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This talk 
My goals: 

• To remind ourselves of the wonderful physics we are dealing with 

• Unavoidably incomplete and biased! 

My hope:  

• To provide a modicum of inspiration as we enter our deliberations this week
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Amsterdam and Venice
✓ Canals & Boats 

✓Many, many tourists 

- Amsterdam: “Venice of the North”. Only approximate symmetry
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City inspiration
Amsterdam 

• Amsterdam has a negative groundstate: -1 to -4 meters below sea level 

• We live behind a domain wall 

• In a meta stable local universe 

Venice 

• Altitude is fine tuned to just above sea level:  0 to +1 meters.  

• By negative corrections from sea water rise,  positive from flood barriers 

Very inspiring: Lido!  

• With one-loop correction for precision
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ESPP 2020 - Theory

Europe, and CERN, has continued to provide support for a broad theory programme 

• With natural national variations 

Connections with cosmology, astroparticle and nuclear physics are natural and strong 

• Very much intertwined in everyday research.  

• EUCAPT center [@ CERN Theory Group] coordinates PP, AP, Cosmo theory efforts 

Lots of efforts on tools for experiments (Monte Carlo’s, fixed order calculations, EFTs etc), and for other 
theorists (loop methods etc) 

• The importance of this is broadly recognized  

All will also be important for the next update period!
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Europe should continue to vigorously support a broad programme of theoretical research covering the full spectrum 
of particle physics from abstract to phenomenological topics. The pursuit of new research directions should be 
encouraged and links with fields such as cosmology, astroparticle physics, and nuclear physics fostered. Both 
exploratory research and theoretical research with direct impact on experiments should be supported, including 
recognition for the activity of providing and developing computational tools.



Where are we are and where are we going?
We have found all particles of the Standard Model.  

But we have not measured all interactions and parameters!  

• Higgs self interactions, Yukawa’s, neutrino masses etc! 

Doing this is, and should be, a central goal of our field.  

More generally, we should resolve to explore, to gather knowledge, about the physics of the Standard Model, and 
beyond.  

Doing this is very hard. We need a broad approach, with insights from the HL-LHC, a new flagship collider, 
enormous neutrino detectors, hypersensitive Dark Matter detectors, equisitely sensitive smaller experiments etc. 

Likewise, we need theory predictions much more precise that hitherto. And we need ideas, in many directions, 
for explanations, guidance, new connections etc. 

And we need the talent to do all this!
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Higgs mechanism
The Standard Model contains 4 scalar fields 

• Three of these scalars we “saw” in the early 1980’s, as part of the W and Z boson 
masses 

•  finally observed in 2012 

The Higgs mechanism 

• Provides masses for the W and Z bosons  

• Provides fermion mass terms through Yukawa interactions - standard mass terms 
are forbidden by the SM structure

h(x)

7

<latexit sha1_base64="RMYbECLGjFQ1wVGVROBrCCsjIsU="></latexit>

�(x) =

✓
�1(x) + i�2(x)
�3(x) + i�4(x)

◆
= exp

⇥
i U(x)

⇤ 1p
2

✓
0

� + h(x)

◆



Brout-Englert-Higgs
The (BE) Higgs field and its potential sit at the center of the Standard Model: 

• We assume the potential  

• with , so  groundstate is not fully invariant under SU(2)xU(1). Is this weird?  

• Not for condensed matter colleagues. They deal with 

• Ferromagnet, Bose-Einstein condensation of Cooper pairs in superconductors, … 

But we deal with the whole Universe!  

Let’s appreciate: the Higgs boson is a nugget of vacuum!

μ2 < 0
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Particle masses
The Higgs mechanism in the Standard Model predicts       

• In impressive agreement with experiment 

• After Newton and Einstein, we have established a new concept of “mass”! 

mi = gi υ

9

A. Collaboration Physics Reports 1116 (2025) 4–56

Fig. 24. Higgs boson coupling-strength modifiers and their uncertainties versus the particle masses, compared with the SM prediction [19]. For the
bottom and the top quark, the masses are evaluated at a scale corresponding to that of the Higgs boson mass. Loop-induced processes are resolved
according to the SM predictions, and no decays into non-SM particles are allowed.

through measurements of the coupling strengths. Furthermore they can be used as a basis for electroweak fits and BSM
interpretations.

The measurement of the production cross-sections in different kinematic regions, separated by decay mode, is
interpreted in the SM effective field theory (SMEFT) [158]. This allows effects of unknown phenomena at energy scales ω

that are large compared to the vacuum expectation value of the Higgs field, and that reduce to the SM at lower energies,
to be searched for without having to rely on a specific model. A complete set of higher-order-in-mass operators invariant
under the SM gauge group is built from the SM fields [159]. They are scaled by Wilson-coefficients, which are zero in the
SM. If dimension-five operators are ignored, because they violate lepton number conservation, the leading contributions to
physical observables are expected to come from dimension-six operators, which can describe CP-even or CP-odd couplings.
There are several complete sets (bases), of these dimension-six operators e.g., the Warsaw [160–162], Higgs [18,163] and
HISZ [164] bases.

Here, the Warsaw basis is used, and only CP-even operators are considered (see Section 7 for searches for CP-odd
effects). When parameterising the cross-section times branching ratios through SMEFT, the series needs to be truncated
by construction. Two different choices are considered: keeping only the linear terms of the new operators (proportional
to ω→2), or including quadratic terms (proportional to ω→4) as well, along with products of different Wilson coefficients.
The second choice is more complete, but also less consistent as it does not include terms from dimension-eight operators
with the same suppression factor. The input measurements do not allow constraints to be put on all relevant Wilson
coefficients simultaneously. The solution chosen in this analysis is a rotated basis, which allows linear combinations that
combine operators with similar predicted effects on the measurements [165].

