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Precision tests 

of fundamental symmetries



Energy frontier (LHC):
producing heavy unstable particles
at colliders, e.g.
▪ W boson, 𝑚𝑊 = 80 GeV
▪ Higgs boson, 𝑚𝐻 = 125 GeV
▪ Dark matter particle?

Precision/Intensity frontier:
detecting the effect of virtual particles.
The neutron beta decay, lifetime of 15
minutes, proceeds via the exchange of
the virtual W.
Fundamental structure of the Standard
Model inferred from properties of the
decay (e.g. parity violation).

𝑄𝛽 = 0.8 MeV

Two frontiers of particle physics



New particles could induce super-rare decays.
Example:
A new boson with could induce the proton decay.
It would violate the conservation of B (baryon number)
and L (lepton number).

New particles could induce exotic couplings.
An electric dipole moment (EDM) is an interaction of
the spin of a particle with the electric field.
This coupling violates time reversal symmetry, and
is connected with the matter-antimatter asymmetry of
the Universe.

New physics at the precision frontier



Outline of the course

30/10 Lecture 1 

Forbidden processes = Formidable probes of new physics

1. Effective Field Theories, SMEFT

2. Lepton flavor violation   → e

3. Time reversal symmetry and the neutron EDM

31/10 Lecture 2 

More on the search for neutron EDM



Useful references

Pedagogical review papers: 

• Y. Kuno and G. Pignol, Precision experiments with neutrons and muons (2020) 

• A. Falkowski, Lectures on SMEFT EPJC (2023)

https://ejc2023.sciencesconf.org/

Lectures slides (Th. and Exp.): 

• The Weak Interaction - M. González-Alonso
• Beta decay in the SM and beyond - A. Falkowski
• Nuclear beta decay - N. Severijns
• Neutrons - G. Pignol and T. Soldner
• Neutrinos - A. Zolotarova and M. Fallot

https://ejc2023.sciencesconf.org/


Effective Field Theories: QFT

ℒ = 𝑔𝑊𝜇 ҧ𝑒 𝛾𝜇 𝜈𝐿 +⋯

In your Quantum Field Theory lecture: 
Properties and interactions of particles are encoded 
in   the Lagrange density, a polynomial function of the 
fields and their derivatives

Field of the W boson

Field of the electron

Field of the neutrino

From which you can calculate mass, decay rates, cross sections…



Effective Field Theories: top => down

Calculate a given low energy 
process in the “high energy” 

theory

Match to a QFT with only light particles, here

ℒ = 𝐺𝐹 ҧ𝑝 Γ𝜇𝑛 ҧ𝑒 𝛾𝜇𝜈𝐿 +⋯

𝐺𝐹 =
2
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𝑔2

𝑚𝑊
2

Energy ≪ 𝑚𝑊
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Dimensional Analysis (or power counting)

ℒ is mass dimension 4 (ℒ ∼ 𝐸4) , because 𝑆 = ∫ ℒ 𝑑4𝑥 is dimensionless

Boson fields are dimension 1, Fermion fields are dimension 3/2

𝑔 𝑊𝜇 ҧ𝑒 𝛾𝜇 𝜈𝐿

Dimension 4 operator

𝐺𝐹 ҧ𝑝 Γ𝜇𝑛 ҧ𝑒 𝛾𝜇𝜈𝐿

dimensionless coupling constant coupling constant of dimension -2

Dimension 6 operator



Effective Field Theories: bottom => up

Question: what is the most general form of the low energy interaction (i.e. the EFT) 
between n, p, e, 𝜈𝐿 , compatible with Lorentz invariance and electric charge 
conservation?

Answer: Lee-Yang Lagrangian (1956) – which generalizes Fermi  theory (1933) –
with 10 independent coefficients, each of mass dimension -2.



Standard Model Effective Field Theory

ℒSMEFT = ℒSM + ℒD=5 + ℒD=6 +⋯

Standard Model,
operators of dimension D ≤ 4

Accounts for neutrino 
masses and oscillations

Fields = quarks + leptons + gauge bosons (g, W, Z, 𝛾) + Higgs, no new particles

New interactions = dimension 6 operators

ℒD=6 = 

𝑎=1

3045
𝑐𝑎
Λ2

𝑂𝑎
(6)

imprints of new BSM particles of mass ≫ 𝑚𝑊

Λ ∼ masses of new particles, if 𝑐𝑎 ≈ 1.

