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The Standard Model of Particle Physics

The Standard Model (SM) is a remarkably simple Quantum Field Theory (QFT)
that describes well all microscopic phenomena that we observe in Nature

The SM describes fundamental interactions
among elementary particles

“This is short enough to write on a T-shirt!”
[John Ellis]
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The SM legacy
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The LEP legacy

I Z-pole observables @ the 0.1% level
I Important constraints on many BSM
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The B-factories legacy

I Confirmation of the CKM mechanism
I Important constraints on many BSM
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The SM legacy

The LHC legacy (so far)

I Higgs Boson mass (combined LHC Run 1 + 2 results of ATLAS and CMS)

mH = 124.94± 0.17 (stat.)± 0.03 (syst.) GeV

I Higgs Boson couplings µf
i = σi×BRf

(σi×BRf )SM
(signal strengths)
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Why do we need New Physics?

• Gravity =⇒ ΛPlanck ∼ 1018−19 GeV

• Neutrino masses =⇒ Λsee−saw . 1015 GeV

• BAU: evidence of CPV beyond SM

I Electroweak Baryogenesis =⇒ ΛNP . TeV
I Leptogenesis =⇒ Λsee−saw . 1015 GeV

• Dark Matter (WIMP) =⇒ ΛNP . TeV

• Hierarchy problem: =⇒ ΛNP . TeV

SM = effective theory at the EW scale

Leff = LSM +
∑

d≥5

c(d)
ij

Λd−4
NP

O(d)
ij

• Ld=5
eff =

y ij
ν

Λsee−saw
LiLjφφ,

• Ld=6
eff generates FCNC operators
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High-intensity frontier

Where to look for New Physics at low-energy?

• Processes very suppressed or even forbidden in the SM

• Processes predicted with high precision in the SM

High-intensity frontier: A collective effort to determine the NP dynamics
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High-intensity frontier / Experimental status
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High-intensity frontier / Experimental bounds

Process Present Experiment Future Experiment
µ→ eγ 4.2× 10−13 MEG ≈ 6× 10−14 MEG II
µ→ 3e 1.0× 10−12 SINDRUM ≈ 10−16 Mu3e

µ− Au→ e− Au 7.0× 10−13 SINDRUM II ?

µ− Ti→ e− Ti 4.3× 10−12 SINDRUM II ?

µ− Al→ e− Al − ≈ 10−16 COMET, MU2e
τ → eγ 3.3× 10−8 Belle & BaBar ∼ 10−9 Belle II
τ → µγ 4.4× 10−8 Belle & BaBar ∼ 10−9 Belle II
τ → 3e 2.7× 10−8 Belle & BaBar ∼ 10−10 Belle II
τ → 3µ 2.1× 10−8 Belle & BaBar ∼ 10−10 Belle II

de(e cm) 1.1× 10−29 ACME ∼ 3× 10−31 ACME III
dµ(e cm) 1.8× 10−19 Muon (g-2) ∼ 10−22 PSI

Table: Present and future experimental sensitivities for relevant low-energy observables.

• So far, only upper bounds. Still excellent prospects for exp. improvements.
• We can expect a NP signal in all above observables below the current bounds.

Speaker: Paride Paradisi (University of Padua) Muon g-2 and the quest for new physics Muon g-2 or stress testing the SM 14/10/25, TVG 9 / 33



On the muon g-2

[Evangelista, 8th Plenary Workshop of the Muon g â 2 Theory Initiative, 2025 Orsay]
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Leptonic g-2: theory
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QED contribution

"g − 2 is not an experiment: it is a way of life."
[John Adams (Head of the Proton Synchrotron at CERN (1954-1961)]

This statement also applies to many theorists! [Nyffeler ’16]

aQED
µ = (1/2) (α/π) [Schwinger, 1948]

+ 0.765857426 (16) (α/π)2

[Sommerfield; Petermann; Suura&Wichmann ’57; Elend ’66]

+ 24.05050988 (28) (α/π)3

[Remiddi, Laporta, Barbieri...; Czarnecki, Skrzypek ’99]

