threshold is
dominated by Coulomb interactions, since the tt̄ pair is produced (nearly) at rest. This kinematic
regime, where the top-quark velocity is of order as, is described by non-relativistic QCD [71–
73], which offers a framework to include QCD effects up to N3LO and the resummation of
Coulomb corrections [74–76]. EW effects, currently known to N2LO accuracy [77], can be
described within an analogous EFT framework, and the description of the W+W�bb̄ + X final
state also requires including nonresonant channels (without onshell top quarks) [78, 79]. For
the potential-subtracted mt [67], the combined theoretical uncertainties from missing higher-
order corrections lead to an uncertainty of about 35 MeV on the extracted mt value [39, 80],
which are a factor of five larger than the experimental ones (Fig. 4.2, right). For observables
other than the

p
s lineshape, more theoretical work is still needed, in particular regarding the

calibration of the top-quark mass parameter used in MC event generators, dubbed the MC mass,
which corresponds most closely to a short-distance mass (such as the MSR mass [81] at a
low scale), not directly to the pole mass, with an associated theoretical uncertainty of about
±(0.5�1.0) GeV [43].

4.1.3 Progress in theoretical predictions

Table 4.2: Wish-list for calculations of missing higher-order perturbative QCD O(an
s ) and/or

EW O(an) to match the expected experimental uncertainty at future e+e�and e p colliders.
Observable Missing higher-order & power-suppressed corrections
Hadronic Z width O(a5

s ), O(a6
s ), O(a3), O(asa

3), O(a2
s a2)

Hadronic W width O(a5
s ), O(a2), O(a2

s a)

Hadronic t width O(a5
s )

Hadronic event shapes (Z, W , H decays) N3LO differential, N3,4LL resummation, power corrections
Inclusive jet rates 3-jet cross-sections at N3LO, 4-jets at N2LO, 5-jets at NLO
Lattice QCD results O(a6

s ) b -function; O(a5
s ) heavy quark decoupling; O(a4

s ) static potential
(as extr.; quark masses mc,mb) O(a3

s ) lattice perturbation theory matching (lattice coupling to aMS
s etc.)

s(e+e� ! W+W�) vs.
p

s EW N2LO: O(a2), Mixed EW-QCD: O(asa
2), O(a2

s a)

s(e+e� ! tt̄) vs.
p

s NRQCD: O(a5
s ), Non-resonant: O(a5

s ), O(a3
s ) differential; QED: O(a3) at NNLL

H! bb̄ width N4LO (mb 6= 0); N4LO differential (mb = 0)
H! gg width N5LO (heavy-top limit), N4LO (mt 6= 0); N4LO differential, N3LO differential (mt 6= 0)
MC simulations for e+e� ! X processes N2,3LO matched to N2,3LL PS. Permille control of non-pQCD effects (hadronization, CR, . . . )
ep ! hadrons (PDF and as determ.) N3,4LO evolution equations and inclusive cross-sections
ep ! jets (as determ.) N3LO cross-sections

Achieving the theoretical precision that matches experimental uncertainties for future col-
lider measurements is a formidable challenge for precision QCD calculations, far exceeding the
current state of the art. For the benchmark observables, the required improvements at higher
order in QCD and EW perturbation theory are summarized in Table 4.2. Progress towards those

3The LC experimental precision on the top mass is expected to be around 20 MeV [ID140] with a similar
theoretical uncertainty of 35 MeV.
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The fulfillment of the physics programs (EW/Flavour/BSM/…) at the LHC and 
future colliders relies on substantial improvement of our understanding of QCD 
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Precision QCD

PDFs

PDFs

Precision QCD: Lattice QCD

X

An example — leptonic decay

3

e.g tree level leptonic B decay: 

(                 )

experiment theory prediction/kinematicsoutput
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Understanding EWSB

Nature of the EWPT ↔︎ Matter/Anti-Matter Asymmetry?
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aCAFPE and Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E–18071 Granada, Spain

Abstract

LaTeX materials.

1 Beyond the Standard Model

V (�, S) = �µ2
� |�|2 + �� |�|4 + b1S � µ2

SS
2
+

b4
4
S4

+
a2

2
|�|2 S2

+
b3
3
S3

+
a1

2
|�|2 S

LSM = �1
4
Fµ⌫F µ⌫

+  ̄i⇢⇢D + Dµ�Dµ�� V (�) �
⇣
Yij ̄i

L� 
j
R + h.c.

⌘

LBSM = �1
4
Fµ⌫F µ⌫

+  ̄i⇢⇢D + Dµ�Dµ�� V (�) �
⇣
Yij ̄i

L� 
j
R + h.c.

⌘
+

�1
4
W a

µ⌫W
µ⌫ a � 1

4
Bµ⌫Bµ⌫

�1
4
GA

µ⌫G
µ⌫ A

�1
4
Fµ⌫F µ⌫

+  ̄i⇢⇢D 

�Yij ̄i
L� 

j
R + h.c.

+Dµ�Dµ�� V (�)

� ! h�i

†E-mail: deblasm@ugr.es

1BSM Physics

SM

Neutrino Physics

?
Dark Sectors

???

Electroweak Physics

Understanding the Electroweak Scale and the Higgs boson

Understanding EWSB

Nature of the EWPT ↔︎ Matter/Anti-Matter Asymmetry?
Is the EW vacuum stable?

What triggers EWSB?
Naturalness? Is the Higgs elementary/composite?

Higgs

Jorge de Blas - U. of Granada 
Highlights of the Physics Studies towards the 2026 ESPP Update 

November 20, 2025 18

SM + Higgs

new states

Mass

SM New�m2
H

= + ⇠ 0

Higgs coupling deviations measure Naturalness 

+

+ +

Higgs couplings and naturalness

�gh
gh

⇠ m2
h

�m2
h

⌘ ✏T ⌘ fine tuning
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

June 1, 2021

LaTeX materials for the talks at the LHCP 2021
conference, June 10 2021

J. de Blas
a†
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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(a) Higgs self-energy (b) e+e� ! ZH (c) Z-pole oblique params.

Figure 2: New physics a↵ecting the Higgs self-energy in (a), contributing to Higgs observ-

ables at LO in (b), and Z-pole observables at NLO in (c). Red squares indicate SMEFT

contributions to the Higgs propagator.

(a) Higgs self-coupling (b) e+e� ! ZH (c) Z-pole oblique params.

Figure 3: New physics a↵ecting the Higgs self-coupling in (a), contributing to Higgs

observables at NLO in (b), and Z-pole observables at NNLO in (c). Red squares indicate

SMEFT contributions to the vertex.
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photon-exchange diagrams, sensitive to SMEFT HZg interactions. As the same operators gen-
erating these effects also contribute to the Higgs couplings to vector bosons, polarisation at
energies of 250 GeV helps to improve the precision on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a precision on the Higgs cubic interaction, l3, of 27%.
For e+e�projects running below a centre-of-mass energy of roughly 450 GeV, l3 can be de-
termined via single-Higgs boson measurements, where it contributes via loop-level corrections;
at energies above this threshold, it can be determined via HH production threshold, where it
contributes at tree level. The former method requires precision Higgs bosons measurements
obtained at two different centre-of-mass energies, to break degeneracies. Furthermore, a wide
range of measured observables, especially those involving top quarks, are needed to constrain
other, non-l3, loop-level contributions. Being sensitive to different types of effects aside from
l3 brings an interesting complementarity between HH and single-Higgs determinations, where
a non-SM signal observed in one process and not confirmed by the other would be evidence of
additional BSM corrections.
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Fig. 3.7: 68% probability sensitivity to
modifications of the Higgs trilinear cou-
pling in the dimension-six U(2)5-symmetric
SMEFT framework. The uncertainty band
in the figure reflects the result obtained from
single-Higgs measurements under the aggres-
sive/conservative scenarios for the theory un-
certainties considered in this study.

Figure 3.7 shows the projected preci-
sion on l3 for the different collider options.
As clearly seen in the figure, e+e�colliders
running at only an energy around 230 GeV,
e.g. LEP3, LC at 250 GeV, FCC-ee 240 GeV,
yield no significant improvement in l3 com-
pared to the HL-LHC. The combination of the
HL-LHC and the FCC-ee, which includes a
second energy point below the HH threshold,
would yield a precision ⇠17-20%. When run-
ning at an energy above the HH threshold, the
precision on l3 improves. At linear colliders
with energies of 550 GeV and 3 TeV a preci-
sion of 7-11% could be obtainable [52]. (The
precision reported in the figure takes into ac-
count both the HH determination and the one
from single-Higgs measurements.) However,
high-energy machines like a hadron collider
or a muon collider are needed to reach the few
percent-level precision. Both machines could
obtain a precision on the self-coupling 3-4%
for the SM value.

The value of l3, which is assumed in
this fit to be the SM value, affects the cross-
sections of the different HH processes (see
Sect. 4.4. of Ref. [ID141]). At the HL-
LHC, due to the negative interference be-
tween the l3 and box diagrams, the absolute
precision deteriorates for 1.5 < l3/l SM

3 <
4.5 (although the relative precision still im-

proves) [ID170]. At the LC above 550 GeV, for l3 > l SM
3 the pattern of interference in ZHH
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Fig. 8.6: Schematic relation between fine-tuning D and minimal deviations in Higgs couplings
(universal shift cH and deviations dk/k in the hhh and hgg couplings). The band indicates
the model dependence in mapping a UV theory to these observables. Horizontal lines show
projected precisions (95% CL) of various future collider scenarios . This highlights how Higgs
precision measurements inform expectations for tuning in neutral naturalness scenarios.

nature of the top partners, so that they are neutral under some or all SM interactions. The two
canonical examples are the Twin Higgs [414] and Folded SUSY [415] models, both of which
exhibit these features.

