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The vast domains of the PRECISION FRONTIER physics

• Precision physics at HIGH ENERGY (Higgs physics, top physics, precision 

electrowek physics, etc.)

• Hadronic flavour physics (K, D, B mesons, …)

• Electric Dipole Moments (EDMs)

• Leptonic Magnetic Dipole Moments 

• Charged Lepton Flavor Violations (CLFV)

• Violations of Lorentz symmetries 

    and precision tests of gravity

LOW-ENERGY HIGH-PRECISION

                 PHYSICS



Testing the GAUGE part of the SM

LHC: from DISCOVERY to PRECISION physics

⍺S (mZ)

mW (MeV)



Testing the HIGGS part of the SM: present and future





M. McCullogh, G. Weiglein,    ICHEP 2024

Large trilinear deviations are 

possible while deviations of the 

Higgs to Z coupling remain small

Higgs self-interactions



Precision Hadronic Flavour Physics: Mixings and CP Violation in the SM Quark sector



At the present level of accuracy, i.e. ~ %,  all measurements are consistent and 
intersect at the apex of the UT → no hints for BSM New Physics, however lessons 
from the past (CP violation!) that % accuracy may not be enough …



R. Barbieri, PLANCK2025





A remaining flavor puzzle in B physics?

~3σ  tension

In conclusion, NO firm hints for any 
discrepancy between SM expectations and 

experimental results in the many and 
accurate tests in FLAVOR PHYSICS (FCNC, 

lepton flavor universality in K,D, B 
semileptonic decays, etc.)





Snowmass Report of the Frontier for Rare Processes 
and Precision Measurements  arXiv 2210.04765





FLAVOUR DECONSTRUCTION

Davighi, Isidori, 2023; Davighi et al., 2023; 

Fernando-Navarro, King, 2023; 

Barbieri, Isidori, 2024





How to approach the “Unknown”

Gori, ICHEP 2024



The twofold role of the Frontier for

 Rare Processes and Precision Measurements

For the production of real (physical) new particles 

with masses >> MW

Need intensity, precision for 

the production of virtual new 

particles with masses >> MW

LOW-ENERGY high-precision physics at small- or mid-scale size experiments

Search for NEW LIGHT PARTICLES 

FEEBLY coupled to the SM

Search for NEW HEAVY PARTICLES – 

through their VIRTUAL effects  → use of SM 

EFFECTIVE THEORY (SMEFT) techniques



Low-energy high-precision exps. can exploit :

• many recent advances in experimental techniques and technologies + 
(experimental as well as theoretical) synergies with adjacent areas of particle 
physics (atomic, molecular, optical, nuclear, particle physics)

• the relevant impact of quantum mechanical virtual effects on physical phenomena 
→ access to the exploration of BSM new physics areas (large energy scales, very 
feebly coupled new particles, hidden sectors, etc.) difficult to be probed by 
traditional HE particle physics

SYNERGY between small/mid-scale & large-scale experiments →  casting a wider and 
tighter net for possible effects of BSM physics  

Community Planning Exercise: Snowmass 
2021  Blum, Winter et al. arXiv:2209.08041v2

Complementary (not ALTERNATIVE!) approach → 
HIGH-PRECISION SMALL/MID-SCALE EXPS.

2023 P5 (Particle Physics Project 
Prioritization Panel)  Report



P. Paradisi, Muon4Future, 2025











Charged Lepton Flavor Violation (CLFV)

CLFV not observed yet → any CLFV observation would be a clear sign of New Physics 

→ a portal to High-Energy (GUT-scale?) NP or Low-Energy (feebly coupled) NP

Muon CLFV searches → a global experimental (and theoretical) program underway in EU, US and Asia 

→ impressive sensitivity gains expected in this decade, with up to 4 orders of magnitude improvements in 

the rate of  μ- N → e- N conversion and μ+ 
→ e+ e- e+ decay searches 

Advanced Muon Facility at Fermilab



LFV, (g – 2)lept and (EDM)lept correlations in Effective Theories
Giudice,  Paradisi and Passera JHEP 2012









The 4 classes of SM contributions to the muon g-2
uncertainty largely dominated by the hadronic contributions in Vacuum Polarization (HVP)



HVP: the major source of uncertainty in the muon g-2 SM computation 



BMW + DFZ Coll., 2023

The (vanishing)  OLD and the (still existing) NEW muon g-2 puzzle 

New Physics in 
σ (e+e-  

→ hadrons) ?