Fig. 27 shows the fitted values of the rotated coefficients for the linear and the linear+quadratic fit, including their
uncertainties. All coefficients are compatible with the SM expectation of zero. The strongest constraints can be found
on coefficients which affect SM processes that are suppressed by small Yukawa couplings or include quantum loops.
The operators corresponding to ceH,22, ceH,33, cbH are effectively modifiers of the Higgs Yukawa coupling to muons, ε -
leptons and bottom quarks, respectively, while non-zero values of cHq would modify VH production. The eigenvectors e[i]

ggF
encapsulate changes to the ggF production and e[i]

Hϑ ϑ ,Zϑ could affect the H ↑ ϑ ϑ and H ↑ Zϑ decays.
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[CMS collaboration, 2022]

couplings to EW gauge bosons;

couplings to the third 
generation massive fermions;

coupling to the muon;

Barbara Anna Erdelyi

Higgs self couplings;

coupling to the electron;

couplings to the light quarks.

Higgs boson couplings

κ -parametrisation: κf =
ghff

gSM
hff
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Stress testing Higgs physics and SM

Our ambition:  

• make huge numbers of Higgs bosons, to 
scrutinize its properties and interactions. 

• stress test the Standard Model in many ways. 

Classic example: “closure test” of SM at FCC-ee 

 

 and  uncertainties 50x smaller 

• By scanning WW and  thresholds, using 
excellent knowledge of beam energy 

• Top quark mass extraction requires significant 
theory input

mW = f(mt, mh, GF, α, …)

mW mt

tt̄
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Higgs mass, width and couplings

Main process: radiation off a Z-boson 

• Reconstruct the Z-boson from leptons -> 4-vector for Higgs boson -> mass peak 

• Current mass: 125.11 +- 0.11 GeV 

• Expected FCC-ee precision: 4 MeV (mostly statistical) 

• Leads also to the total ZH cross section 

• Leads to Higgs width, using again Z-recoil, to per cent level accuracy 

• Only 4 MeV in SM 

With a Higgs factory we will improve our knowledge about the Higgs boson and 
its couplings tremendously.  

• By order of magnitude w.r.t   HL-LHC 

• Other EW parameters will be known much better too
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precision of δκλ from EFT global fit (FCC-ee + HL-LHC)

q Statistics-limited sensitivity comes from s ee➝ZH measurements at 240 and 365 GeV
u Thanks to the relative change with centre-0f-mass energy

q Estimate with present run plan and 2 IPs: ≥ 2s from kl = 0
u Analyses will improve, but no hope with 5 times less luminosity

(Discovery) 

q With 4 IPs and optimization of run plan: target ≥ 5s, dkl~20%
u Increase duration at 240 and 365 GeV (to 4 and 7 years)

l Reduce Z and WW run duration @ constant statistics

u Or better: increase specific luminosity and/or overall running time

l If it is worth doing, it is worth doing well  

Higgs self-coupling
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Atomic size

There is hope that FCC-ee can determine whether the electron mass is 
indeed due to the Higgs mechanism 

• Run a number of years at the H-pole:    to determine electon Yukawa 

• Serious  background 

• Experimentally very difficult: needs e.g. large reduction of Beam Energy 
Spread 

We would then understand the size of atoms!

e+e− → H

e+e− → qq̄
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Higgs self coupling

The HL-LHC can do better here than previously 
thought, through di-Higgs production 

Expect 7σ observation of process by ATLAS+CMS 

• Determination of tri-Higgs coupling to 30% 

What could FCC do? 

• FCC-ee: only via loop effects 

• But can still help constrain to about 20% 

• FCC-hh: percent level accuracy
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dominant production mode ggF 
with 2 diagrams that have destructive interference, k𝐠 also called k3 in the next slides

 

 

di-Higgs production at LHC 

Vector-boson fusion is the second dominant mode 

Associated productions, HHV HHtt have 
much smaller production cross-sections 
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Knowledge of Higgs potential
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CERN Council Retreat, Sinaia, Romania, August 2024Gavin Salam

Higgs potential

40

Studying H→HH probes 
specific mathematical property 

of the potential’s shape: 
its third derivative ( ), 
i.e. how asymmetric it is  

at the minimum 

[reconstruction in plot 
assumes higher derivatives as 

in SM]

ϕ3
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New physics sensitivities, via EFT
Many BSM models have been formulated and tested in decades past.  

One often parametrizes New Physics, agnostically, via Effective Field Theory 

• With SM fields and symmetries: “SMEFT” 

• Idea: comparing data with this EFT may reveal that some of the Wilson coefficients 
are non-zero. Would focus the hunt for the right model 

• Results are sometimes also expressed through “effective couplings” 

Powerful framework, also integrated into or interfaced with event generators.. 

• And into experimental analyses
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SMEFT global fit

Global SMEFT fit, showing substantial impact of HL-LHC and FCC-ee on EFT parameters
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Fig. 3: Results of a global SMEFT fit to HL-LHC (grey) and FCC-ee (yellow, up to 240 GeV, and blue, up to
365 GeV) data, interpreted in terms of the 68% probability sensitivity to Higgs and electroweak effective couplings.
Adapted from Ref. [61].

the different possibilities in a relatively model-independent way. It assumes that new physics arises at a
scale !, significantly above the electroweak scale, with the Higgs boson embedded in a SU(2)L doublet.
The current status of the global SMEFT fit is shown in Fig. 3, adapted from Ref. [61]. In this figure,
the results of the fit for the different dimension-six operators affecting at leading order either the elec-
troweak processes (including anomalous triple gauge couplings, aTGCs, and boson-fermion couplings,
Vff) or the Higgs processes, or both simultaneously, are projected on a more physically meaningful set
of effective couplings capturing the effects of new physics. More details can be found in Ref. [61].

The interplay between Higgs and electroweak measurements is illustrated in Fig. 4, which shows
the expected precision in the effective coupling determination. The correlations are displayed as internal
lines of variable thickness and are visibly reduced when including Z-pole data at FCC-ee (dark blue) on
top of the current electroweak measurements (light blue). The importance of Z-pole measurements is
summarised below, followed by a discussion of the importance of the diboson process for Higgs physics.