The paradigm of neutral naturalness has two major implications for the correlation be-
tween the tuning in the model and the limits on the search for new physics effects. The first
is that direct search limits are weaker because the top partners in neutral naturalness models
are un-coloured and in principle can evade direct discovery at a collider, though searches for
long-lived particles (LLPs) could provide sensitivity to many models [416, 417]. The second
is that the calculable contribution to the Higgs mass due to the combination of the top and top
partner loops scales as1

dm2
H ⇠ y2

t

16p2 m2
NP , (8.1)

where m2
H is the Higgs mass squared parameter, mNP is the mass of the new top partner states,

and yt is the top Yukawa coupling. Overall, this implies that the tuning D ⌘ dm2
H/m2

H in such
models naively scales as D ⇠ m2

NP. Assuming neutral top partners evade direct discovery, their
leading effects may appear in precision electroweak observables. Dimensional analysis sug-
gests that these contributions to Higgs observables scale as 1/m2

NP. Including naive coupling
factors yields the estimates in Fig. 8.6, illustrating the potential impact of precision Higgs mea-
surements on probing these models.

8.3 Scalar sector
The Higgs boson is the first known scalar particle that appears to be elementary. This invites
the search for additional scalars: given that the J = 1/2 and J = 1 sectors of the Universe are
rich in multiplicity, why not the J = 0 sector as well? Additional scalars are closely tied to the

1Note that for the MSSM there is also a tree-level contribution Dm2
H ⇠ m2

NP, where mNP is the mass of the
Higgsinos, which are harder to discover due to the smaller production rate and the intrinsic small splitting.
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If the Higgs is made up of constituents 

Could resolve some puzzles of the SM, providing 
the microscopic origin of Higgs, like QCD for pions.

Such models can be thought of as realising the 
Higgs boson analogously to the pion in QCD.

Should also get other heavy resonances then!

Is the Higgs Fundamental?

ffH = ⇠ f

⇢ = ff ⇠ ⇤

⇠ ⇠ v2
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Many other possible interesting extensions of the scalar sector:                                                                        
Complex Singlets, Two Higgs Doublet Models, Georgi-Machacek…

The simplest scenario: Singlet extensions

Fig. 8.7: Direct and indirect limits on a singlet scalar mixing with the Higgs boson as a function
of singlet mass mS and squared mixing angle sin2 q in the “custodial limit” BR(S ! hh) =
BR(S ! ZZ) = BR(S ! WW )/2. Solid curves indicate direct search limits, dot-dashed curves
indicate indirect limits on the T -parameter, and dashed horizontal lines indicate indirect limits
on the universal shift to all Higgs couplings (cH), at 95% CL. Dotted grey curves indicate
two characteristic scalings of the mixing angle as a function of the singlet mass corresponding
to an independent singlet vacuum expectation value and an EWSB-induced singlet vacuum
expectation value, respectively.

Higgs potential inferred from Higgs self-coupling measurements, relative to the changes in the
shape of the potential induced by a representative Z2-symmetric singlet scalar benchmark. A
similar approach based on an EFT interpretation of the constraints on the trilinear coupling
expected at the HL-LHC, point to the exclusion of a first-order phase transition at 2s (for
k3 = 1) [ID170].

8.3.1 Electroweak phase transition
One of the most interesting consequences of an extended scalar sector is the possibility of fea-
turing a sufficiently discontinuous, i.e. strong, first-order electroweak phase transition (FOPT).
In the SM, a Higgs mass mh ⇠ 125 GeV implies that the electroweak phase transition is a smooth
crossover, but this can be altered by additional light degrees of freedom that modify the Higgs
potential. Scalar extensions of the Standard Model can lead to a first-order phase transition
consistent with current data. For instance, Ref. [ID140] studies generic and inert two-Higgs-
doublet models (2HDMs) that can induce a first-order electroweak phase transition by mod-
ifying the Higgs self-coupling, including unexpectedly large two-loop effects, while leaving
other couplings largely unchanged. A strong FOPT in the early Universe would have remark-
able implications, including potentially observable stochastic gravitational waves. Moreover,
it could provide the out-of-equilibrium conditions required for baryogenesis, which would ex-
plain the observed matter-antimatter asymmetry. This departure from equilibrium is one of the
three Sakharov conditions for baryogenesis, alongside baryon number violation and the viola-
tion of charge (C) and charge-parity (CP) symmetries—for constraints on CP violation from
low-energy observables, such as electric dipole moments (EDMs), see Chapter 5.
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Fig. 8.10: Direct and indirect limits on a representative singlet scalar benchmark with mh2
=

600 GeV as a function of the mixing angle q and cross-quartic a2. The grey shaded region
indicates the parameter space for a strong FOPT. The blue solid region indicates the projected
95% CL limit from direct searches for S ! ZZ, while the orange solid region indicates the
projected 95% CL limit from direct searches for S ! hh. Blue and orange dashed lines indicate
the projected 95% CL limit from constraints on the universal shift to all couplings (cH) and the
Higgs self-coupling, respectively. In the middle panel, the cH limit comes from FCC-ee and the
h3 limit from FCC-hh.

In the case of a real scalar singlet, a strong FOPT typically requires mS . 1 TeV and large
couplings to the Higgs, implying corrections to Higgs couplings and the Higgs self-coupling
that are poorly constrained by current measurements but accessible at future colliders. This is
illustrated in Fig. 8.9, which shows model points from a parameter scan of the real singlet scalar
that yield a strong FOPT, relative to changes in the Higgs self-coupling and the universal shift
to all couplings.

The precision attainable at future colliders covers the vast set of parameter points yield-
ing a strong FOPT. Direct searches also have an important role to play. This is illustrated in
Fig. 8.10, which shows the coverage of direct searches for S ! ZZ and S ! hh alongside hhh
and universal limits for a singlet scalar benchmark with mS = 600 GeV, where the region giving
a strong FOPT is illustrated in the plane of sinq and the cross-quartic a2.

The power of both direct and indirect searches in this parameter space leverages the con-
sequences of Higgs-singlet mixing, which is eliminated when the singlet enjoys a Z2 symmetry
(the above mentioned “nightmare scenario”). This limit is nonetheless accessible thanks to the
precision in Higgs couplings and the Higgs self-coupling anticipated at future colliders. This is
illustrated in Fig. 8.11, which shows the coverage of these measurements on the parameter space
of the Z2-symmetric singlet space compatible with a strong FOPT [418]. This parameterization
also allows a straightforward understanding of the experimental prospects for Z2-symmetric
scalars with electroweak quantum numbers; coverage of the real triplet scalar and inert doublet
scalar are also shown in Fig. 8.11.

In summary, we have examined a simple singlet extension of the SM scalar sector that,
by exhibiting rich collider phenomenology, can serve as a proxy to identify the main features
of extended scalar sectors, such as 2HDMs, including regions of parameter space leading to
a strong FOPT. Taking into account both direct and indirect constraints, which complement
each other in a non-trivial way, we find that, in the minimal case of a singlet extension of SM

130

Indirect (Higgs) and Direct (S→hh, ZZ) reach

Rebeca Gonzalez Suarez  (Uppsala University) -  Open Symposium ESPP, Venice (2025)

First-Order Electroweak Phase Transition

15

The space of theories enabling strongly first-order electroweak PT is bounded and coverable by the 
combination of direct searches, Higgs precision, and self-coupling

Direct and Indirect

Rebeca Gonzalez Suarez  (Uppsala University) -  Open Symposium ESPP, Venice (2025)

First-Order Electroweak Phase Transition

15

The space of theories enabling strongly first-order electroweak PT is bounded and coverable by the 
combination of direct searches, Higgs precision, and self-coupling

Direct and Indirect



Electroweak Physics

Flavour Physics

Strong Interactions

July 7, 2025

LaTeX materials for 2025 EPS-HEP talks

J. de Blas
a†
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Understanding EWSB

Nature of the EWPT ↔︎ Matter/Anti-Matter Asymmetry?
Is the EW vacuum stable?

What triggers EWSB?
Naturalness? Is the Higgs elementary/composite?
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Most of these questions revolve around the nature of the Higgs and require BSM  
⇒ Modification of the properties of the Higgs boson

But new physics may be hiding in many other places!



BSM can “change” the SM in many different ways…

?

?
?
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
eR) Oee
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ēR�µeR) (ēR�
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(ūR�µuR) (ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
eR) Oee
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ūR�µuR) (ūR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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µ
uR) Oeu (ēR�µeR)
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ūR�µuR) (ūR�
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µ
eR) Oee
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ūR�µuR) (ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
eR) Oee
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq

(ēR�µeR) (ēR�
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(ūR�µuR) (ūR�
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(ēR�µeR) (ēR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
uR) Oeu (ēR�µeR)
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�

µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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BSM can “change” the SM in many different ways…

Top/Higgs/EW physics @ e+e- Top/Higgs/EW physics

Also in Higgs physics (VBF, VH)

EW precision/Higgs precisionTop/Higgs/EW physics @ pp

And this is just the  
simple picture at LO

Jorge de Blas - U. of Granada 
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November 20, 2025 29

‣ Electroweak Precision Observables (Z pole, MW, …) provide one of the 
strongest tests of consistency of the SM at the quantum level → Future improvements 
would increase sensitivity to even smaller NP effects entering via radiative corrections

Fig. 3.3: Top: Comparison of the indirect and direct mass determination of the W and top
quark for different collider options. (For the EW fit results, the dashed lines indicate the results
assuming the conservative scenario for the theory uncertainties discussed in the next section.)
Bottom: Comparison of the S and T oblique parameters.