𝚲 = energy scale of new physics



SMEFT and symmetries

ℒSMEFT = ℒSM + ℒD=5 + ℒD=6 +⋯

In the SM, 
B is conserved* 
(*perturbatively…)
The proton is stable

Contains B and L interactions ℒD=6 ⊃ 𝐶𝑑𝑢𝑢(𝑑𝑢)(𝑢𝑒)

Protons decay: Γ 𝑝 → 𝑒+𝜋0 ≈ 𝑚𝑝
5 𝐶𝑑𝑢𝑢

2/16𝜋

Γ 𝑝 → 𝑒+𝜋0 < 2.4 × 1034 years −1

→ 𝐶𝑑𝑢𝑢 < 3 × 1015 GeV −2

→ The search for proton decay is probing
Λ = 3 × 1015 GeV

Limit from Super-Kamiokande experiment in Japan



Probes of high scale new physics

Figure from A. Falkowski, Lectures on SMEFT EPJC (2023)
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SMEFT and Lepton number

ℒSMEFT = ℒSM + ℒD=5 + ℒD=6 +⋯

In the SM, 
Lepton number is 
conserved separately for 
each flavour.
e.g. muon decay

𝜇 → 𝑒 ҧ𝜈𝑒 𝜈𝜇

Accounts for 
neutrino oscillation

𝜈𝜇 → 𝜈𝑒

Can induce CLFV
Charged Lepton 
Flavor Violation, e.g. 

𝜇 → 𝑒 𝛾

Meet the Leptons: 
𝜈𝑒
𝑒𝐿
𝑒𝑅

𝜈𝜇
𝜇𝐿
𝜇𝑅

𝜈𝜏
𝜏𝐿
𝜏𝑅



Three golden channels for CLFV

Best limit
BR 𝜇+ → 𝑒+𝛾 < 4 × 10−13

From MEG (2016)

Best limit
BR 𝜇+ → 𝑒+𝑒−𝑒+ < 1 × 10−12

From SINDRUM (1988)

Best limit
CR 𝜇 − 𝑒, Au < 7 × 10−13

From SINDRUM II (2006)

Probing
Λ = 7 × 108 GeV

Probing
Λ = 1 × 108 GeV

Probing
Λ = 1 × 108 GeV



Upgrade MEG II in preparation, 
Aims at improving by factor 10

Signature of the event: 
• 1 positon and 1 photon in time 

coicindence
• emitted back to back

• Positon momentum
𝑚𝜇

2

• Photon energy
𝑚𝜇

2
Figure from The design of the MEG II experiment (2018)



Project Mu3e in preparation at PSI, to reach 10-16 sensitivity

The concept combines:

• Pixel sensors for precise tracking of e+ and e- in B-field

• Scintillating fibers and tiles for precise timing

Figure from the paper Technical design of the phase I Mu3e experiment (2021)



µ- → e- conversion in nuclei

Signature: mono-energetic electron
at the endpoint of the 

“Decay In Orbit” spectrum
Best bound SINDRUMII (@PSI)

CR 𝜇−Au → 𝑒− Au < 7 × 10−13

with 4 × 10−13 stopped muons

Future projects:
• Mu2e @Fermilab aiming at CR 𝜇−Al → 𝑒− Al < 8 × 10−17

• COMET @ JPARC aiming at CR 𝜇−Al → 𝑒− Al < 6 × 10−17



COMET, a 2-stage experiment

Phase I
• In preparation
• 1016 stopped muons
• Cylindrical Drift Chamber 

+ Cherenkov Hodoscope

Phase II
• datataking ~2028
• 1018 stopped muons
• Straw tracker + EMCal
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Classical EDM: separation between 
positive and negative electric charges. 
e.g. water molecule d = 0.4 e Å 

Electric 
Dipole
Moment

Ԧ𝑑

What is an Electric Dipole Moment (EDM) ?



Classical EDM: separation between 
positive and negative electric charges. 
e.g. water molecule d = 0.4 e Å 

Electric 
Dipole
Moment

Ԧ𝑑

𝑊 = ∫ 𝜌 𝑟 𝑉 𝑟 𝑑𝑟 = න𝜌 𝑟 𝑑𝑟 𝑉 + න𝑟𝑖𝜌 𝑟 𝑑𝑟 𝜕𝑖𝑉 + න
1

2
𝑟𝑖𝑟𝑗𝜌 𝑟 𝑑𝑟 𝜕𝑖𝜕𝑗𝑉 +⋯

Energy for a “localized” classical charge distribution  𝜌 𝑟

exposed to a “weak” electrostatic potential 𝑉 𝑟 = 𝑉 + 𝑟𝑖𝜕𝑖𝑉 +
1

2
𝑟𝑖𝑟𝑗𝜕𝑖𝜕𝑗𝑉 +⋯

Electric charge
(scalar)

Multipole expansion

EDM
(vector) 

Electric Quadrupole Moment
(tensor)

What is an Electric Dipole Moment (EDM) ?