The SMEFT results discussed in this section were obtained from fits with only linear effects in
!
→2, consistently with the dimension-6 expansion. To estimate the theory uncertainty associated with

the neglected higher-order terms in the EFT expansion, Fig. 5 shows the ratio of the bounds on the
Wilson coefficients obtained in the linear case to those including quadratic contributions from dimension-
6 operators, which are formally of the same order as dimension-8 contributions. These results derive
from the HL-LHC+FCC-ee SMEFT fit of Ref. [69]. All the displayed operator coefficients can be
accessed at FCC-ee, with the exception of the operators in the top-left quadrant, which enter in top-quark
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magnitude. For instance, the 95% CI interval for the coe”cient cWWW , which modifies the triple gauge

boson interactions, is reduced by a factor Rωci → 0.3 at the end of HL-LHC and then down to Rωci = 0.008

at the FCC-ee, corresponding to a relative improvement on the bound by a factor around 40. Likewise,

our analysis finds values of Rωci → 0.4, 0.4 and 0.6 at the end of the HL-LHC for the coe”cients cεe,

ccε, and cεB respectively, which subsequently go down to Rωci → 0.005, 0.01 and 0.008 upon the inclusion

of the FCC-ee pseudo-data. This translates into relative improvements by factors of around 80, 40, and

70 for each EFT coe”cient, respectively. While these are only representative examples, they highlight

how precision measurements at FCC-ee will provide stringent constraints on the SMEFT parameter space,

markedly improving on the limits achievable at the HL-LHC.

In Figs. 4.1 and 4.3, the impact of the FCC-ee measurements on the EFT coe”cients is presented in

– 33 –

Ratio of confidence intervals, linear fit



EFT and discoveries?
Can one make discoveries in EFT approach? It can certainly help, but depends on 
the “prior” assumptions about the BSM model 

• E.g. assuming a composite Higgs boson corresponds to activation of certain 
operators 

Directions for EFT 

• Stronger connection of experiments with EFT analyses? 

• More cross talk with model builders community? 

Don’t rely only on EFT’s, think also of the physics, ideas/knowledge they represent!
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What new physics may look like (I)
Heavy BSM physics could show up at high pT in Higgs 
cross sections 

Or in deviations of vector boson couplings

18
W. Verkerke

NP Example Hint 4: 
Deviation in vector boson couplings

Idea: Combined fermionic and bosonic coupling constant
modifiers are the most precisely measurement parameters.
with few% level experimental precision

gg → H

t̄tH

Fake plot!

Fake plot!



What new physics may look like (II)

Example: UV model injection, via SMEFiT 

• 2 extra fermions    

• 1 extra heavy vector boson  

Relations between couplings and mass now 
more complicated 

• Deviations from straight line

(3,2)1/6,7/6

(1,3)0

19
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Strong CP problem
We can add to the QCD Lagrangian the term  

• It violates P,T and therefore CP, due to    

One can generate such a term also when performing a chiral rotation on quark fields (“anomaly”)  

• Seen as integration variables in a path integral 

•  only meaningful without massless quarks 

It is actually a topological term, and represents the vacuum 

• A sum over gluon configurations with different “winding number” 

If we can probe  , we again learn more about the vacuum of the Universe!

εμνρσ

θ

θ−

θ
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Strong CP problem
A non-zero  induces a non-zero Electric Dipole Moment of the neutron.  

Now:  from nEDM, so that.   .  

Why so small? This is the Strong CP problem 

Some upcoming nEDM experiments and their target sensitivity in   

• n2EDM (PSI)   -         [start data taking after summer] 

• PanEDM (ILL)  -        [commissioning] 

• More @Triumph, LANL, J-Parc…

θ

dn < 1.8 ⋅ 10−26 e cm θ < 10−10

e cm

1 ⋅ 10−27

1 ⋅ 10−27

21



Possible explanations for zero θ

1)  is really zero, because one of the quarks is precisely massless 

• Ruled out by lattice results for the up quark mass 

2)  is really zero because parity is actually conserved in the UV complete 
theory 

• Difficult: at some point CP is broken to ensure CP violation in the weak sector 

3)  is really zero, because it is part of a new field, whose groundstate relaxes 
to zero 

• Pseudoscalar  : Goldstone boson of new (PQ) global symmetry: the axion!

θ

θ

θ

a(x)

22

Peccei, Quinn



Axions

23

Axion physics is a beautiful combination of cosmology, particle, nuclear 
and astroparticle physics, with experiments large and small



Axion model 
One realization of axion model* (KSVZ): 

• Extend SM with fermion “ ” that is coloured, but SU(2)xU(1) singlet, plus SM 
complex scalar singlet “ ” 

•  symmetry   

• A new Yukawa term   is invariant. Assume Higgs-like potential 

•  is massless, while  gets a heavy mass  

χ
Φ

U(1)PQ

yΦ χ̄L χRΦ + hc

a(x) χ mχ = yΦva/ 2
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Axion CP solution and couplings
Axion couples via  loop to gluons like  term: 

Combined 

Lowest energy when the coefficient is zero  Strong CP problem is “washed out”!  

Because the PQ symmetry is anomalous, the axion is a “pseudo” Goldstone bosons 

•  mass! 

• Issue: PQ “quality problem”, how to keep PQ symmetry “good enough” , i.e. without serious 
explicit breaking due to quantum gravity e.g.

χ θ

→

→
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Axion mass and potential
The axion potential can be computed using QCD. At small  it reads 

• In chiral EFT, on lattice, or using instantons 

• Currently “allowed” range for QCD axions:   

In a more general approach the axion couples to other SM fields 

• Axion - photon:      

• Axion - electron     

a

10−12 eV < ma < 0.01 eV

∼ gaγa FμνFρσ ϵμνρσ ∼ gaγa ⃗E ⋅ ⃗B

∼ gae(∂μa) ēγμγ5e
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Axions as Dark Matter
Axions can be (part of) Dark Matter,  via misalignment mechanism 

• Break PQ symmetry in early universe 

• Massless axion field takes different values in different Hubble patches 

• Values not in minima: “misaligned” 

• Rolling towards minimum leads to coherently oscillating axion field  
 

• Oscillation would even now affect electron mass and fine-structure constant 

• For very light ALPs, can check this with atomic clocks! 