Ideally, theory uncertainties should be reduced to a level where they are sub-dominant
to statistical or experimental systematic uncertainties. However, achieving this goal requires
significant theory development.

In this section, theory uncertainties estimates from Refs. [31, 32] are reviewed, updated
and extended to account for recent developments. The focus is on e+e�colliders, but some dis-
cussion of hadron and muon collider physics is also given. The aim is to estimate what improve-
ments are needed to reach a certain precision, and not to forecast what theory improvements are
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Today (LEP/SLC: 107 Z)

FCC-ee (Tera-Z: 1012 Z)

LCF (Giga-Z: 109 Z)
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Figure 1.10: Vertex corrections to the process e+e− → bb.

so that:
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eff . (1.18)

The quantities ∆ρse and ∆κse are universal corrections arising from the propagator self-
energies, while ∆ρf and ∆κf are flavour-specific vertex corrections. For simplicity we ignore
the small imaginary components of these corrections in most of the following discussion. The
leading order terms in ∆ρse and ∆κse for mH $ mW are [27]:
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For mH & mW, the Higgs terms are modified, for example:

∆ρse =
3GFm2
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(1.21)

where only internal Higgs loops are considered. Note the change of sign in the slope of the
Higgs correction for low mH seen in Equation 1.21 compared to Equation 1.19, which is due to
contributions from the derivative of the Z self-energy with respect to momentum transfer [28].
Existence of the process e+e− → Z∗H (Higgsstrahlung) would tend to reduce the mH dependence
in Equation 1.21 [29]. The radiative corrections have a quadratic dependence on the top quark
mass and a weaker logarithmic dependence on the Higgs boson mass. The flavour dependence
is very small for all fermions, except for the b-quark, where the effects of the diagrams shown in
Figure 1.10 are significant, due to the large mass splitting between the bottom and top quarks
and the size of the diagonal CKM matrix element |Vtb| ' 1 , resulting in a significant additional
contribution for bb production [28] (The effects of the off-diagonal CKM matrix elements are
here negligible.):

∆κb =
GFm2

t

4
√

2π2
+ · · · , (1.22)

∆ρb = −2∆κb + · · · . (1.23)

By interpreting the Z-pole measurements in terms of these corrections, the top quark mass
can be determined indirectly, and compared to the direct measurements. The Z-pole measure-
ments, even when taken alone, have sufficient power to separate the Higgs and top corrections
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Figure 1.9: Higher-order corrections to the gauge boson propagators due to boson and fermion
loops.

These tree-level quantities are modified by radiative corrections to the propagators and vertices
such as those shown in Figures 1.9 and 1.10. When these corrections are renormalized in the
“on-shell” scheme [26], which we adopt here, the form of Equation 1.5 is maintained, and taken
to define the on-shell electroweak mixing angle, θW, to all orders, in terms of the vector boson
pole masses:

ρ0 =
m2

W

m2
Z cos2 θW

. (1.10)

In the following, ρ0 = 1 is assumed.
The bulk of the electroweak corrections [25] to the couplings at the Z-pole is absorbed into

complex form factors, Rf for the overall scale and Kf for the on-shell electroweak mixing angle,
resulting in complex effective couplings:

GVf =
√

Rf (T f
3 − 2QfKf sin2 θW) (1.11)

GAf =
√

Rf T f
3 . (1.12)

In terms of the real parts of the complex form factors,

ρf ≡ #(Rf) = 1 + ∆ρse + ∆ρf (1.13)

κf ≡ #(Kf) = 1 + ∆κse + ∆κf , (1.14)

the effective electroweak mixing angle and the real effective couplings are defined as:
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gVf ≡ √
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3 − 2Qf sin2 θf
eff) (1.16)

gAf ≡
√
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3 , (1.17)
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Strong dependence on precision of theory calculations  
(challenging to match future experimental precision)
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Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.
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(ēR�µeR) (ēR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ēR�µeR) (ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
eR) Oee
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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(ūR�µuR) (ūR�
µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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(ēR�µeR) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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BSM can “change” the SM in many different ways…

Top/Higgs/EW physics @ e+e- Top/Higgs/EW physics

Also in Higgs physics (VBF, VH)

EW precision/Higgs precisionTop/Higgs/EW physics @ pp

And this is just the  
simple picture at LO
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‣ The top quark: Connected to BSM in many models. It’s properties are currently 
measured to comparatively lower precision than other SM particles 

68% probability sensitivity - All scenarios combined with HL-LHC
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: Single-operator bound

Fig. 3.8: 68% probability limits on `+`�tt̄ four-fermion operators (top panel) and on operators
modifying the EW and Higgs top-quark interactions (bottom panel). The empty boxes and "T"
bars indicate the results from a combination of some of the colliders with the 10 TeV muon
collider and FCC-hh, respectively. The inverted triangles indicate the single operator limits for
each collider.

Precision from Energy

For every dimension-six operator in SMEFT, there exists at least one process where its relative
contribution to the SM prediction increases quadratically with energy. When such processes are
experimentally accessible, higher collision energies lead to greater sensitivity to potential new
physics, which is responsible for the corresponding contact interactions.

Here, high-energy two-to-two fermion scattering and diboson production processes are
used to probe the sensitivity to four-fermion and two-fermion/two-boson operators. Although
the specific interactions mediating these processes differ between lepton and hadron colliders,
for the sake of this last comparison, it is assumed that the new physics generates universal
contributions testable at all colliders, and the interpretation is performed in terms of the EFT
Lagrangian in Eq. (A.4) in Appendix A. (This is also relevant for the BSM interpretation pre-
sented in Chapter 8.) In Fig. 3.9 the bounds on the Wilson coefficients c2B, c2W , c2G, cW , and
cB are shown. c2B, c2W and c2G are testable via two-to-two fermion scattering while cW , and cB
describe effects in diboson production that grow with the energy, similar to what was observed
for some of the Of f operators in electroweak precision measurements section. Combining with
either the FCC-hh or the 10 TeV muon collider significantly improves the sensitivity. In many
cases, the muon collider provides the greatest reach. On the other hand, the FCC-hh has the
highest sensitivity to new physics coupled to the QCD current, as shown for the c2G limit.
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bars indicate the results from a combination of some of the colliders with the 10 TeV muon
collider and FCC-hh, respectively. The inverted triangles indicate the single operator limits for
each collider.

Precision from Energy

For every dimension-six operator in SMEFT, there exists at least one process where its relative
contribution to the SM prediction increases quadratically with energy. When such processes are
experimentally accessible, higher collision energies lead to greater sensitivity to potential new
physics, which is responsible for the corresponding contact interactions.

Here, high-energy two-to-two fermion scattering and diboson production processes are
used to probe the sensitivity to four-fermion and two-fermion/two-boson operators. Although
the specific interactions mediating these processes differ between lepton and hadron colliders,
for the sake of this last comparison, it is assumed that the new physics generates universal
contributions testable at all colliders, and the interpretation is performed in terms of the EFT
Lagrangian in Eq. (A.4) in Appendix A. (This is also relevant for the BSM interpretation pre-
sented in Chapter 8.) In Fig. 3.9 the bounds on the Wilson coefficients c2B, c2W , c2G, cW , and
cB are shown. c2B, c2W and c2G are testable via two-to-two fermion scattering while cW , and cB
describe effects in diboson production that grow with the energy, similar to what was observed
for some of the Of f operators in electroweak precision measurements section. Combining with
either the FCC-hh or the 10 TeV muon collider significantly improves the sensitivity. In many
cases, the muon collider provides the greatest reach. On the other hand, the FCC-hh has the
highest sensitivity to new physics coupled to the QCD current, as shown for the c2G limit.
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µ
eR) Oee
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
uR) Oeu (ēR�µeR)
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq

(ēR�µeR) (ēR�
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(ūR�µuR) (ūR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ēR�µeR) (ūR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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µ
eR) Oee
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µ
uR) Oeu (ēR�µeR)
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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(ēR�µeR) (ēR�
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(ūR�µuR) (ūR�
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(ēR�µeR) (ūR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
eR) Oee
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µ
eR) Oee
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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(ēR�µeR) (ēR�
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(ēR�µeR) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

June 19, 2025

LaTeX materials for 2025 talks on SMEFT fits at future
colliders

J. de Blasa†
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Flavour Physics Opportunities at future colliders

Fig. 5.1: List of flavour-changing processes in the quark and lepton sector most relevant for
constraining physics beyond the SM. The first column indicates the generations of quarks (nq)
and leptons (n`) involved in the specific processes listed in the corresponding row. Transitions
in the upper part of the table can be accessed in large-scale multi-purpose experiments, while
those in the last two lines can best be probed in dedicated facilities (K, p , µ beams). The
quantity Rab(e/µ) denotes the electron/muon LFU ratio in the transition a ! b, while M $ M̄
denotes the meson–anti-meson mixing amplitude of the meson M.

plings predicted by the SM. These ratios are predicted with high precision in the SM and
are sensitive to NP effects with non-universal couplings between the different (lepton)
generations.

Ultimate determination of CKM elements: While not directly sensitive to NP, a precise de-
termination of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix is a pre-requisite
to make precise SM predictions for rare processes, in particular meson mixing and FC-
NCs.

