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LIGHT and HEAVY New Physics extensions of the SM

Effective dim>4 operators generated integrating out the 
heavy BSM physics at a new 
          Λ >> electroweak scale ~ MW

HEAVY BSM physics

LIGHT BSM physics 
Light << MW “Dark Sector” (DS) weakly 
coupling to the SM fields through the so-
called portal couplings 

HEAVY NP

LIGHT NP



For the production of real (physical) 

new particles with masses >> MW

Need intensity, precision for the 

production of VIRTUAL new HEAVY 

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



J. Bendavid, EPS-HEP 2025

ATLAS, arXiv: 2507.02632

PRECISION HIGH-ENERGY PHYSICS
LHC: from (purely) discovery → precision physics machine 

arXiv:2412.13872   
submitted to Nature

Global fit to the EW data in SM 
→ MW determination with 
    6 MeV uncertainty



A. Bodek, Hyon-San Seo, Un-Ki Yang, 
PLB 866 (2025) 139526

2025 SM global fit

CMS coll.



LHCb, arXiv:2505.15582

even for the     direct determination of  MZ      LHC starts getting a competitive precision 



Tao Han LP2025





Higgs self-coupling and ELW BARYOGENESIS





S. Renner, EPS-HEP 2025

Great progress of the precision achieved in LATTICE QCD computations of non-
perturbative QCD contributions for the hadronic inputs in flavour measurements 



Hints of LEPTON FLAVOR NON-UNIVERSAL New Physics

Due to HEAVY New Physics 
coupled only or mostly to 3rd 
generation

Is the fermionic 3rd generation 
somewhat “special”? → 

But getting R(D) and R(D*) from different 
B and D decay modes globally exceeds 
the SM prediction by about 3.8 σ

M. Calvi, A. Juttner, ESPPU2026 Symposium, Venice 2025



Belle II 2311.14647

L.Allwicher, M.Bordone, G.Isidori, G. Piazza, A. Stanzione, 
PLB 861 (2025) 139295

NA62  2412.121015

R.Bause, H.Gisbert, G.Hiller  PRD 109 (2024) 1, 015006



A. Papa, cLFV, ESPPU2026 Symposium
Prospects for cLFV searches



Projections for  tau  LFV decays 

J. Serrano, M. Calvi  
ESPPU2026 Symposium, 
Venice 2025 



Salpeter (1958)

P violation

T violation



P. Paradisi, Muon4Future, 2025



Paradisi, muEDM Workshop Pisa, 2022

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



The “old” (2020) muon g-2 problem   



Zhiqing Zhang, LP 2025

The “NEW” (2025) muon g-2 problem   



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  PRL 134 (2025) 1



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

Di Luzio, Keshavarzi, A.M. , Paradisi  PRL 134 (2025) 1



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)



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



Why EDMs are a good probe of BSM physics

• EDMs → AMPLITUDE-level observables → enhanced sensitivity to 
BSM physics w.r.t. CROSS-SECTIONS

• EDM searches → absence of a significant SM (CKM) background 
(like, e.g.,  in the case of proton-decay searches or cLFV processes)

• EDM searches in atomic and molecular systems → enhanced 
sensitivity through macroscopic effects magnifying the internal 
electric field and possibility of an extended coherence time → 
NONLINEAR response of such systems to external parameters such as 
the electric field

M. Pospelov and A. Ritz, EDMs and New Physics,  arXiv:2509.2353



CP violation observed in K and B physics. 
parametrized by the

                  Jarlskog invariant 

CP Violation in the SM :   1. the CKM phase

O(5%) accuracy



CKM induced EDMs in the SM 

L. Di Luzio, The Low-Energy Frontier of particle Physics, LNF, Febr. 2025



SM LONG-DISTANCE  contribution to the CHARGED LEPTON EDMs 

ΔS = 1 semileptonic interaction

ΔS = 1 hadronic interaction

Yamaguchi and Yamanaka, Phys. Rev. Lett. 125, 241802 (2020) 



PARAMAGNETIC EDMs
• Paramagnetic atoms and molecules (e.g. ThO) have UNPAIRED electrons 
→ sensitive to the electron EDM and to the electron-nucleus scalar 
and pseudo-scalar interaction 

            

Coherently enhanced by the number of nucleons 
A

Semi-leptonic CP-odd operators



CKM-induced CSP 

contribution dominates 
w.r.t. the direct 
contribution de

In 2022 Ema, Gao and Pospelov 
showed that de

equiv  is enhaced by 

~ 3 orders of magnitude (!)

Y.Ema, T. Gao and M. Pospelov, 
PRL 129(23) (2022) 231801



Fundamental Physics in Small Experiments, Communiyy Planning Exercise :
 Snowmass 2021, contribution to the 2023 P5 Report, Blum and Winter, 2209.08041



Sensitivity to 
CP violating 

NEW PHYSICS





M. Pospelov and A. Ritz, arXiv:2509.23531

Hierarchy of effective field theory operators linking CP-violating sources to observable EDMS



L. Di Luzio, The Low-Energy Frontier of particle Physics, LNF, Febr. 2025



EDMs through non-CKM SOURCES OF CPV

STRONG CPV (theta term)

Bound on theta term from paramagnetic EDMs:



Theta term in the SM
• In the SM, theta is a FREE parameter: even if one (arbitrarily) sets theta = 0 (when the theory is 

renormalized at some “relaxation” scale μ0), since theta is the coefficient of a dim = 4 operator, the 
renormalization of theta is expected to be infinite. 