Dark matter mass range for QCD axion   

a(t) = A(t) cos(mat)

10−6 − 10−3 eV → 100 MHz − 10 GHz
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Axion detection
Axions should be copiously produced in stars, affecting stellar evolution  bounds on couplings 

Important is (inverse) Primakoff process, via   interaction 

Light shining through walls:  

• ALPSII, OSQAR 

Primakoff process also key for helioscopes, haloscopes and beam dump experiments 

• CAST (best so far) (@CERN),  (Baby)IAXO (@DESY), ADMX, CAPP, RADES .. SHiP

→

gaγ a ⃗E ⋅ ⃗B
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Figure 5: From left to right: axion Primakoff processes in an external electric field; axion bremsstrahlung process; and Compton
processes. In the case of the bremsstrahlung process, Ze represents either an ion or an electron.

the He-burning stage may show a peculiar journey to the bluer region of the diagram and back, called the
blue loop (see, e.g., the 5M� track in the left panel of Fig. 4). Stars with an initial mass larger than about
8M� do not become WD but undergo a core collapse, giving rise to a type II Supernova (SN) explosion and
leaving a compact Neutron Star (NS) or, if very massive, a black hole.

The diagram in Fig. 4 is theoretical. It shows the evolutionary tracks of individual stars. Observationally,
one extracts colour and magnitude of individual stars (at a fixed time) and shows the results in a diagram
similar to the one shown in the right panel of Fig. 4. From the stellar population it is possible to reconstruct
the evolutionary times of each stage (the longer the evolutionary time, the larger the stellar population
corresponding to that phase), which can then be compared with the theoretical predictions extracted from
numerical stellar evolution codes.

The method presents evident difficulties related to statistics (particularly for fast evolutionary stages),
stellar contamination, interstellar absorption of the stellar light, etc. Nevertheless, numerical simulations
reproduce with a remarkable level of agreement the observed CMD of particular stellar populations and
allow to set stringent bounds on new physics. The emission of axions (or other light particles) from stars
might, in fact, impact their expected evolution and spoil the agreement with observations.

The aim of this section is to provide an updated summary of the bounds on axions derived from stellar
astrophysics considerations. In addition, we will briefly present the results of the axion interpretation of
some observations of anomalous stellar evolution that have been reported in the last two decades (see, e.g.,
references [35, 297, 384] for more detailed discussions). Our general approach will be to present first all the
results in a model independent way. The impact on the axion benchmark models (KSVZ and DFSZ-type)
will also be discussed at the end of the section.

4.1. Axion-photon coupling
In the contest of stellar evolution, the most relevant process induced by the axion-photon coupling, ga�

(Section 2.5.3) is the Primakoff process (Fig. 5), consisting in the conversion of thermal photons in the
electrostatic field of electrons and nuclei

� + Ze ! a+ Ze . (207)

Neglecting degeneracy effects and the plasma frequency (a good assumption in plasma conditions when the
Primakoff process is the dominating axion production mechanism), it is possible to provide a semi-analitical
expression for the energy-loss rate per unit mass in axions [385]:

"P ' 2.8⇥ 10�31Z(⇠2)
⇣ ga�
GeV�1

⌘2 T 7

⇢
erg g�1 s�1 , (208)

where T and ⇢ are in K and in g cm�3 respectively. The coefficient Z(⇠2) is a function of ⇠2 ⌘ (S/2T )2,
with S being the Debye-Huckel screening wavenumber. It can be explicitly expressed as an integral over
the photon distribution (see Eq. (4.79) in Ref. [32]). Ref. [385] proposed the analytical parametrisation

Z(⇠2) '
⇣

1.037⇠
2

1.01+⇠2/5.4
+ 1.037⇠

2

44+0.628⇠2

⌘
ln

⇣
3.85 + 3.99

⇠2

⌘
, (209)
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Naturalness 
Some quantities are “unnaturally” small 

Is this (still) a useful guide to New Physics? 

Naturalness varieties:  

• Technical: small parameter gets small corrections (e.g. ) 

• ’t Hooft: a parameter is naturally small if, when set to zero, more symmetry 
emerges 

• Setting a fermion mass to zero leads to extra chiral symmetry

θ
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Past Naturalness succes
Successful guide: 

• Electron self energy   

• Leading contributions from electron and positron in old-fashioned perturbation theory cancel. 

• ’t Hooft natural. Not true for scalars: 

• Pion mass difference 

• EM self-energy corrections to  . Fit:  , the  mass! 

• Charm quark from GIM mechanism 

• These were postdictions.  Without charm  , implying  GeV. 

• Adding the charm quark eliminates the divergence, and predicts  

m2
π± − m2

π0 =
3α
4π

Λ2 Λ ∼ 800 ρ

mK0
L

− mK0
S

≃ C Λ2 Λ < 3

mc ≃ 1.5 GeV
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Naturalness and θ
 is technically natural  

• Not ’t Hooft natural: there is also CP violation when  

Is it still a good principle?  

• Anthropic solution is not convincing:  is allowed by cosmology 

Note: the axion solution 

• Does not require large cancellations 

• Rather, the effective    “relaxes” to zero dynamically 

θ

θ = 0

θ ≲ 0.1

θ

31



Naturalness and the Higgs mass
Corrections to scalar mass not “protected”. From SM at one loop: 

How to interpret ? Planck scale? Scale of new degrees of freedom? 