Together, these classes of processes provide a comprehensive and highly sensitive test of the
flavour structure of NP. The full set of relevant charged-current and neutral-current processes,
in both the quark and lepton sectors, is summarised in Fig. 5.1. Note that each process is
characterised by different quantities (e.g. exclusive and inclusive rates, angular observables,
etc.). While not all of these observables are experimentally accessible and/or theoretically clean,
there are more than a hundred which are relevant.

In Fig. 5.1 we also provide, via the coloured symbols, a rough indication of the expected
improvement in precision for some of the processes at existing and future large-scale facilities
(see classification below). This is only a qualitative indication, that will be substantiated in
detail in Sect. 5.4. The impact of this improvement for NP searches, together with that expected
from small-scale facilities (cf. Sect. 5.3), is discussed in Sect. 5.5.
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aCAFPE and Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E–18071 Granada, Spain

Abstract

LaTeX materials.

1 Beyond the Standard Model

V (�, S) = �µ2
� |�|2 + �� |�|4 + b1S � µ2

SS
2
+

b4
4
S4

+
a2

2
|�|2 S2

+
b3
3
S3

+
a1

2
|�|2 S

LSM = �1
4
Fµ⌫F µ⌫

+  ̄i⇢⇢D + Dµ�Dµ�� V (�) �
⇣
Yij ̄i

L� 
j
R + h.c.

⌘

LBSM = �1
4
Fµ⌫F µ⌫

+  ̄i⇢⇢D + Dµ�Dµ�� V (�) �
⇣
Yij ̄i

L� 
j
R + h.c.

⌘
+

�1
4
W a

µ⌫W
µ⌫ a � 1

4
Bµ⌫Bµ⌫

�1
4
GA

µ⌫G
µ⌫ A

�1
4
Fµ⌫F µ⌫

+  ̄i⇢⇢D 

�Yij ̄i
L� 

j
R + h.c.

+Dµ�Dµ�� V (�)

� ! h�i

†E-mail: deblasm@ugr.es

1BSM Physics

SM

Neutrino Physics

?
Dark Sectors

???

Flavour Physics

The Flavour of New Physics

The SM Flavour puzzle
Why 3 copies of fermions?

What explains the hierarchical 
structure of their masses?

Jorge de Blas - U. of Granada 
Highlights of the Physics Studies towards the 2026 ESPP Update 

November 20, 2025

• Tera Z: 1012 Z bosons ⇒ Plenty of bottom, charm  and τ fermions for clean flavour physics

34

LHCb
(300 fb�1)

Belle II
(50 ab�1)

LCF
(2 109 Z0)

LEP3
(1.4 1012 Z0)

FCC-ee
(6 1012 Z0)

101

102

103

104

105

106

N
um

be
r

of
b-

ha
dr

on
s

in
10

7
un

it
s

b-hadrons in detector acceptance

Bd/Bd

B+/B�

Bs/Bs

�b/�b

European Strategy
for Particle Physics

Fig. 5.6: Left: number of b-hadron species produced within the detector acceptance for various
facilities (note the logarithmic scale). Right: approximate periods for future predictions and
their definitions.

for this challenging measurement, thanks to the large production cross-section of neutral kaons
and the capability to implement kaon tagging. A tagged analysis using the full 300 fb�1 dataset
expected from LHCb Upgrade II would allow a precision investigation of these interference
effects, with projected sensitivity on |Im(VtsV

⇤
td)| reaching below 50%, offering a unique test of

CPV in the kaon sector [214].
Kaon observables provide powerful tests of the SM, offering exceptional sensitivity to the

flavour structure of NP through precision measurements of rare decays and CKM parameters.
These measurements are a vital component of the global flavour physics programme.

5.4 Large-scale facilities
The number of different types of b-hadron species produced at the various facilities described
in Sect. 5.2.1 is shown in Fig. 5.6 (left). While e+e�colliders record the full set of events, only
a subset passes the trigger requirements at the LHC. In the following, future projections will be
provided for several approximate periods defined in Fig. 5.6 (right).

It is important to note that, in order to fully explore the spectrum of flavour physics at the
Z pole, the detectors must satisfy a set of stringent performance requirements [ID141, ID196].
Precise reconstruction of all decay vertices—especially those of the primary interaction point,
the b-hadron, c-hadron and t lepton—is essential. Achieving this requires not only the use of
high-resolution silicon vertex detectors but also the use of ultra-light detector materials to min-
imise multiple scattering and bremsstrahlung emission. Excellent tracking and high hermeticity
are essential for reducing background levels and ensuring the best achievable reconstruction of
decay modes involving missing energy. Effective charged-hadron identification (p/K/p sep-
aration), along with reliable electron and muon separation, over the full momentum range is
critical. Additionally, the electromagnetic calorimeter must have not only excellent energy res-
olution but also good transverse and longitudinal segmentation.

Some extrapolations exhibit greater uncertainty than others due to their stronger depen-
dence on detector design parameters, which are not yet well defined. However, it should be
noted that historically the field has often outperformed its own projections as new analysis and
data-processing techniques are developed, allowing the projected sensitivities to be achieved or
even exceeded.
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the b-hadron, c-hadron and t lepton—is essential. Achieving this requires not only the use of
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imise multiple scattering and bremsstrahlung emission. Excellent tracking and high hermeticity
are essential for reducing background levels and ensuring the best achievable reconstruction of
decay modes involving missing energy. Effective charged-hadron identification (p/K/p sep-
aration), along with reliable electron and muon separation, over the full momentum range is
critical. Additionally, the electromagnetic calorimeter must have not only excellent energy res-
olution but also good transverse and longitudinal segmentation.

Some extrapolations exhibit greater uncertainty than others due to their stronger depen-
dence on detector design parameters, which are not yet well defined. However, it should be
noted that historically the field has often outperformed its own projections as new analysis and
data-processing techniques are developed, allowing the projected sensitivities to be achieved or
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Fig. 5.14: Left: current and expected uncertainty on B(B0 ! µ+µ�), for different experi-
ments [ID223, ID196]. Right: expected relative uncertainty on B(B0 ! K⇤0nn̄).

and the FCC-ee Z pole running.
Radiative FCNC processes offer further complementary SM tests. Due to the V�A nature

of the weak interactions, the photon emitted in b ! sg decays is predominantly left-handed in
b decays (and right-handed in b decays). The polarisation of the photon can be probed in sev-
eral complementary ways, with different observables [ID223]. Precise information is coming
from LHCb analyses of the angular distributions of B0 ! K⇤0e+e� decays at very low q2, and
mixing-induced CPV in B0

s ! fg and Belle II analysis of B0 ! KSp0g decays. The current mea-
surements are in agreement with the SM predictions with a precision of the order of 5%. In the
2030s, experimental precision is expected to reach the percent level, which corresponds to the
level of accuracy currently achieved by theoretical predictions [258–260]. Since the measure-
ments in the 2030s will be limited by statistical uncertainties, the full Belle II and LHCb datasets
are expected to yield further improvements in precision, provided that theoretical uncertainties
are correspondingly reduced. Similarly, the clean environment of future e+e�colliders at the Z
pole will be beneficial to the precise understanding of radiative FCNC decays.

5.5 Impact of future programmes
As discussed in the previous sections, future projects could lead to major improvements, often
exceeding one order of magnitude, in many of the observables probing the different processes
in Table 5.1, as well as on the electron and neutron EDMs. Analysing the potential impact of
these measurements requires making hypotheses about the UV completion of the SM. Two main
scenarios are discussed below: high-scale NP with generic O(1) flavour-violating couplings and
SM extensions with approximate flavour symmetries and TeV-scale dynamics.

5.5.1 General bounds on high-scale NP
The expected bounds on the effective NP scale from selected observables are shown in Fig. 5.15.
For each observable the bound on the coefficient Ci of the dimension-six operator most con-
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Fig. 5.7: Expected upper limits at 90% on B(t ! µg) and B(t ! µµµ).

5.4.1 t-lepton physics

The physics of the t lepton is a key ingredient in NP searches. It covers a broad range of topics,
from forbidden processes to precision measurements. In this section we focus on cLFV searches
via the t ! µg and t ! 3µ channels and on LFU tests in leptonic decays.

Searches for t LFV decays are possible at many facilities since, thanks to the absence
of a neutrino in the final state, a clear signal can be expected in the invariant mass of the re-
constructed decay products. While the t ! µg decay necessitates good spatial and energy
resolution of the calorimeter, which is a limiting factor for the LHC experiments, the t ! 3µ
channel can be sought effectively at the LHC as well. In addition, the latter mode is almost
background-free, which is not the case for the former that is polluted by t ! µnn̄g events. The
expected limits at 90% confidence level can be seen in Fig. 5.7. Here the projections are taken
from the submissions [ID196, ID223, ID231], except for the LEP3 and LCF facilities that are
scaled from the FCC-ee projections according to L (

p
(L )) for the t ! 3µ (t ! µg) decay.