June 3, 2025:   Final resul of the Muon g-2 Coll. measuring (g-2)μ to 127 ppb

(g-2)μ measuments at FNAL have improved the precision on the world average
by over of factor of four!



6.1σ tension   

compilation by the 
    KNT coll. in 2019 
without the CMD-3 data

The KNT19 data replaced by 
the CDM3 data only in its 
available energy range

the Electron g-2 (ae)
the Muonium HyperFine Splitting (HFS)
the Tau g-2   (aτ)
the low-energy weak mixing angle sin2θW(0)
the running of ⍺em
 

Observables to consider 

at large energy, s>ml  →  Kl ~ ml
2

Model independent tests of the HVP contribution to the muon g-2

Di Luzio, Keshavarzi, A.M. , Paradisi arXiv:2408.01123



which exp. and th. accuracy should be reached for the above observables to probe δaμ
HVP

• the Electron g-2 (ae)

• the Muonium HyperFine Splitting (HFS)

• the Tau g-2   (aτ)

• the low-energy weak mixing angle sin2θW(0)

• the running of ⍺em

 

Sensitivity of other physical observables to 
[δaμ

HVP]NP = [aμ
HVP]LQCD,CDM3 – [aμ

HVP]DR,WP20 

Leptonic g-2 sin2θW and 

running of ⍺em

Muonium   HFS



In 2008 Gabrielse et al. had 
obtained δae

EXP = 2.8 × 10-13



in good agreement with the numerical results  

If the experimental resolution on ⍺em and 
ae

exp  improve by ~ one order of magnitude  
→ uncertainties on Δae ~ O(10-14) →  
sensitivity to the increase of aμ

HVPdue to 
CMD-3 (and BMWc)

Electron  g-2



P. Strasser, Workshop of the Muon g-2 TI , 
Bern, Sept. 2023 

The Muonium HyperFine Splitting (HFS)

Muonium HFS of the 1S ground state

for s >> mμ
2

5.9σ discrepancy in the comparison! 



Muonium HFS one of the most sensitive probes of δaμ
CMD3 → to be sensitive to this shift needs a precision 

of O(1) Hz
Current measurement   νHFS

exp =   (4 463 302 776 ± 51) 𝐻𝑧
MuSEUM at J-PARC plans to reduce
 the uncertainties by ~ one order of magnitude,
 hence going well  below the shift

Other sources of uncertainty:
 i) uncertainty on νF fully dominated by me / mμ → induced error on νF  ~  4 x 103 Hz 
Mu-MASS at PSI to improve the precision on the measurement of ν1S—2S  (from which me / mμ  is extracted)                        
by  3 orders of magnitude (P. Crivelli  Hyperfine Interact. 2018);
ii) Theory uncertainty in νHFS from unknown 3-loop QED contributions to δHFS

QED  amounting to ~ 70 Hz → need 
for a complete 3-loop QED calculation  (Eides and Shelyuto Int. J. Mod. Phys A 2016; Eides  PLB 2019)

(Strasser et al.  Hyperfine Interact. 2016)



Model independent tests of the HVP contribution to the muon g-2 

Di Luzio, Keshavarzi, A.M. , Paradisi arXiv:2408.01123



The impressive  potentialities to explore the 
“UNKNOWN” BSM physics through the study of the  EDMs

• New science opportunities in the (experimental and theoretical) current and near-future 
exploration of EDMs for various physical systems : electron, muon, tau neutron, proton, atom, 
molecule

• Coordinated program (with different scientific communities) of complementary EDM searches in 
AMO (Atomic Molecular Optical), NUCLEAR and PARTICLE physics

• An exceptionally sensitive way to explore the NEW source(s)  of CP VIOLATION necessary to 
develop a cosmic asymmetry between matter and anti-matter starting with a symmetric early 
universe

• Feasible to achieve in a few years relevant improvements (from one to even 3-4 orders of 
magnitude) on EDM sensitivities – in particular AMO physics considers it realistic to achieve 1, 2-3, 
4-6 orders of magnitude improvements in the few, 5-10 and 15-20 year time-scales, respectively 

many recent advances in experimental techniques and technologies + (experimental as well as 
theoretical) synergies with adjacent areas of particle physics (atomic, molecular, optical, nuclear, 
particle physics)