• Indeed, an infinite renormalization (though, only log divergence!) of theta first occurs at  O(𝛂7):                                             

<< 10-10

In conclusion, UNNATURALLY assuming  ϑ = 0, the SM  ϑ-induced  
contribution to the EDMs turns out to be smaller than the (already small) 
SM CKM-induced contribution to the EDMs → hence, ϑSM is 
TECHNICALLY NATURAL, i.e. it remains small under radiative corrections



Possible paths to get ϑ≅0 in a NATURAL way 

• One of the light quark masses = 0  → excluded by several ChPT and lattice 
QCD results suggesting  mu /md ~ 0.5

• The fundamental UV theory is P, CP conserving → P, CP are 
SPONTANEOUSLY broken in such a way that ϑ≅0, but the CKM phase is 
O(1) → technically possible, but very contrived models

• Imposing the Peccei-Quinn symmetry → the vacuum angle is promoted 
to a new dynamical field ϑ  → a/fa driven to zero at its minimum energy. 



NATURAL ϑ≅0 through the PQ path
• PQ symmetry → axion field a which does NOT completely relax to zero 

•  
Possibility of testing the axion ground state via axion mediated forces arising from the 
CP-odd non-derivative axion-nucleon coupling 

New macroscopic forces
                     from
 non-relativistic potentials



eEDM through CP violation the NEUTRINO sector 
1 Dirac phase     +        2 Majorana phases

L. Di Luzio, The Low-Energy Frontier of 
Particle Physics, LNF, Febr. 2025



EDMs and electroweak baryogenesis
• Sakharov’s necessary conditions to generate a cosmic matter-antimatter 

ASYMMETRY starting from a matter-antimatter symmetric universe: 
• → Baryon number violation (in SM B+L violation through sphalerons at T>MW)
• → C and CP violation (but in SM CP violation from CKM is NOT sufficient) *
• → Departure from thermal equilibrium (but in SM, being Mhiggs> 60 GeV, the 

electroweak phase transition is NOT a first-order phase transition, rather it is just a 
smooth crossover → no departure from thermal equilibrium)) 

• To achieve baryogenesis at the electroweak phase transition → new physics is 
required to i) enhance the strength of the transition and ii) provide new sources 
of CP violation

• New interactions responsible for an efficient electroweak baryogenesis 
generally induce observable EDMs



amount of SM CKM 
     CP violation

from Big Bang Nucleosynthesis
            and CMB data

sphaleron B+L violation operative at T> O(100GeV)







J. de Vries, CP2023, Les Houches 



L. Di Luzio, The Low-Energy Frontier of Particle Physics, LNF, Febr. 2025



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

i) SYNERGY between small/mid-scale  (LOW-ENERGY) & large-scale (HIGH-
ENERGY) experiments →  casting a wider and tighter net for possible effects of BSM 
physics
 

ii) SYNERGY among the various communities operating in precision physics in  

(very) different experimental, technological and theoretical environments 
(particle physics, spin physics and polarimetry, modelling and simulation, 
magnetometry, surface physics, atomic laser spectroscopy, high-voltage techniques, 
vacuum techniques, …)

The experimental and theoretical high-precision low-energy physics community has  
entered an era of unprecedented great potentialities: 

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

some final thoughts …



BACKUP SLIDES



Current bound with chiral 
suppression





G. Pignol EDMs  
ESPPU2026 Symposium



G. Pignol EDMs  
ESPPU2026 Symposium





L. Di Luzio, The Low-Energy Frontier of particle Physics, LNF, Febr. 2025

1. PARAMAGNETIC systems → EDM in atoms and molecules with 

uncompensated electron spins → sensitive to the electron EDM

2. DIAMAGNETIC systems → EDM in atoms and molecules with vlosed electron 

shells → testing the coupling of the electric field to the NUCLEAR SPIN



arXiv:2505.22281c



The “old” (2020) muon g-2 problem   



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

Di Luzio, Keshavarzi, A.M. , Paradisi  PRL 134 (2025) 1



Community input 
to the EU Strategy 
on particle physics: 
Searches for 
Permanent EDMs

arXiv:2505.22281c



J. de Vries, CP2023, Les Houches 



EDMs sensitivity to HEAVY New Physics
Since EDMs require a helicity flip → EDMs are actually  dim=6 operators: 



EDMs of DIAMAGNETIC ATOMS 
• Diamagnetic atoms (e.g.,199Hg, 129Xe)  → no unpaired electrons
• the induced dipole moment due to an applied external field = 0 since 

electron spins cancel out   → Diamagnetic atoms have NO permanent 
electric dipole moment 

• Any measurable EDM must come from NUCLEAR EFFECTS  (due to the 
nucleus finite size → not perfect electron shielding  - evasion of the Schiff 
theorem)

• Atomic EDM is SUPPRESSED w.r.t. nucleus EDM by  ~ (Rnucl/Ratom)2 ~ O(10-3)
• CKM contribution via CP-odd nucleon potential 



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! 









Prospects to reduce the uncertainty on 
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