LFU tests can be performed by comparing the measured branching fractions of the lep-
tonic t decays and their SM predictions, which are functions of the t lifetime [215]. The preci-
sion of the SM prediction being limited by the knowledge of the t-lepton mass, the main ingre-
dients to perform LFU tests are thus the t lifetime, its mass, B(t ! enent) and B(t ! µnµnt).
The precisions on those quantities are already, or will soon be, limited by systematic uncertain-
ties such as beam energy scale, alignment and material budget. Consequently, the extrapolations
are less straightforward. The projections at future facilities can be seen in Fig. 5.8, for Belle II
with 10 ab�1 [216] and FCC-ee [ID196], compared with the current status from HFLAV [215].
In particular, Belle II will be able to improve the lifetime and mass measurements, while the
precision on the absolute branching fractions will mainly come from e+e�colliders running
at the Z pole. It should be noted that STCF will also be able to improve the t-lepton-mass
determination thanks to the energy-scan method. Another complementary test of LFU can be
performed measuring ratios of branching fractions, such as Rµ =

B(t!µnµ nt )

B(t!enent )
, that constrains

the ratio of the e and µ effective couplings in leptonic charged currents. With 10 ab�1, the
Belle II experiment is expected to improve the current measurement by a factor two [216].

The Belle II and STCF experiments will provide the best limits on t LFV decays until the
Tera-Z experiments enter the game. Those will be able to improve further the constraints by up

72

Order of  
magnitude  

improvement
Order of  

magnitude  
improvement

τ Lepton Flavour Violation



Electroweak Physics

Flavour Physics

Strong Interactions

July 7, 2025

LaTeX materials for 2025 EPS-HEP talks

J. de Blas
a†
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Fig. 5.16: Bounds on coefficients of selected dimension-six SMEFT operators from flavour,
EW, and high-energy observables (Drell-Yan and heavy-quark production). The operator no-
tation follows the Warsaw basis [264] with implicit flavour structure consisting only of 3rd

generation fields (with up or down alignment in the quark case). The bounds are obtained con-
sidering one operator at a time and analysing separately the three different sets of observables.
Projections for all the bounds at the end of HL-LHC and Belle-II are shown. For flavour and
EW observables only, two different future scenarios (LCF and FCC-ee) are considered.

Fig. 5.17: Combined fit of RD(⇤) and other flavour, EW, and collider observables sensitive to the

semileptonic operators O(1)
`q and O(3)

`q , with third-generation fields and flavour-mixing parameter
e (see text). The gray areas denote the preferred region for the model parameters from the
current global fit. Future projections for flavour and EW observables at the end of HL-LHC and
Belle-II (2040), and after FCC-ee, assuming central values for the observables from the current
best fit point and projected uncertainties, are also shown. The individual constraints from the
most relevant observables at FCC-ee are indicated with coloured bands.
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• Complementarity Electroweak/Flavour:
EFT bounds: EW vs. Flavour  

New physics in 3rd family (U(2)5 flavour “protection”)
BSM: Vector lepto-quark (3rd gen.)

Complementarity: Best bound depend on operator                                  
(and flavour assumptions of BSM)
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Fig. 8.14: Current constraints and projected sensitivities at 95% CL on the vector U1 lepto-
quark coupling predominantly to third-generation quarks. Left: Leptonic couplings only to the
third generation. The green shaded region indicates the 2s preferred region to explain current
R(D(⇤)) measurements. Right: Leptonic couplings only to the second generation.

but FCC-ee [ID233, ID242] could measure these decays to ⇠20% precision (see Chapter 5),
greatly enhancing sensitivity to third-generation couplings. In the right plot, the non-zero cou-
plings are bµb = 1, bµs = 0.1. Current LHC exclusions [430–432] are shown in grey. Here,
current Bs ! µµ limits already impose strong constraints, and future improvements are limited.
However, direct searches at HL-LHC, Muon Collider, and FCC-hh remain sensitive to higher
masses, and µµ ! j j at the Muon Collider offers additional indirect reach. Additionally, Muon
Collider searches for flavour changing contact interactions can provide complementary sensi-
tivity to the bsµµ interaction. At linear colliders and FCC-ee, leptoquarks coupling to electrons
can be tested indirectly through e+e� ! qq̄ processes (see e.g. [433]).

To summarise the experimental messages of this section, new gauge bosons with cou-
plings to fermions can be well tested indirectly through their fermionic contact interactions.
Significant tree level effects occur in f f̄ ! f 0 f̄ 0 processes if the boson couples directly to elec-
trons (for e+e�) machines, quarks (for hadron machines) or muons (for a muon collider). In
these cases, sensitivity depends mostly on the energy of the collider. If the boson couples to
a Higgs current, then it will modify Z boson properties and can be sensitively probed by a
precision Tera-Z programme. Bosons with flavour non-universal couplings to quarks will in
general mediate flavour changing neutral currents, which can also be studied at a Tera-Z pro-
gramme, which will in particular cover new ground for bosons which couple predominantly to
third generation leptons.

8.5 Portals
A motivated class of scenarios connecting the SM to a broader framework involves portals:
renormalisable or higher-dimensional interactions linking SM fields to new sectors, often tied
to DM, neutrino masses, or other cosmological puzzles. These sectors may be neutral under
SM forces, making portals the only experimental window into their dynamics. Despite their
simplicity, portals yield rich phenomenology, from modified Higgs and electroweak properties
to missing-energy or LLP signatures. Here we focus on four representative cases, dark photons,
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Fig. 8.13: Current constraints and projected 95% CL sensitivities on new flavoured vector
bosons from a deconstructed gauge model. Left: Parameter space for a Z0 singlet from a de-
constructed U(1)Y symmetry. Right: Parameter space for a W 0 triplet from a deconstructed
SU(2)L symmetry. The pale blue shaded region is disfavored by Higgs naturalness, while the
solid grey horizontal regions at very large and very small q indicate a coupling becoming non-
perturbative.

U(1)Y model, while the right plot shows the parameter space of the W 0 of the deconstructed
SU(2)L model. The light grey region on both plots is disfavored by naturalness, with Higgs
mass corrections dm2

h > 1TeV2. For small q , couplings to the third generation and the Higgs are
enhanced, making electroweak precision tests at the Z pole most relevant. For large q , couplings
to light generations dominate, so Drell-Yan and e+e� ! f f̄ processes are more sensitive. The
gauge basis is aligned with the up-quark mass basis. In the SU(2)L model, Tera-Z precision
at FCC-ee could probe all of the natural region at 95% CL. For the U(1)Y model, Higgs mass
corrections are smaller and projected constraints weaker due to gY < gL. Tera-Z projections
assume the “aggressive” theory uncertainties as presented in the Electroweak, Top, and Higgs
Chapter 3. The region to the left of the black line can be reached by direct production at FCC-
hh [424].

Vector leptoquarks with dominant couplings to third-generation quarks and leptons can
explain observed anomalies in the R(D(⇤)) observables, which test lepton universality in semilep-
tonic B decays. They may also arise as heavy gauge bosons in flavour-deconstructed or flavour-
specific Pati-Salam models [425, 426]. We consider a simple model with couplings only to left
handed fermions, described by the Lagrangian:

LU1
� gUp

2
bi jQ̄

i
LgaL j

LUa
1 +h.c. . (8.3)

Figure 8.14 shows current constraints and future sensitivities for this model under two
leptonic coupling scenarios. In the left panel, non-zero couplings are set to btb = 1, bts = 0.1.
Current LHC exclusions [427] are shown in grey, and the green band marks the 2s region
favoured by R(D(⇤)) measurements. Direct pair production and t-channel exchange at HL-LHC,
Muon Collider, and FCC-hh [ID227, ID247] [428] will probe higher masses, while indirect
constraints from electroweak precision measurements at FCC-ee, LEP3 or LCF offer crucial
complementary reach [429]. Notably, current bounds on b ! stt are far above SM predictions,
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aCAFPE and Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E–18071 Granada, Spain

Abstract

LaTeX materials.

1 Beyond the Standard Model

V (�, S) = �µ2
� |�|2 + �� |�|4 + b1S � µ2

SS
2
+

b4
4
S4

+
a2

2
|�|2 S2

+
b3
3
S3

+
a1

2
|�|2 S

LSM = �1
4
Fµ⌫F µ⌫

+  ̄i⇢⇢D + Dµ�Dµ�� V (�) �
⇣
Yij ̄i

L� 
j
R + h.c.

⌘

LBSM = �1
4
Fµ⌫F µ⌫

+  ̄i⇢⇢D + Dµ�Dµ�� V (�) �
⇣
Yij ̄i

L� 
j
R + h.c.

⌘
+

�1
4
W a

µ⌫W
µ⌫ a � 1

4
Bµ⌫Bµ⌫

�1
4
GA

µ⌫G
µ⌫ A

�1
4
Fµ⌫F µ⌫

+  ̄i⇢⇢D 

�Yij ̄i
L� 

j
R + h.c.

+Dµ�Dµ�� V (�)

� ! h�i

†E-mail: deblasm@ugr.es

1BSM Physics

SM

???

Neutrino Physics

?
Dark Sectors

Neutrino Physics = New Physics

Neutrino Physics

???

What is the origin of neutrino masses?