+ 130.8780 (60) (α/π)4

[Kinoshita et al. ’81-’15; Steinhauser et al. ’13-’16; Laporta ’17]

+ 750.86 (88) (α/π)5 [Kinoshita et al. ’90-’19]
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aμ
QED  =  (1/2)(α/π)       Schwinger 1948 

         +  0.765857426 (16) (α/π)2 

Sommerfield; Petermann; Suura&Wichmann ’57; Elend ’66; MP ’04

         +  24.05050988 (28) (α/π)3 

Remiddi, Laporta, Barbieri … ; Czarnecki, Skrzypek ’99; MP ’04; 
Friot, Greynat & de Rafael ’05, Ananthanarayan, Friot, Ghosh 2020

         +  130.8780 (60) (α/π)4 
Kinoshita & Lindquist ’81, … , Kinoshita & Nio ’04, ’05; 
Aoyama, Hayakawa,Kinoshita & Nio, 2007, Kinoshita et al. 2012 & 2015;
Steinhauser et al. 2013, 2015 & 2016 (all electron & τ loops, analytic);
Laporta, PLB 2017 (mass independent term)   COMPLETED2!

         +  750.86 (88) (α/π)5  COMPLETED!        
Kinoshita et al. ‘90, Yelkhovsky, Milstein, Starshenko, Laporta,…
Aoyama, Hayakawa, Kinoshita, Nio 2012, 2015, 2017 & 2019. 
Volkov 1909.08015: A1(10)[no lept loops] at variance, but negligible δaμ~6×10-14

Muon g-2: the QED contribution

Adding up, we get:

aμQED  = 116584718.931 (19)(100)(23) x 10-11 
                 mainly from 4-loop coeff. unc.              6-loop              from α(Cs)             

 α = 1/137.035999046(27) [0.2ppb] Parker et al 2018

5

μ

WP20 value 

Shift down in aμQED  ~ 1.4 x 10-12  with new LKB Paris α(Rb) value (Morel et al 2020)[WP20≡ T. Aoyama et al., Phys. Rept. ’20]
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EW contribution

M. Passera    IAS    13.4.2021

 One-loop term:

1972: Jackiv, Weinberg; Bars, Yoshimura; Altarelli, Cabibbo, Maiani; Bardeen, Gastmans, Lautrup; Fujikawa, Lee, Sanda; 
                                                                                                                                                               Studenikin et al. ’80s

 One-loop plus higher-order terms:

aμ
EW = 153.6 (1.0) x 10-11  

Hadronic loop uncertainties (and 3-loop 
nonleading logs).

Kukhto et al. ’92; Czarnecki, Krause, Marciano ’95;  Knecht, Peris, 
Perrottet, de Rafael ’02; Czarnecki, Marciano and Vainshtein ’02; 
Degrassi and Giudice ’98;  Heinemeyer, Stockinger, Weiglein ’04; 
Gribouk and Czarnecki ’05; Vainshtein ’03; Gnendiger, Stockinger, 
Stockinger-Kim 2013, Ishikawa, Nakazawa, Yasui, 2019.

6

μ

WP20 value

The electroweak contribution
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HLO contribution from e+e− → hadrons

Hadronic vacuum polarization

aHVP
µ =

µ µ

Optical theorem (from unitarity; conservation of probability) for hadronic contribution

! dispersion relation:

Im ⇠
2

⇠ �(e+e� ! �⇤ ! hadrons)

aHVP
µ =

1

3

⇣↵
⇡

⌘2
Z 1

0

ds

s
K(s) R(s), R(s)=

�(e+e� ! �⇤ ! hadrons)

�(e+e� ! �⇤ ! µ+µ�)

[Bouchiat, Michel ’61; Durand ’62; Brodsky, de Rafael ’68; Gourdin, de Rafael ’69]

K(s) slowly varying, positive function ) aHVP
µ positive. Data for hadronic cross section

� at low center-of-mass energies
p

s important due to factor 1/s: ⇠ 70% from

⇡⇡ [⇢(770)] channel, ⇠ 90% from energy region below 1.8 GeV.