If Naturalness still “functions”, new particles in loops should mitigate 
e.g. the top quark divergence: 

• Supersymmetry: “stops” (scalar top partners) 

• Little Higgs theories: non-chiral new “T” quarks,  

• Higgs as a Goldstone Boson

Λ
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Naturalness / Hierarchy problem
Can we explain the negative mass term in the Higgs potential 
“ ”? 

• Supersymmetry has “radiative EW symmetry breaking” , 
through RG evolution of soft susy breaking terms, driven by 
top loops 

• Can we think of other mechanisms?  

Other ideas 

• Higgs is not fundamental, but a bound state of strongly 
interacting fermions 

• Relaxion:  can the Higgs mass “relax” to its value, just like  ? 

Is Naturalness still a guide? Time will tell..

− |μ2 |Φ†Φ

θ
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Figure 8.4: RG evolution of scalar and gaugino mass parameters in the MSSM with MSUGRA
boundary conditions imposed at Q0 = 1.5 → 1016 GeV. The parameter µ2 +m2

Hu
runs negative,

provoking electroweak symmetry breaking.

running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed lines labeled Hu

and Hd are the running values of the quantities (µ2 + m2
Hu

)1/2 and (µ2 +m2
Hd

)1/2, which appear in
the Higgs potential. The other lines are the running squark and slepton masses, with dashed lines for
the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3 (from top to bottom),

and solid lines for the first and second family sfermions. Note that µ2 +m2
Hu

runs negative because of
the effects of the large top Yukawa coupling as discussed above, providing for electroweak symmetry
breaking. At the electroweak scale, the values of the Lagrangian soft parameters can be used to extract
the physical masses, cross-sections, and decay widths of the particles, and other observables such as
dark matter abundances and rare process rates. There are a variety of publicly available programs that
do these tasks, including radiative corrections; see for example [230]-[239],[208].

Figure 8.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
four different types of models assumptions. The first, in Figure 8.5(a), is the output from an MSUGRA
model with relatively low m2

0 compared to m2
1/2 (similar to fig. 8.4). This model features a near-

decoupling limit for the Higgs sector, and a bino-like Ñ1 LSP, nearly degenerate wino-like Ñ2, C̃1, and
higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest superpartner. The squarks are all much heavier
than the sleptons, and the lightest sfermion is a stau. (The second-family squarks and sleptons are
nearly degenerate with those of the first family, and so are not shown separately.) Variations in the
model parameters have important and predictable effects. For example, taking larger values of tan β
with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to those
of the other sparticles. Taking larger m2

0 will tend to squeeze together the spectrum of squarks and
sleptons and move them all higher compared to the neutralinos, charginos and gluino. This is illustrated
in Figure 8.5(b), which instead has m2

0 " m2
1/2. In this model, the heaviest chargino and neutralino

are wino-like.
The third sample sketch, in fig. 8.5(c), is obtained from a typical minimal GMSB model, with
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Flavour
With flavour physics we can look in detail far beyond 
collider limits.  

Ever more severe stress-tests of the SM coming: 

• By determining CKM parameters up to 10x better than now! 

• e.g. angle  

•  Through (new) CP violating observables, e.g. 

• Charm sector:  up-type quark! CKM suppressed  opportunity 

• Increased focus on loop-dominated processes (penguins)

γ

→
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Figure 2: Constraints from the dominant CKM observables to the apex of the unitarity triangle
(ω̄, ε̄) with (left) global inputs as of 2023 [23] and (right) LHCb Upgrade II measurements with
300 fb→1 and improved lattice QCD calculations [6].

by theoretical uncertainties due to subleading SM amplitudes. These can be reduced
exploiting flavour symmetry relations. For this, LHCb’s capability to study decays of
both B

0 and B
0
s mesons to a wide range of final states will be crucial. Obtaining the best

constraint on the apex of the unitarity triangle also requires improvements in theory, for
example the lattice QCD calculations that are needed to convert the already very precise
measurements of !md and !ms into bounds in the (ω̄, ε̄) plane.

There are also excellent prospects for measurements of |Vub| and |Vcb| with the Up-
grade II detector. There are several modes currently inaccessible, e.g. those involving
decays of B

+
c mesons, that will become feasible with the large Upgrade II dataset. Fur-

thermore, the planned detector improvements will greatly enhance opportunities for Vub

extraction with the B
0
s → K

→
µ
+
ϑµ decay. The proposed thinning of the VELO’s RF

shield will improve significantly the resolution of the corrected mass variable that is
vital to distinguish signal from background in modes with a neutrino in the final state.
The introduction of the TORCH detector will provide accurate identification of the low
momentum particles that can arise in important phase-space regions of these decays.

A comparison of the current LHCb CKM constraints with the predicted Upgrade II
sensitivity can be seen in Fig. 2. This unprecedented level of precision can be reached only
with LHCb Upgrade II. In this plot it is assumed that only SM amplitudes contribute, so
that all constraints overlap at a common point, namely the apex of the unitarity triangle.
Once the measurements are made, whether the constraints overlap or not will allow either
strong constraints on, or the discovery of, NP contributions.

New Physics in CP violation. Generic NP models often provide new sources of
CP violation which could explain the large discrepancy between the observed matter–
antimatter asymmetry of the Universe and the total amount of CP violation in the SM. The
CP -violating weak phase associated to B

0
s–B

0
s oscillations, ϖs, is a particularly sensitive

probe of NP models as it is both extremely small and very precisely predicted in the SM,
so that subtle NP contributions can be detected. The SM prediction, ϖs = 37 ± 1 mrad,
comes from the SM benchmarks mentioned in the previous section. The latest LHCb
ϖs measurement [24] is approaching the sensitivity needed to observe a non-zero value,
and this milestone may be achieved with data available before the end of Run 4. The
improvement in uncertainty to the O(1mrad) level made possible by Upgrade II will
provide the ultimate test of compatibility of this phase with its SM prediction. Importantly,
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by theoretical uncertainties due to subleading SM amplitudes. These can be reduced
exploiting flavour symmetry relations. For this, LHCb’s capability to study decays of
both B

0 and B
0
s mesons to a wide range of final states will be crucial. Obtaining the best

constraint on the apex of the unitarity triangle also requires improvements in theory, for
example the lattice QCD calculations that are needed to convert the already very precise
measurements of !md and !ms into bounds in the (ω̄, ε̄) plane.