Jorge de Blas - U. of Granada 
Highlights of the Physics Studies towards the 2026 ESPP Update 

November 20, 2025 37



Electroweak Physics

Flavour Physics

Strong Interactions

July 7, 2025

LaTeX materials for 2025 EPS-HEP talks

J. de Blas
a†
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• We know that neutrino have masses ⇒ Neutrino Physics is BSM physics

•  What we do not know:

‣ Their ordering and absolute scale

‣ CP violation

‣ Their nature

‣ What generates them?
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- Accelerator neutrino, long-baseline experiments:
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T2K beam 
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- Wide-band energy beam 
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- Start beam in 2031 with staged approach

Proven technology 
boosted by factor ~20

Starts of data taking 
in 2028 

3High complementarity

- T2K, NOVA → HyperKamiokande, DUNE (both experiments have ~40/50% European collaborators)
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Fig. 6.3: Sensitivity achievable by the various neutrino oscillation experiments on MO (left) and CP
violation (right), according to the present schedule. On the right, the points shown correspond to 5y and
10y of Hyper-K, and 7y,10y and 20y of DUNE. True NO is assumed in all cases. The dependence on the
true octant is shown for the MO plot. It is also shown for the DUNE dCP sensitivity, while the HyperK
CPV reach assumes upper octant (sin2 q23 = 0.528). The estimation of Hyper-K 5y sensitivity to dCP is
available with beam data only, so we show the result if the MO is known, and if it is not. This range
encompasses any dependence on the true octant, which is estimated to be few percent for known MO.
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Fig. 6.4: Precision achievable by the various neutrino oscillation experiments on |Dm2
23|, sin2 q23, dCP

(from left to right). The grey area indicates the present precision (from PDG2024). The precision
achievable on sin2 q23 depends on its value (as reported for Hyper-K, for example). For this parameter,
the central point of the 3s region is shown as the central value, and 1/6th of the 3s range is shown as
uncertainty.
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Table 6.4. Upper limits of mne
< 19 eV and mne

< 27 eV have been achieved by the ECHo and
HOLMES experiments, respectively. The expected sensitivity targets for the upcoming phase
of these projects are shown in Fig. 6.7. Scaling to the sub-eV scale, however, presents a number
of significant experimental challenges. A minimum of 106 detectors would need to be operated
in order to achieve the necessary statistical accuracy. In addition, there is currently no suffi-
ciently precise knowledge of the electron capture spectrum. Advances on both these technical
and theoretical fronts are necessary.

On the tritium beta decay front, there are four experimental efforts currently underway:
Project-8 [ID225], QTNM [301], KATRIN++ [ID132], and PTOLEMY [ID28]. Each of these
experiments make use of a differential spectral measurement (in contrast with the integrated
signal of KATRIN) in order to ascertain the neutrino mass, thus providing a statistical boost to
enhance sensitivity. In addition, these experiments are planning to use atomic tritium as source.
An atomic source removes an irreducible systematic uncertainty that comes from using molecu-
lar tritium, mainly related to the rotational and vibrational final states following the tritium beta
decay. PTOLEMY uses atomic tritium embedded on graphene, which allows for surface load-
ing of tritium, but final-state effects due to delocalization are expected. The development of an
atomic tritium source requires production, cooling and trapping with extreme high purity lev-
els. Leveraging on the Karlsruhe Tritium Laboratory (TLK), Project-8, QTNM and KATRIN++
collaborations are joining efforts in the global consortium Atomic Pathfinder at TLK, to address
this common challenge. The planned sensitivity to the neutrino mass of the upcoming phase of
the tritium experiments is also shown in Fig. 6.7.

sE Bg

3H
KATRIN (I) 1eV 0.15 cps
Project-8 (D) 1.7eV 3 ·10�10 cps/eV

163Ho
HOLMES (D) 7eV 2 ·10�9 cps/eV
ECHo (D) 8.3eV 4 ·10�11 cps/eV

Table 6.4: Performance figures of running differ-
ential (D) and integrating (I) neutrino-mass detec-
tors: energy resolution, sE , and background level
in counts-per-second (cps), and per eV in the case
of differential measurements.

Fig. 6.7: Upper bounds on mne
⌘
q

Âi |Uei|
2m2

ni
of

running experiments (solid) and expected sensitiv-
ities by future upgrades/projects (dashed).

Regarding energy measurements, Project-8 has recently pioneered a new technique to
measure the electron energy using cyclotron emission from radiating electrons (CRES). It al-
lows for a high precision differential measurement resulting in an excellent background level.
The technology has been demonstrated in a small prototype, O(mm3), using molecular tritium
and a limit of mne

 155 eV has been obtained. Despite the excellent energy resolution inher-
ent in the technique, the experiment still faces significant experimental challenges, including
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• CP violation?
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• The nature of neutrinos:  Majorana? (Testable via 0νββ decay exp.) ⇒  new physics scale is connected to 

neutrino masses:

• BSM models for physics at Λ?

Appendices
A Technical details of the Standard Model Effective Field Theory
Effective theories provide a simplified description of physical systems which admits a separa-
tion of scales, focusing on the dynamics of the relevant degrees of freedom at a given scale.
This assumptions is applicable to the descriptions of extensions of the SM involving high-
energy states, as long as these are too heavy to be produced in experiments. The SM is expected
to be completed by a more fundamental theory with new degrees of freedom able to provide
answers to the open questions. No clear evidences for new states has been found yet by the
direct searches performed at the LHC, hence it is natural to assume that these states lies well
above the electroweak scale. In other words, it is natural to assume a separation between the
electroweak scale and the scale of new physics. In this perspective, the SM can be viewed as
an effective low-energy description of a more general theory (UV completion) characterized by
new states with masses above a cut-off scale L. At energies below such cut-off, the impact of
these new degrees of freedom manifests only through contact interactions among SM fields.
These can be described in general terms using the formalism of Effective Field Theories (EFT).

An EFT is a well-defined quantum field theory with an intrinsic energy limitation (E < L),
whose structure is completely determined by two main ingredients: (1) the field content describ-
ing the states that can be produced on-shell at energies E < L; (2) the global and local sym-
metries acting on these states. In an EFT, physical amplitudes are computed in a perturbative
expansion in powers of E/L. This expansion defines a power counting for the tower of local
operators describing the new contact interactions. This power counting can be supplemented by
additional rules to classify the relevance of the effective operators based on possible breaking
of the global symmetries or other assumptions about the underlying dynamics.

To construct an EFT that reproduces the SM at low energies, the natural starting point
is to adopt the field content and local symmetries of the SM. The resulting theory, where the
physical Higgs boson is assumed to belong to an SU(2) doublet, is known as the Standard
Model Effective Field Theory (SMEFT). In principle, however, other possibilities exist. For
example, it is not necessary to assume that the massive Higgs boson belongs to a doublet: it can
instead be treated as a SU(2) singlet, with the longitudinal components of the W and Z fields
arising from Goldstone bosons in a generic non-linear representation of electroweak symmetry
breaking. This alternative leads to a more general EFT, referred to as the Higgs Effective Field
Theory (HEFT). In this Book, however, we will restrict our attention to SMEFT.

In what follows, we briefly describe the notation and conventions used in this study in
the use of the SMEFT. For more details we refer to the reviews in [1088, 1089]. We discuss
key details about the assumptions used in our comparisons, in particular regarding the flavour
structure of the new physics, of relevance for the discussion in Chapters 3 and 5, and the inter-
pretation of the SMEFT results to set bounds on specific UV scenarios, related to the models
discussed in Chapter 8.

Notation and conventions
In the SMEFT, the effective operator of lowest order in the 1/L expansion is a single term of
dimension five:

DL
(5)

SMEFT =
(C5)i j

L
(lc i

L f̃⇤f̃ †l j
L)+h.c. . (A.1)

This operator violates lepton number and, after electroweak symmetry breaking, generates Ma-
jorana neutrino masses, thus being of especial relevance for neutrino physics.
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Joachim Kopp — Open Questions in Fundamental Physics

Neutrino Portal: SM ν can mix with singlet fermions 
(sterile neutrinos = heavy neutral leptons = right-handed neutrinos) 
➠ the only renormalisable SM coupling to singlet fermions 
    (dark matter?)
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Fig. 6.9: Majorana mass scale in the neutrino portal or Type-I see-saw model.

Y T v2

MY (with v the Higgs vev), and n are heavy with masses mheavy µ M. The light neutrino
mixing matrix is only approximately unitary up to corrections of O(

mlight
mheavy

). The known neutrino
masses do not allow for disentangling Y and M and therefore the scale of the heavy states
is presently unconstrained, but different ranges give rise to interesting phenomenology, see
Fig. 6.9.

If the scale M is in the O(eV ) range, the heavy neutrinos can participate in oscillations,
that is they are light sterile neutrinos, and may help resolve some of the anomalies found in
neutrino oscillation experiments. An intense scrutiny of these anomalies has been carried out in
recent years with several dedicated experiments. The MiniBoone anomaly [322] has not been
confirmed by MicroBooNE [323], and a tension between the two experiments is emerging. This
will be further explored in the SBN programme at Fermilab. The reactor anomaly [324, 325]
seems to be explained by systematic uncertainties in the neutrino flux [326], while several
experiments NEOS [327], STEREO [285], PROSPECT [328], DANSS [329], SOLID [330]
and Neutrino4 [331] have explicitly searched for an L/E dependence of reactor neutrinos. All
except one experiment have excluded an L/E variation compatible with the reactor anomaly.
Finally, while the Gallium anomaly has been reinforced by the recent results of the BEST ex-
periment [332], the possible explanation based on light sterile neutrinos has been excluded with
high significance by various experiments, notably KATRIN [333]. The presence of light sterile
neutrinos is nevertheless best tested through neutrino oscillation experiments, either exploring
an L/E dependence or searching for non-unitarity effects in the mixing matrix.

If the scale of M is larger, there exist heavy neutral leptons that couple via charged and
neutral currents to the three lepton flavours. Depending on their mass range, constraints on
their mixings to the e,µ or t , from b -decay, reactor, 0nbb , rare meson decays, gauge boson
and Higgs boson decays in colliders or electroweak precision tests can be obtained. Very strong
constraints can also be derived from cosmological observables for masses below GeV. The
parameter space for masses & GeV is broadly consistent with successful baryogenesis, and will
be further probed in future experiments. Future limits from various neutrino experiments (e.g.
KATRIN/Tristan, DUNE, Hyper-K, etc.) will be competitive in the future. A compilation of
future constraints in the large mass range can be found in Fig. 8.19 in Chapter 8.