-
- -



Electric 
Dipole
Moment

Ԧ𝑑

General definition of 𝑞, Ԧ𝑑, 𝑄, for systems not necessarily described by a classical 
charge distribution, like elementary particles: 

Energy W in an external electric field 𝐸 = −∇𝑉

W = 𝑞𝑉 − Ԧ𝑑 ⋅ 𝐸 − 𝑄 ⋅ ∇𝐸 +⋯

For a quantum system, Ԧ𝑑 is a vector operator

What is an Electric Dipole Moment (EDM) ?



𝑝𝑧

𝑝𝑥

𝑝𝑦

Internal quantum state of a neutron

𝜓 = 𝑎 ȁ↑⟩ + 𝑏 ȁ↓⟩ ≔
𝑎
𝑏

𝑎 2 + 𝑏2 = 1

Spin observable  Ԧመ𝑆 = Τℏ 2 Ԧ𝜎
Ԧ𝜎 are the Pauli matrices

𝜎𝑥 =
0 1
1 0

𝜎𝑦 =
0 −𝑖
𝑖 0

𝜎𝑧 =
1 0
0 −1

The polarization vector Ԧ𝑝 = 𝜓 Ԧ𝜎 𝜓

• describes completely the state 𝜓
* up to an irrelevant phase factor ** valid for spin ½ only

• belongs to the Bloch sphere Ԧ𝑝 = 1
* for a pure state, spin 1/2. For a neutron ensemble Ԧ𝑝 ≤ 1

1

2
ȁ↑⟩ + ȁ↓⟩

ȁ↓⟩

ȁ↑⟩What? - Basics of spin 1/2



MDM and EDM are vector operators, 
they must be proportional to Ԧ𝜎

(Wigner-Eckart theorem for spin 1/2)

𝐻 = −𝜇 Ԧ𝜎 ⋅ 𝐵 − 𝑑 Ԧ𝜎 ⋅ 𝐸

Spin dynamics 
given by Schrödinger equation

𝑖ℏ
𝑑

𝑑𝑡
𝜓 = 𝐻 𝜓

𝑑

𝑑𝑡

𝑎
𝑏

=
𝑖𝜇

ℏ
Ԧ𝜎 ⋅ 𝐵 +

𝑖𝑑

ℏ
Ԧ𝜎 ⋅ 𝐸

𝑎
𝑏

Or equivalently by the Bloch equation

𝑑 Ԧ𝑝

𝑑𝑡
= Ԧ𝑝 ×

2𝜇

ℏ
𝐵 +

2𝑑

ℏ
𝐸

What? - Interaction with E & B fields



Bloch equation: 
𝑑 Ԧ𝑝

𝑑𝑡
= 𝛾 Ԧ𝑝 × 𝐵 = 𝜔0

𝑝𝑦
−𝑝𝑥
0

Solution: Ԧ𝑝 𝑡 =
sin𝜔0𝑡
cos𝜔0𝑡

0

Precession at angular frequency 𝜔0 = 𝛾𝐵0

Case 𝐵 = 𝐵0 Ԧ𝑒𝑧 static, 𝐸 = 0

Initial condition 𝜓(0) =
1

2
ȁ↑⟩ + ȁ↓⟩

𝛾 =
2𝜇

ℏ
=: gyromagnetic ratio

𝜔0 = 𝛾𝐵0 =: Larmor angular frequency

Schrödinger equation:
𝑑

𝑑𝑡

𝑎
𝑏

=
𝑖

2
𝜔0 𝜎𝑧

𝑎
𝑏

Solution:
𝑎(𝑡)
𝑏(𝑡)

=
1

2

𝑒𝑖
𝜔0
2
𝑡

𝑒−𝑖
𝜔0
2
𝑡

What? – Larmor precession



𝐻 = −𝜇 Ԧ𝜎 ⋅ 𝐵 − 𝑑 Ԧ𝜎 ⋅ 𝐸

𝜇 = −1.913 042 7 5 𝜇𝑁

Nuclear 
magneton

𝜇𝑁 =
𝑒ℏ

2𝑚𝑁

𝑑 = 0 ± 1 × 10−26 𝑒 cm

= 0 ± 1 × 10−12 × 𝜇𝑁/𝑐

𝜇𝑁

𝑐
≈ 0.1 e fm

Why is it so small?

What are the measured MDM and EDM for the neutron?
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If 𝑑𝑛 ≠ 0 the process and its time reversed version are different.  