Other method instead of energy scan: “Radiative return”

at colliders with fixed center-of-mass energy (DA�NE, B-

Factories, BEPC) [Binner et al. ’99; Czyż et al. ’00-’03]

Hadrons

γ

γ

e−

e+

aHLO
µ,e+e− = 6931(40)× 10−11(0.6%) [WP20]
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The hadronic (N)NLO VP contribution
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 O(α3) contributions of  diagrams containing HVP insertions:

Krause ’96; Keshavarzi, Nomura, Teubner 2019; WP20.

 aμ
HNLO(vp) = -98.3 (7) x 10-11

Already included in aμHLO

μ

 O(α4) contributions of  diagrams containing HVP insertions:

Kurz, Liu, Marquard, Steinhauser 2014

 aμ
HNNLO(vp) = 12.4 (1) x 10-11 

The hadronic HO VP contribution
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The hadronic (N)NLO LbL contribution

• Hadronic light-by-light atO(α3)

I Significant improvements thanks to data-driven dispersive approach
[Colangelo, Hoferichter, Procura, Stoffer ’14-’17; Pauk, Vanderhaeghen ’14]

I Lattice: RBC: 82(35)× 10−11 [1911.08123] Mainz: 110(15)× 10−11 [2104.02632]
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Hadronic light-by-light at O(α3)

 This term had a troubled life! But nowadays:

  Significant improvements due to data-driven dispersive approach.      
         Colangelo, Hoferichter, Procura, Stoffer, 2014–17; Pauk, Vanderhaeghen 2014. 

  Lattice: RBC: 82(35)x10-11 1911.08123    Mainz: 110(15)x10-11 2104.02632

μ

aμ
HNLO(lbl) =     80 (40) x 10-11  Knecht & Nyffeler ’02 

 =   136 (25) x 10-11    Melnikov & Vainshtein ’03 

 =   105 (26) x 10-11    Prades, de Rafael, Vainshtein ’09 

 =   100 (29) x 10-11   Jegerlehner, arXiv:1705.00263

 =     92 (19) x 10-11   WP20 (phenomenology) 

Hadronic light-by-light at O(α4)

Colangelo, Hoferichter, Nyffeler, MP, Stoffer 2014; WP20

 aμ
HNNLO(lbl)   = 2 (1) x 10-11 

The hadronic LbL contribution

• Hadronic light-by-light atO(α4)
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[Colangelo, Hoferichter, Nyffeler, Passera, Stoffer ’14]
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Breakdown of SM contributions
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Direct new physics to the muon g-2

New Physics for the muon g − 2: at which scale?

∆aµ = aEXP
µ − aSM

µ ≡ aNP
µ

aNP
µ ≈ (aSM

µ )weak ≈
m2
µ

16π2v2 ≈ 2× 10−9

I NP is at the weak scale (Λ ≈ v ) and weakly coupled to SM particles.*

I NP is very heavy (Λ� v ) and strongly coupled to SM particles.

I NP is very light (Λ . 1 GeV) and feebly coupled to SM particles.

*Favoured by the hierarchy problem and by a WIMP DM candidate but disfavoured
by the LEP and LHC bounds (supersymmetry being the most prominent example).
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Λ ≈ v : SUSY and the muon (g − 2)
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Figure: LHC Run 2 bounds on SUSY scenario for the muon g − 2 anomaly for tanβ = 40.
Orange (yellow) regions satisfy the muon g − 2 anomaly at the 1σ (2σ) level [Endo et al., ’20].
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Λ . 1 GeV: Axion-like Particles and the muon (g − 2)

Axion-like Particle effective Lagrangian

L = e2Cγγ
a
Λ

Fµν F̃µν +
cµµ
2
∂νa

Λ
µ̄γνγ5µ

l

a, s

l

a, s

a, s

ll

a, s

llll

A

DC

B

Figure: Contributions of a scalar ‘s’ and a
pseudoscalar ‘a’ ALP to the (g − 2)`.