Report of the 2023 P5 (Particle Physics Project Prioritization Panel)

Blum, Winter    Snowmass 2021  arXiv 2209.08041



Electric Dipole Moments

μEDM

storage ring EDM  (p, d, He) 

nEDM (now sensitivity ~10-26

eEDM

Blum, Winter    Snowmass 2021  arXiv 2209.08041



EDMs exciting prospects

J. Alexander et al, pEDM Experiment 
arXiv:2504.12797 [hep-ex]



ICHEP 2024

time scale !



While relatively small in size and cost compared to their energy 
frontiers cousins, they are large in reach and discovery potential

SYNERGY between small/mid-scale & large-scale experiments →  
casting a wider and tighter net for possible effects of BSM physics 
Synergy among the various communities operating in precision 
physics in  (very) different experimental, technological and 
theoretical environments

The experimental and theoretical precision physics community 
has entered an era of unprecedented precision experiments

Report of the 2023 P5 (Particle Physics Project Prioritization Panel)

These experiments are key to paradigm-shifting discoveries, both in their own right

and as incubators for new technologies and physics directions

some final thoughts …



BACK-UP SLIDES







“Good news” from the theory of electric dipole moments

electron EDM de semileptonic CP-odd operator CS

EDM “paramagnetic experiments”, i.e. experiments making use of a specific paramagnetic atom/molecule, are 
sensitive to a particular linear combination of de and CS , the equivalent  electron EDM de

equivv

result >> previous estimates ~ 10-38 e cm.

Ema, Gao, Pospelov 2024      PoS DISCRETE2022

From the exp. bounds on paramagnetic EDMs, one derives 
indirect constraints on muon and tau EDMs:



ICHEP24



JHEP 11 (2008) 042

PRD 74 (2006) 011701



Precision Quark Flavor Physics 
         Mixings and CP Violation in the SM quark sector

Consistency tests of the CKM matrix; in particular, remarkable consistency between 
tree-level and one-loop   (ex. meson-antimeson mixings)  determinations of the CKM elements 

At the present level of accuracy, i.e. ~ %,  
all measurements are consistent and 
intersect at the apex of the UT → no 
hints for BSM New Physics, however 
lessons from the past (CP violation!) 
that % accuracy may not be enough …





The running of  ⍺em

Hadronic effects to the running QED coupling at the Z –boson mass (a main component of the elw. precision fit

Magnitude of the shift comparable with the current

 uncertainty on ⍺em (MZ
2)  → very diffcult for 

At future e+e- colliders , e.g., FCC-ee, expected to reach the unprecedented 
precision on ⍺em (MZ

2) of O(10-5) which would provide sensitivity to the shft



The running of  sin2 θW

sin2 θW (0) can be connected with sin2 θW (MZ) by including the 𝛾 – Z mixing   (Erler and Ferro-Hernández JHEP 2018) 
   (Keshavarzi, Marciano, Passera, Sirlin PRD 2020)

The shift from the CDM-3 data can be estimated via: 

To make use of sin2 θW (0) to probe the HVP contribution would 
require a precision on sin2 θW (0) and sin2 θW (MZ) at the ~ 10-5 level 

 Future HE e+e- colliders aim at resolutions on sin2 θW (MZ) much better than O(10-5), but 
achievable precision on sin2 θW (0) in future low-energy experiments at MESA (P2) in 
Mainz and Jlab (Möller) should be only ~ O(10-4) 



Tau  g-2

Assuming dominant effects at  the ρ-peak

m𝜏 >> mμ , me  → increased weight of the hadronic contributions to higher energies → influence of 

π+π- and ρ-resonance contrtibutions is reduced in tau g-2  → degree of correlation between scenario 

KNT19  and scenario CMD-3 increases (ρ ~ 55%) w.r.t. the electron (ρ ~ 26%) and muon (ρ ~ 28%) 

cases  → 

SIGNIFICANCE of  δa𝜏
CDM3 is 4.2σ compared to > 6σ for the ae

CDM3 aμ
CDM3



A. Papa, Planck2025



G. Isidori, Planck2025
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