Beyond the neutrino portal, neutrino experiments, particularly near detectors in neutrino
oscillation experiments that are located near intense beam dumps, or neutrino experiments close
to colliders, will significantly contribute to searches for long-lived particles and general feebly-
interacting or dark sectors. Major contributions are expected from several facilities in the near
future: the short-baseline neutrino programme at Fermilab (SBND ID232 and ICARUSID226),
the beam dump experiments at the SPS at CERN [ID145], the forward physics programme at
the LHC [ID19, ID23, ID63], coherent neutrino scattering measurements, and the near detector
complex at DUNE [ID118] and Hyper-K [ID238] with 1-2 MW proton beams. Nevertheless,
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Mode PDG24 Future

(⇥1034years) (⇥1034years)
p ! e+p0 > 2.4 > 7.8 Hyper-K

> 3.8 THEIA
p ! n̄K+ > 0.59 > 1.3 DUNE

> 3.2 Hyper-K
> 1.9 JUNO

n ! e+K� > 3.2 ·10�3 > 1.1 DUNE

(⇥108 seconds) (⇥108seconds)
n� n̄ > 4.7 > 5.5 DUNE

> 10�103 HIBEAM/NNBAR (ESS)

Table 6.6: Present limits from the PDG2024 on partial lifetimes at 90%CL of selected proton and
neutron B-violating decay modes and neutron-antineutron oscillations. The expected limits from future
projects are shown assuming the exposures: 1900 Mton·y (Hyper-K), 400 kton·y (DUNE), 200 kton·y
(JUNO) and 800 kton·y (THEIA). ESS will have the unique capability to look at n � n̄ oscillation in
vacuum with the HIBEAM (NNBAR) proposal [ID179].

In the SMEFT, neutrinos are part of the lepton doublet and as a result NSI are accompa-
nied by new interactions of charged leptons, which are often better constrained. Nevertheless,
recent analyses [317, 318] have shown that some of the operators that induce NSI are uncon-
strained or poorly constrained from electroweak and charged flavour observables, while oscil-
lation data and CEnNS measurements can significantly improve the limits. Neutrino data are
therefore relevant and need to be included in global fits of the general SMEFT.

NSIs can also arise from the exchange of mediators below the electroweak scale. At
energies below the mass of the mediator, the Weak Effective Field Theory (WEFT), where the
massive EW gauge bosons are also integrated out is adequate. It includes NSI as in Eq. (6.3),
not necessarily correlated to similar interactions involving charged leptons. Even if correlations
with charged lepton interactions are absent, a self-consistent global analysis of NSI is highly
non-trivial [319]. For example NSI can change the commonly assumed adiabaticity condition
in solar neutrino propagation. Although a global analysis including future constraints has not
been carried out at the same level of rigour as with present data, significant improvements on
present constrains are expected in future neutrino oscillation experiments [320], and should
be pursued. On the other hand, recent analyses have also demonstrated the importance of the
forward physics programme at LHC in this context. For instance, the constraints on some of
the flavour-changing e parameters can be improved in FASER-nu and SND@HL-LHC even
beyond the very stringent limits from other flavour observables [321].

It is important to stress that the presence of new states below the EW scale generically
induces other effects beyond NSIs, since these states can be produced in particle collisions. The
phenomenology is, however, model dependent and it is difficult to draw general conclusions.
Minimal models, such as the SM portals, provide a good starting point to analyze these low-
scale new physics scenarios. Neutrino experiments are specially relevant in the context of the
neutrino portal, which is equivalent to a low-scale Type-I see-saw model with n extra singlet
fermions, N:

LNeutrino Portal = LType�I = �iL̄Y s2H⇤N � N̄MNc. (6.4)

The model gives generically 3 + n Majorana neutrino states, three of which are light , mlight µ
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Fig. 8.19: Exclusion limits for HNLs mixing with muon (Top) and electron (Bottom) neutrinos.

collider experiments like ATLAS, CMS, LHCb [ID81], as well as at the LHeC [ID214] in
the case of electron-coupling dominance, probe masses above the b-quark threshold, though
their ultimate sensitivities are significantly below the FCC-ee reach. FCC-hh [ID227, ID247]
capabilities remain to be fully explored, including proposals for dedicated detectors, such as
the mid-h@FCC-hh [468]. HNLs above 100 GeV become accessible at high-energy colliders
such as LCF [ID140], FCC-hh, or a muon collider [ID207]. Moreover, experiments like SHiP
[ID145] and FCC-ee [ID242] offer observation sensitivity to over an order of magnitude im-
provement in coupling reach beyond HL-LHC exclusion power, and unique opportunities to
study HNL properties if hints emerge during HL-LHC operation.

Finally, electroweak precision observables provide indirect constraints on |U`|
2 at the level

of 10�4 �10�2, depending on the ` flavour and HNL mass, up to masses far beyond the reach of
any current or future collider [469, 470]. These constraints are expected to improve by another
two orders of magnitude in |U`|

2 in the FCC-ee era [471–473].

141

BSM benchmark:  
Heavy neutral leptons (HNL)

ν  Exp. Fixed target Collider Exp.

Figure 1: Diagrams for production and decay of a heavy neutral lepton in the decay of a
Z boson.

the mixing parameter UµN with the active neutrino. Prompt and long-lived signatures are
both possible, depending on the value of those parameters.

Two decay channels are considered:

• a fully leptonic final state µ
+
µ
�
⌫, which yields a very clean final state signature, and

is produced both through the mediation of a charged and a neutral vector boson. The
branching fraction is approximately 5% over the parameter range of interest.

• The semileptonic decay into µjj
0, where j, j

0 are jets from qq̄
0 pairs coming from the

charged vector boson coupling with HNL and the muon. This channel is the most
copiously produced, with a total branching fraction of approximately 50% over the
full HNL mass range of interest. Moreover, this channel, with a single neutrino in the
final state, allows the complete reconstruction both of the mass of the HNL and of
the energy of the recoiling neutrino from the Z decay, providing a very strong handle
for the reduction of non-resonant background sources.

The present study complements and completes the results shown in the Snowmass re-
ports [3, 4], which focused on long-lived signatures, and for which the results including
consideration of experimental effects were limited to leptonic decays of the HNL. The ex-
perimental sensitivity of a future circular e

+
e
� collider to the prompt HNL decay in µjj

0

has been studied in a master thesis [5] and in two papers focused on the CEPC collider in
China [6, 7]. We improve on the previous work by performing a full Monte Carlo study
based on a parametrised simulation of the expected performance for the IDEA detector
proposal [8]. Background studies rely on the centrally produced large background statistics
for the FCC Physics-Experiment-Detector (PED) studies [9]. Both prompt and long-lived
(LLP, long-lived particles) signatures are studied in an integrated environment, which offers
the possibility of statistically combining the different channels studied.

The paper is organised as follows. We first describe the generation of signal and back-
ground followed by a description of detector simulation and event reconstruction, with
special focus on the reconstruction of vertices in the inner detector and of hadronic jets. In
the following two sections, the fully leptonic and semi-leptonic analyses are described sep-
arately, arriving at the definition of optimal signal regions. Based on these selections, the
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• The evidence for the existence of some form of Dark Matter seems incontrovertible       

                          

• Dark Matter/Dark Sectors: many models for DM candidates
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Open Questions in Physics: Baryons
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Valuable information at future collider experiments 
Complementary to Direct and Indirect detection
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Direct Detection - Collider complementarity (Precision Higgs)

10�1 100 101 102 103 104

m� [GeV]

10�50

10�49

10�48

10�47

10�46

10�45

10�44

10�43

10�42

10�41

10�40

D
M

-n
uc

le
on

� S
I
[c

m
2 ]

DarkSide-20k

Argo
XLZD 300ty

XLZD 1000ty

FCC-hh

FCC-ee
MuC

ILC

HL-LHC

Neutrino fog
(DD, Xe)

Direct detection

LHC (ATLAS)

10�1 100 101 102 103 104

m� [GeV]

10�50

10�49

10�48

10�47

10�46

10�45

10�44

10�43

10�42

D
M

-n
uc

le
on

� S
I
[c

m
2 ]

DarkSide-20k

Argo

XLZD 300ty

XLZD 1000tyFCC-hh

FCC-ee

MuC

ILC

HL-LHC

Neutrino fog
(DD, Xe)

Direct detection
LHC (ATLAS)

Fig. 9.9: Collider limits overlaid onto direct detection. (Top) Assuming Higgs portal scalar DM,
(Bottom) Assuming Higgs portal Majorana DM. The grey area represents current constraints
from direct detection experiments. Future projections for XLZD [713] and DarkSide [718] are
overlaid. The notebook to generate the figure is available at [660].

nated by prompt dilepton resonance searches: HL-LHC and FCC-hh reach is extrapolated from
CMS dark photon analyses using high-rate scouting and offline triggers [761,762]. Lepton col-
liders (ILC [763] and CEPC [764], FCC-ee [765], and Muon Collider [448]) exploit associated
production and radiative return channels to probe lower e values with high precision.