Violation of T

Violation of CP

>> PLAY >> << REWIND <<

𝐻 = −𝑑𝑛 Ԧ𝜎 ⋅ 𝐸

CPT theorem

Why tiny? Because of T-symmetry



ℒ =
1

2
𝜹𝝁 + 𝑖𝒅 ҧ𝑓𝐿𝜎𝜇𝜈𝑓𝑅 𝐹

𝜇𝜈 + ℎ. 𝑐.

Fermion-photon coupling

Real part = anomalous magnetic moment
Imaginary part = electric dipole moment

Non-relativistic limit: 𝐻 = −𝝁𝜎𝐵 − 𝒅𝜎𝐸

the EDM from the point of view of a high 

energy theorist



The neutron EDM is quasi-forbidden

ℒSMEFT = ℒSM + ℒD=5 + ℒD=6 +⋯

Contribution of weak interaction

Leading order 
for quark EDMs at 3 loops!
Frog diagram.

Negligible CKM prediction (*) 𝑑𝑛 ∼ 10−18 𝜇𝑁/𝑐
* The “long distance” contribution dominates over quark EDMs, still super-small. 

The SM QCD theta term
𝛼s

8𝜋
ҧ𝜃 ෨𝐺𝜇𝜈𝐺

𝜇𝜈

generates a potentially enormous neutron EDM : 𝑑𝑛 ∼ −0.02 × ҧ𝜃 𝜇𝑁/𝑐

→ ȁ ҧ𝜃ȁ < 10−10 → « Strong CP problem »

The neutron EDM is quasi-forbidden
For known reason (CKM)
And unknown reason (strong CP) 



CP violation and EDM in the SMEFT

ℒSMEFT = ℒSM + ℒD=5 + ℒD=6 +⋯

Contribution of weak interaction

Leading order 
for quark EDMs at 3 loops!
Frog diagram.

Negligible CKM prediction (*) 𝑑𝑛 ∼ 10−18 𝜇𝑁/𝑐
* The “long distance” contribution dominates over quark EDMs, still super-small. 

The SM QCD theta term
𝛼s

8𝜋
ҧ𝜃 ෨𝐺𝜇𝜈𝐺

𝜇𝜈

generates a potentially enormous neutron EDM : 𝑑𝑛 ∼ −0.02 × ҧ𝜃 𝜇𝑁/𝑐

→ ȁ ҧ𝜃ȁ < 10−10 → « Strong CP problem »

New physics at high scale would 
generate these new interactions, many 

of which are CP-violating and 
contribute to create EDMs. 

Neutron EDM probe the energy scale
Λ = 107 GeV



Summary on What and Why. 

What is the neutron EDM? 
• For elementary spin ½ particles such as the neutron or the electron, the EDM is 

really the magnitude of the coupling between spin and E field (don’t think of a 
distribution of charges, it’s useless).

• Experimental limit: less than 10-12 of the natural size 𝜇𝑁/𝑐. 

Why is it so small?
• Nonzero EDM violates P and T symmetries, therefore also CP symmetry. 
• In the standard model of weak interaction, CP violation needs three generations of 

quarks. => Super small EDM  predicted by CKM

Why do we continue the search?
• Sensitive probe of CP violation beyond the Standard Model. 



Smith, 
Purcell, 
Ramsey 

Since when?

Limit from the nEDM experiment @PSI
𝑑𝑛 < 1.8 × 10−26 𝑒

Abel et al, PRL (2020)

https://doi.org/10.1103/PhysRevLett.124.081803
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2𝜋𝑓 =
2𝜇𝑛
ℏ

𝐵 ±
2𝑑𝑛
ℏ

ȁ𝐸ȁ

If 𝑑𝑛 ∼ 10−26 𝑒 cm and 𝐸 ∼ 10 kV/cm

duration of one full turn ∼ 𝟏 𝐲𝐞𝐚𝐫

Larmor frequency 

∼ 30 Hz @ 𝐵 = 1 μT

To detect such a minuscule coupling
• Long interaction time
• High intensity/statistics
• Control the magnetic field

How? basics of nEDM measurement



Use big magnetic shielding• Long interaction time
• High intensity/statistics
• Control the magnetic field

+ Use quantum magnetometry

Use Ultracold neutrons

nEDM chamber storing 
neutrons during 180 s

Neutrons with velocity <5m/s can undergo total 
reflection and be stored in material “bottles”

+ Use quantum magnetometry
With mercury and cesium atoms

𝑑𝑛 = 0.0 ± 1.1stat ± 0.2syst × 10−26 𝑒cm

Limited by the 
number of UCNs
(~500 million counts)

Uniformity of 
the B-field

Abel et al, PRL (2020)

https://doi.org/10.1103/PhysRevLett.124.081803