There are also excellent prospects for measurements of |Vub| and |Vcb| with the Up-
grade II detector. There are several modes currently inaccessible, e.g. those involving
decays of B

+
c mesons, that will become feasible with the large Upgrade II dataset. Fur-

thermore, the planned detector improvements will greatly enhance opportunities for Vub

extraction with the B
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→
µ
+
ϑµ decay. The proposed thinning of the VELO’s RF

shield will improve significantly the resolution of the corrected mass variable that is
vital to distinguish signal from background in modes with a neutrino in the final state.
The introduction of the TORCH detector will provide accurate identification of the low
momentum particles that can arise in important phase-space regions of these decays.

A comparison of the current LHCb CKM constraints with the predicted Upgrade II
sensitivity can be seen in Fig. 2. This unprecedented level of precision can be reached only
with LHCb Upgrade II. In this plot it is assumed that only SM amplitudes contribute, so
that all constraints overlap at a common point, namely the apex of the unitarity triangle.
Once the measurements are made, whether the constraints overlap or not will allow either
strong constraints on, or the discovery of, NP contributions.

New Physics in CP violation. Generic NP models often provide new sources of
CP violation which could explain the large discrepancy between the observed matter–
antimatter asymmetry of the Universe and the total amount of CP violation in the SM. The
CP -violating weak phase associated to B

0
s–B

0
s oscillations, ϖs, is a particularly sensitive

probe of NP models as it is both extremely small and very precisely predicted in the SM,
so that subtle NP contributions can be detected. The SM prediction, ϖs = 37 ± 1 mrad,
comes from the SM benchmarks mentioned in the previous section. The latest LHCb
ϖs measurement [24] is approaching the sensitivity needed to observe a non-zero value,
and this milestone may be achieved with data available before the end of Run 4. The
improvement in uncertainty to the O(1mrad) level made possible by Upgrade II will
provide the ultimate test of compatibility of this phase with its SM prediction. Importantly,
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Rare decays
Rare decays as delicate detectors of heavy particles in loops, e.g. 

•  

•   [NA62] 

Major benefits for precision expected from lattice calculations of form factors and hadronic matrix elements, to per 
cent accuracy. 

Important: completion of the HL-LHC programme. 

At Higgs factory, flavour physics happens mostly at the Z-pole.  

• Difficult to compete in statistics with LHCb    

• But still significant flavour programme: decays with missing energy (e.g. ), lepton flavour violation in  decays, 
etc. 

B0
d,s → μ+μ−

K+ → π+νν̄

Bs → τ+τ− τ

35

46 The LHCb Experiment

6.2 Very Rare Decays
6.2.1 B0

(s) → µ+µ↑
The very rare decay B0

(s) → µ+µ↑ has been widely regarded as a sensitive probe to scrutinize the Standard Model, and was searched for since
several decades. Potential contributions from minimal supersymmetric extensions to the Standard Model were shown to largely modify the
predicted value of the branching fraction [140]. Fig. 64 displays the leading Feynman diagrams of the decay together with the search limits
obtained by experiments over time, until it was observed by a combined result of CMS and LHCb in 2012 [141]. The data and result
of LHCb are shown in Fig. 65, which respectively shows the rate of opposite sign and same sign di-muon pairs in the trigger, the offline
selected B(s) → µ+µ↑ candidates and the observed Branching Ratio contour plot for the B0 and B0

s decays.
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Fig. 64: Left: Diagrams of the decay B0
s → µ+µ↑ shows the suppressed b→ sωω FCNC Electroweak Penguin topology, which is suppressed

in the SM. Right: The historical search for the decay B0
s → µ+µ↑ led to its observation in 2012.

More recently, it was realized that also the measurement of the effective lifetime can reveal new physics effects [144]. The term effective
lifetime is introduced to account for the fact that the experimental branching ratio is determined by integrating over all decay times, whereas
the phenomenological decay amplitude is traditionally determined independent of the decay time [145]. In the Standard Model the decay
B0

s → µ+µ↑ proceeds to the CP-odd final state due to the helicities of the final state muons, and is thus dominated by the heavy lifetime
eigenstate Bs,H with a longer lifetime. This leads to a larger measured branching fraction compared to the value from the decay amplitude
at t = 0, because the experimental measurement integrates over all decay times including B-B̄ oscillations. New scalar contributions in the
decay process add a CP-even short living component and thus alter both the measured branching fraction and the effective lifetime. To
determine the branching ratio, the production rate of B0

s mesons needs to be known. This is done by normalizing to Bs → µ+µ↑ events to a
known B0 or B+ decay mode, and by using a measurement of the relative production rate of B0

s over B0 mesons, fs/ fd [146; 147].
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s → µ+µ↑ candidates. Right: The
resulting value of the measured branching ratios [142; 143].
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Heavy Ions
Many ideas to test!  A selection: 

When does the Quark Gluon Plasma change from liquid to (quasi)-
particles? 

• Scattering with quasiparticle can lead to large angle scattering 

• Test through jet substructure: see clearly separated subjet 

Can we see chiral symmetry being restored, i.e. , 
above the critical temperature? 

• Vacuum engineering!   

• Mass peak of  melts, and mixes with  meson. Test through dilepton 
spectrum 

Can we see clear signs of parton saturation?   

• Partons merging due to dense packing at high energy  

• Look for deviations of DGLAP scaling at small , due to non-linear evolution

⟨q̄LqR + q̄RqL⟩ → 0

ρ a1

x

36

ALICE, RHIC

ALICE, NA60+?