Axion-like particles (ALPs) In collider environments, ALPs can be produced either res-
onantly or through exotic decays of the Z or Higgs bosons, such as Z ! ag , h ! aZ, or h ! aa.
Additional production channels include vector boson fusion and associated production at e+e�

colliders. Ultra-peripheral collisions of heavy ions, where ALPs may be produced in the quasi-
coherent scattering Pb + Pb ! Pb(⇤) + Pb(⇤) + a [ID68], also provide a promising probe. Col-
lider sensitivities are shown in Fig. 8.16, where projections typically assume CWW = 0 and
are derived from limits on Cgg/L converted into gagg as in [766]. At e+e� colliders, FCC-
ee is particularly sensitive at the Z pole via the exotic decay Z ! ag [766, 767], considering
both visible and mono-photon channels. Hadron colliders such as the FCC-hh, and heavy-ion
searches in FCC-Pb and ALICE access ALP production through gluon fusion and photon fu-
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are derived from limits on Cgg/L converted into gagg as in [766]. At e+e� colliders, FCC-
ee is particularly sensitive at the Z pole via the exotic decay Z ! ag [766, 767], considering
both visible and mono-photon channels. Hadron colliders such as the FCC-hh, and heavy-ion
searches in FCC-Pb and ALICE access ALP production through gluon fusion and photon fu-

164

Higgs portal scalar DM Higgs portal Majorana DM

Covers region unexplored by direct detection experiments due to Neutrino “fog”

From reach of H→invisible

20

eV keV MeV GeV TeV MPlanck
MN

Light 

Light mass range: theory
• Cosmological thermal “freeze-out” abundance:

• Dark sector can couple to SM via “portals”:

ℒ = "SM × "dark =

ϵBμνF′ μν

|H |2 S, |H |2 S2

LHNR

aFF̃

: dark photon portal,

: Higgs portal,
: neutrino (HNL) portal,

: axion-like particle (ALP) portal.

For   : new small coupling.mχ ≪ 100 GeV, g2
χ ≪ 0.01

Ωχh2 ∼ 10−26 cm3/sec
⟨σv⟩ ∼ 0.1 ( 0.01

g2χ )
2

( mχ

100 GeV )
2

for ⟨σv⟩ = g4
χ /m2

χ .

SM DS
‘’portal’’

• Thermal “freeze-in” at tiny gχ :
Ωχh2

gχ

freeze-outfreeze-in

Ωχh2

T

 : smallgχ

 : largegχ

T ∼ mχLighter and feably-coupled DM require alternative production mechanisms and  
detector tecnologies

keV-GeV

Light mass range: theory
• Cosmological thermal “freeze-out” abundance:

• Dark sector can couple to SM via “portals”:

ℒ = "SM × "dark =

ϵBμνF′ μν

|H |2 S, |H |2 S2

LHNR

aFF̃

: dark photon portal,

: Higgs portal,
: neutrino (HNL) portal,

: axion-like particle (ALP) portal.

For   : new small coupling.mχ ≪ 100 GeV, g2
χ ≪ 0.01

Ωχh2 ∼ 10−26 cm3/sec
⟨σv⟩ ∼ 0.1 ( 0.01

g2χ )
2

( mχ

100 GeV )
2

for ⟨σv⟩ = g4
χ /m2

χ .

SM DS
‘’portal’’

• Thermal “freeze-in” at tiny gχ :
Ωχh2

gχ

freeze-outfreeze-in

Ωχh2

T

 : smallgχ

 : largegχ

T ∼ mχLight mass range: theory
• Cosmological thermal “freeze-out” abundance:

• Dark sector can couple to SM via “portals”:

ℒ = "SM × "dark =

ϵBμνF′ μν

|H |2 S, |H |2 S2

LHNR

aFF̃

: dark photon portal,

: Higgs portal,
: neutrino (HNL) portal,

: axion-like particle (ALP) portal.

For   : new small coupling.mχ ≪ 100 GeV, g2
χ ≪ 0.01

Ωχh2 ∼ 10−26 cm3/sec
⟨σv⟩ ∼ 0.1 ( 0.01

g2χ )
2

( mχ

100 GeV )
2

for ⟨σv⟩ = g4
χ /m2

χ .

SM DS
‘’portal’’

• Thermal “freeze-in” at tiny gχ :
Ωχh2

gχ

freeze-outfreeze-in

Ωχh2

T

 : smallgχ

 : largegχ

T ∼ mχ

Dark Matter: Light Dark Matter Benchmark   
 

Light mass range: theory
• Cosmological thermal “freeze-out” abundance:

• Dark sector can couple to SM via “portals”:

ℒ = "SM × "dark =

ϵBμνF′ μν

|H |2 S, |H |2 S2

LHNR

aFF̃

: dark photon portal,

: Higgs portal,
: neutrino (HNL) portal,

: axion-like particle (ALP) portal.

For   : new small coupling.mχ ≪ 100 GeV, g2
χ ≪ 0.01

Ωχh2 ∼ 10−26 cm3/sec
⟨σv⟩ ∼ 0.1 ( 0.01

g2χ )
2

( mχ

100 GeV )
2

for ⟨σv⟩ = g4
χ /m2

χ .

SM DS
‘’portal’’

• Thermal “freeze-in” at tiny gχ :
Ωχh2

gχ

freeze-outfreeze-in

Ωχh2

T

 : smallgχ

 : largegχ

T ∼ mχ



Electroweak Physics

Flavour Physics

Strong Interactions

July 7, 2025

LaTeX materials for 2025 EPS-HEP talks

J. de Blas
a†
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Fig. 9.7: The 2s sensitivity reach for the wino (Left) and the Higgsino (Right). Pink bars
indicate the experimental reach assuming each candidate makes up 100% of the DM, with
CTAO prospects shown [744–747]. Filled pink bars indicate present exclusion. Black bars show
collider reach via disappearing track searches. Blue blocks mark the kinematic limits of various
collider setups, while grey blocks indicate indirect sensitivity from precision measurements.

for the HL-LHC [751], FCC-hh (rescaled to the current nominal c.o.m. energy) [752], where
the main collider signature is production of charged states that decay into soft SM particles
and the neutral state. Searches therefore focus on large missing energy and soft decay products
inside the detector. At a Muon Collider [753] the reach for Higgsinos is enhanced due to the
possibility of soft track reconstruction, which allows sensitivity beyond 1.1 TeV. Indirect probes
via electroweak precision observables can further extend the reach in a model-dependent way,
beyond the kinematic limit. These are shown as indirect constraints in Fig. 9.7.

Direct detection experiments have limited sensitivity to pure Higgsino scenarios as the
spin-independent scattering cross-section lies below the onset of the neutrino fog, while the
wino cross-section is above it. Featuring a large annihilation cross section enhanced by Som-
merfeld effects, winos and Higgsinos are a prime target for indirect detection through gamma
rays, discussed in Sect. 9.4.2.
Simplified Models: Axial-Vector and Scalar Mediators Simplified models provide a tractable
framework allowing collider searches to be interpreted in terms of a small number of well-
defined parameters. In the benchmark scenarios considered here, as in Ref. [3, 754], the dark
sector consists of a single Dirac fermion DM particle and a single mediator. The key parameters
are the masses of the mediator and DM particle, and their couplings to SM and DM fields. The
mediators considered here can be scalar, pseudoscalar, or axial-vector bosons. Figure 9.8 shows
the projected reach, compared with direct detection searches. The specific DM mass choices
represent the points of approximate maximum sensitivity for direct detection, where sensitivity
reach varies significantly with mass. Not shown, Muon Colliders also have sensitivity through
mono-W analyses [755].

Figure 9.6 (top) shows the comparison between collider and direct detection sensitivities
for a scalar mediator, where collider reach is recast as a constraint on the DM–nucleon scattering
cross-section. Collider searches can reach DM masses up to the TeV scale, even when the medi-
ator is significantly heavier than the DM particle, whilst direct detection can probe DM masses

162

Example: Wino and Higgsino scenarios 
‣Direct detection: Limited sensitivity 

for Higgsino
‣Direct searches: WIMP mass range within the FCC-hh & MuC reach 
‣Indirect searches: Model-dependent bounds from EWPO

Direct Detection - Collider complementarity (Direct searches & EWPO)
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• Disclaimer: Only a subset of the physics studies prepared for the Briefing Book was summarized here, 
focused on the physics potential of large scale projects for a future collider at CERN. Not covered:
‣ QCD:  Aspects related to Hot and dense QCD, connections with Astroparticle physics, …

‣ Prospects for flavour measurements at low scale experiments

‣ Cosmic messengers
‣ Many of the zillion benchmarks prepared by the BSM WG

‣ And more… ⇒ Read the book!

• Most of the proposed future colliders were planned for (and can bring significant progress in terms of) 
precision Higgs physics. Progress in other areas is “collider dependent”:

‣ Circular e+e- colliders: EWPO, Flavour ⇒ Access to high energies when followed by a future pp or 

MuC options

‣ Linear e+e- colliders: high-energies (Top, HH, …)

‣ ep colliders (LHeC): QCD physics, heavy ions, PDFs (relevant for future pp colliders), … 

• To fully exploit the experimental capabilities of any future collider, significant progress on the theory 
side will be needed…
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Conclusions
Progress in only one of these areas is not enough

Interplay between different areas is deep and necessary to maximize our chances of learning about BSM: 

Via exploration of BSM space in complementary ways: Direct/Indirect (EW/Higgs/Flavour/Neutrino/…) 

Enabling the precision of measurements/reducing uncertainties in the interpretation: Theory precision (e.g. QCD)

In absence of a clear hint of what we are looking for, what matters most in any future experiment is to 
have access to the largest possible collection of measurements (at the highest precision possible)  

plus a theory program that can match the EXP precision 