[Marciano, Masiero, PP, Passera ’16]

[Cornella, P.P., Sumensari ’19]
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Figure: ∆aµ regions favoured at 68% (red), 95% (orange)
and 99% (yellow) CL. Gray regions are excluded by the BaBar
search e+e−→µ+µ−+µ+µ− [Bauer, Neubert, Thamm, ’17]

∆aµ =
m2
µ

Λ2

[
12α3

π
C2
γγ ln2 Λ2

m2
µ

− (cµµ)2

16π2 h1

(
m2

a

m2
µ

)
− 2α

π
cµµCγγ ln

Λ2

m2
µ

]
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Λ� v : the muon g-2 at a high-energy muon collider

• SMEFT Lagrangian relevant for ∆a` [Buttazzo and P.P., ’20 ]

L =
∑

V =B,W

C`
eV

Λ2

(
¯̀Lσ

µνeR
)
HVµν +

∑

q=c,t

C`q
T

Λ2 (`LσµνeR)(QLσ
µνqR) + h.c.

Cℓ
eγ
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γ
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γZ

Cℓ
eZ

v ℓL
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Figure: SMEFT Feynman diagrams for the g-2 (upper row)
and scattering processes (lower row): H = v + h/
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√
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)2× 10 ab−1.

∆aµ ∼
mµv

Λ2 CeV ,T ⇐⇒ σµµ→f ∼
s

Λ4 |CeV ,T |2 (f = eγ, eZ , qq̄)

• At high energy σµµ→f can compete with ∆aµ to test the very same NP!
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On the muon g-2

[Evangelista, 8th Plenary Workshop of the Muon g â 2 Theory Initiative, 2025 Orsay]
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“New muon g-2 puzzle”
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Consequences of the BMW result
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Light New Physics in σhad

• Light new physics inducing a sub-GeV modification of σhad is the only possibility
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Light New Physics in σhad
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A new light Z ′ vector boson
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Constraints on a new light Z ′ vector boson

|gu
V − gd

V | . 0.05 · · · 0.08, MZ ′=(0···1)
GeV [Crivellin & Hoferichter, ’22]
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Constraints on a new light Z ′ vector boson
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At least two independent bounds prevent to solve the “new muon g-2 puzzle”

• The LEP bound (sum of the q = u, d , s, c, b contributions) can be diluited if the
Z
′

does not couple in a flavour-universal way. [Crivellin & Hoferichter, ’22]

Speaker: Paride Paradisi (University of Padua) Muon g-2 and the quest for new physics Muon g-2 or stress testing the SM 14/10/25, TVG 29 / 33



On new HVP determinations

[Di Luzio, Keshavarzi, Masiero, Paradisi, PRL ’25]

Speaker: Paride Paradisi (University of Padua) Muon g-2 and the quest for new physics Muon g-2 or stress testing the SM 14/10/25, TVG 30 / 33



On new HVP determinations

[Di Luzio, Keshavarzi, Masiero, Paradisi, PRL ’25]

Speaker: Paride Paradisi (University of Padua) Muon g-2 and the quest for new physics Muon g-2 or stress testing the SM 14/10/25, TVG 31 / 33



On new HVP determinations

[Di Luzio, Keshavarzi, Masiero, Paradisi, PRL ’25]
Speaker: Paride Paradisi (University of Padua) Muon g-2 and the quest for new physics Muon g-2 or stress testing the SM 14/10/25, TVG 32 / 33



Outlook

• The muon g − 2 represents the most longstanding hint of New Physics now,
thanks to the E989 experiment at FNAL, growing to 5.2σ.

• Lattice QCD results weaken the muon g − 2 discrepancy to 0.9σ but they are
in a strong 4.0σ tension with e+e− → hadrons experimental data.

• Light NP in σhad seems to be unlikely to solve this "new g-2 puzzle".

• Eagerly await

I New results from other Lattice QCD groups

I Fermilab at 0.1 ppm measurement of aµ 2025

I J-PARC entirely new method for aµ measurement

I New BaBaR e+e− → hadrons analysis by early 2025

I New KLOE, BES III, BELLE-II, CMD-3, SND-2 analysis

I Independent determinations of HVP effects [Di Luzio, Keshavarzi, Masiero, Paradisi, ’24]

Message: an exciting Physics program is in progress at the Intensity Frontier!
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