EIC, RHIC, ALICE

Hohler, Rapp

at the Tevatron, in particular, have improved the global knowledge of the gluon content of the proton at
moderate to high values of x. Alternative resummation techniques are needed when αs ln 1/x is large and
the evolution for this case is described by the BFKL equations [4, 5, 6]. The cascade described by the linear
BFKL equations leads to a rapid (exponential) growth in gluon density. Such unbridled growth eventually
leads to unphysical cross sections and various mechanisms have been proposed leading to saturation of the
gluon density, of which the mechanism of gluon recombination is perhaps most intuitive. The characteristic
momentum scale at which the processes of such gluon emission and recombination balance each other is
known as the saturation scale Q2

s .
An alternative picture commonly used in the interpretation of deep-inelastic lepton-nucleon scattering

describes the interaction in a chosen frame as the interaction of a color qq̄ dipole, emerging from the virtual
photon, with the fluctuating color field of the nucleon. This process depends on the total dipole-nucleon cross
section, which varies with x and the size of the dipole. The scattering amplitude vanishes, independently
of the field configuration, when the size of dipole vanishes in this description, a characteristic interaction
property often referred to as ‘color transparency’. For a finite and fixed dipole size, the cross section is
determined entirely by the dynamics of the field with which the dipole interacts. In this sense, a small
dipole measures the gluon density in the proton. A large dipole does not resolve partonic substructure and
its cross section ultimately saturates to the black disk limit. This description, with a simple model for the
dipole cross section [7, 8], naturally leads to ‘geometric scaling’ [9]. In this description of deep-inelastic
scattering, evolution can be viewed as gluon radiation from the dipole and the subsequent interaction of the
system with the field. Evolution [10, 11, 12, 13, 14, 15, 16, 17, 18] can be pictured as the emission of a gluon
from the color dipole and the difference in the subsequent propagation of the gluon–dipole system from that
of the original dipole. Conversely, the change can be interpreted as reflecting the evolution of the nucleon
wave function with increasing energy in the frame where the dipole stays intact. The geometric scaling
can be understood as a property of the small x evolution equations in the large rapidity regime. Figure 1
illustrates the dilute, dense, and saturated parton density regimes in the x–Q2 plane and how QCD evolution
equations relate observations in these regimes.

Fig. 1. Illustration of the regions of dilute, dense, and saturated parton density and of QCD evolution in the x–Q2 plane.

Quite remarkably, the HERA data exhibit geometric scaling with respect to τ = Q2/Q2
s(x) = Q2/Q2

0 (x/x0)λ

for x < 10−2 with λ ∼ 0.2 at all moderate Q2. This behavior is not seen in prior fixed-target and HERA
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Neutrino’s

So many fascinating questions. Major ones:  

What is their flavour structure, mass hierarchy (normal or inverted)?  

• Via KM3NeT-ORCA, T2K, HyperK, DUNE, JUNO,.. 

• All parameters to be measured/constrained 

Is there CP violation in the lepton sector? 

•  DUNE and Hyper-K can measure  well by comparing     and    

• MSW matter effect important 

Are neutrinos their own anti-particle (Majorana)? 

• Many searches for neutrino-less double beta-decay underway

δCP νμ → νe ν̄μ − ν̄e
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7 14. Neutrino Masses, Mixing, and Oscillations

with
¸k = (V ¸†

¸
I
L)k + (V ¸

R
†
¸

I
R)k . (14.30)

Inverting the equation above we find that the weak-doublet components of the charged lepton fields
are

¸
I
Li = PL

3ÿ

j=1

V
¸

ij¸j . i = 1, 2, 3 (14.31)

From Eqs.(14.14), (14.18) and (14.31) we find that the mixing matrix U can be expressed as:

Uij = P¸,ii V
¸

ik
†
V

‹
kj (P‹,jj). (14.32)

The matrix V
¸†

V
‹ contains a number of phases that are not physical. Three of them are eliminated

by the diagonal 3 ◊ 3 phase matrix P¸ that absorbs them in the charged lepton mass eigenstates. If
neutrinos are Dirac states, further n≠1 are similarly eliminated by absorbing them in the neutrino
mass eigenstates with the diagonal n ◊ n phase matrix P‹ . For Majorana neutrinos, P‹ = In◊n

because one cannot rotate by an arbitrary phase a Majorana field without physical e�ects. If one
rotates a Majorana neutrino by a phase, this phase will appear in its mass term, which will no
longer be real. Consequently, the number of phases that can be absorbed by redefining the mass
eigenstates depends on whether the neutrinos are Dirac or Majorana particles. Altogether for n Ø 3
Majorana [Dirac] neutrinos, the U matrix contains a total of 6(n ≠ 2) [5n ≠ 11] real parameters, of
which 3(n ≠ 2) are angles, and 3(n ≠ 2) [2n ≠ 5] can be interpreted as physical phases.

The possibility of arbitrary mixing between massive neutrino states was first discussed in the
context of two neutrinos in Ref. [17] (the possibility of two mixed massless flavour neutrino states
had been previously considered in the literature [18], and the possibility of mixing between neutrino
and antineutrino states even earlier, in the seminal paper of Pontecorvo [19]). For the case where
only mixing between two generations is considered with n = 2 distinct neutrino masses, the U

matrix is 2 ◊ 2 and contains one mixing angle if the neutrinos are Dirac and an additional physical
phase if they are Majorana.

If there are only n = 3 Majorana neutrinos, U is a 3 ◊ 3 matrix analogous to the CKM
matrix for the quarks [20, 21], but due to the Majorana nature of the neutrinos it depends on six
independent parameters: three mixing angles and three phases. In this case the mixing matrix can
be conveniently parameterized as:

U =

Q

ca
1 0 0
0 c23 s23

0 ≠s23 c23

R

db ·

Q

ca
c13 0 s13e

≠i”CP

0 1 0
≠s13e

i”CP 0 c13

R

db ·

Q

ca
c12 s12 0

≠s12 c12 0
0 0 1

R

db ·

Q

ca
e

i÷1 0 0
0 e

i÷2 0
0 0 1

R

db , (14.33)

where cij © cos ◊ij and sij © sin ◊ij . The angles ◊ij can be taken without loss of generality to lie
in the first quadrant, ◊ij œ [0, fi/2] and the phases ”CP, ÷i œ [0, 2fi]. This is to be compared to the
case of three Dirac neutrinos. In this case, the Majorana phases, ÷1 and ÷2, can be absorbed in the
neutrino states so the number of physical phases is one (similar to the CKM matrix). Thus we can
write U as:

U =

Q

ca
c12 c13 s12 c13 s13 e

≠i”CP

≠s12 c23 ≠ c12 s13 s23 e
i”CP c12 c23 ≠ s12 s13 s23 e

i”CP c13 s23

s12 s23 ≠ c12 s13 c23 e
i”CP ≠c12 s23 ≠ s12 s13 c23 e

i”CP c13 c23

R

db . (14.34)

This matrix is often called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix.

31st May, 2024

PMNS mixing matrix



Dark Matter
Dark Matter is indirectly observed, but we don’t know its nature: 

What could be DM  What could DM be? 

• Weakly Interacting Massive Particles (WIMPs)  [GeV - TeV] 

• Neutralino (supersymmetry), or Kaluza Klein particle (extra dimensions) 

• Axions or Axion-Like-Particles (ALP’s)  [nev - meV] 

• From SM extensions,  string theory 

• Sterile Neutrinos [kev-TeV] 

• Active-sterile neutrino mixing,  

Possible future of Direct Detection: XLZD Observatory*) 

• Planned Liquid Xenon dual-phase TPC.  60 tons active target   

→

νMSM
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Xenon, Lux-Zeppelin, Darwin



What would discovery look like (III)?

XLZD results of toy-experiments 
for different exposures in ton-
years 

If discovery sensitivity > 3σ a 
closed contour is drawn, an 
upper limit line is drawn 
otherwise.
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A discovery of a 20 GeV WIMP with σ = 4 × 10-49 cm2
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Theoretical Precision

The great increase in precision from upcoming measurements must be matched 
by theory:  

• Need percent-level accuracy for HL-LHC predictions.  For some FCC/LC/etc 
predictions need per-mille level. 

In recent years enormous progress, due to new inventions, computing power. 

• Numerical, and computer algebra (Mathematica, FORM,..) 

Mathematics has been a source of outstanding ideas
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"Look deep into nature, and then you will understand everything better.”
Attributed to Einstein



Loops and number theory
In higher order calculations one encounters families of loop integrals, e.g. 

Many can be related through Integration By Parts (IBP) identities 

• Yields a smaller, finite set: Master Integrals 

Can have millions of integrals and relations, with rational functions of  as coefficients. 
Clever method: use “Finite Field arithmetic”   

• Evaluate at some integer values modulo p (large prime)   as numbers mod p 

• Solve for linear system mod p,  for various p 

• Reconstruct coefficients symbolically, using Chinese Remainder Theorem and rational reconstruction! 

• Implemented in various software packages [KIRA, FIRE,…]

d, s, m, . . .
𝔽p = {0,1,2,…, p − 1}

d, s, m, . . . → Rij
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I(a1, a2) =

Z
ddk
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1
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Da1
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0 =

Z
ddk
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
vµ · 1

Da1
1 Da2
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�
, vµ = {kµ, pµ}

<latexit sha1_base64="0mQ/6ZdBQrbzojhxvcr6v4UWXf0="></latexit>X

j

Rij(d, s,m
2) · Ij = 0,

Von Manteuffel, Schabinger; Peraro



dσ ∼ dσFO(αs, L) × exp ( 1
αs

gLL(αsL) + gNLL(αsL) + αsgNNLL(αsL) + …)
Precision with event generators

42

αs

αsL
1

1

Non  
perturbative

More accurate by 
improving power 

series of αs

More accurate through a 
higher-order resummation 

of logarithms High accuracy now explored by 
the parton shower community 

NLL is becoming the new 
standard, but NNLL 

accuracy is necessary to 
exploit full physics potential 


PanScales, Herwig, Sherpa.

dσ ∼ dσLO + αsdσNLO + α2
s dσNNLO…

Has seen enormous progress 
over the last 20 years

i.e. MC@NLO, POWHEG, MLM, 
CKKW, MIN(N)LO, FxFx, 

Geneva, UNNLOPS, Vincia… 

Thrust, C-parameter 
Z pt in hadronic collisons, jet vetoes 
Key idea: treat recoil correctly 



Improved parton shower

43

Not observed for every LL shower

Longstanding discrepancy between true value of 
 and that needed to describe 

LEP data: 
αs(Mz) = 0.118

αs(Mz) = 0.1365

NNLL showers obviate need for large  
value to match LEP data

αs

Panscales



Artificial Intelligence 
2024 Physics Nobel Prize to G. Hinton and J. Hopfield 

• Used statistical physics ideas to enable machine learning and neural networks 

Classification, pattern recognition etc crucial for modern particle physics 

•  improved di-Higgs expectations, parton distribution functions (NNPDF) 

Generative AI and LLM’s 

• Great help with coding, writing, research -> productivity boost 

• LLMs can already solve problems in Quantum Field Theory textbooks e.g. [but beware hallucination!] 

• Can we soon add thousands of smart virtual AI agents to our teams? 

• Do we need “Large Physics Models”? 

AI queries have a significantly larger CO2 footprint!! 

• 1 ChatGPT question = 15x Google query

→

44



Summary
There are outstanding ideas in all areas of particle physics! 

To explore these and gather knowledge we need a broad diverse programme 

Need input from HL-LHC, a new flagship collider, a wide variety of other 
experiments, and neighbouring fields. 

From theory we need many ideas and methods to explore new regimes. 

A bright future is possible. Let us realize it!

45



Open Symposium Preview



Open Symposium Preview



Open Symposium Preview



I wish us all an inspired  
and fruitful symposium!


