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The SM: a history of success ... and 3+n caveats

A history of success!  
Minimal formulation allowing to understand (and predict) most  

of the phenomena in particle physics

Electroweak & strong interactions in the Standard Model:  
tested with impressive precision since first dedicated searches 

Theoretically, not "the perfect" picture: unification !? 
SU(3) SU(2) U(1)  Unified interactions? 
At which scale ? gravitation @ ... Desert of scales... 

Strong interactions - confinement of quarks in matter 
(nucleons, nuclei, atoms...) 

non-perturbative effects very hard to deal with   

c ⊗ L ⊗ ↭
ΛPlanck
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SU(3) SU(2) U(1)  Unified interactions? 
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Strong interactions - confinement of quarks in matter 
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(4th) missing interaction: Gravity! - 
not included in the SM formulation  
non-negligible effects above the Planck scale
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The SM: a history of success ... and 3+n caveats

A history of success!  
Minimal formulation allowing to understand (and predict) most  

of the phenomena in particle physics

Electroweak & strong interactions in the Standard Model:  
tested with impressive precision since first dedicated searches 

Theoretically, not "the perfect" picture: unification !? 
SU(3) SU(2) U(1)  Unified interactions? 
At which scale ? gravitation @ ... Desert of scales... 

Strong interactions - confinement of quarks in matter 
(nucleons, nuclei, atoms...) 

non-perturbative effects very hard to deal with   

c ⊗ L ⊗ ↭
ΛPlanck

Higgs: CP even scalar doublet, in good agreement with expectation 
Verification of the mechanism of electroweak symmetry breaking 

Further theory woes: fine-tuning issues (hierarchy problem),  
implications for vacuum stability, ... 
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The SM: a history of success ... and 3+n caveats

A history of success!  
Minimal formulation allowing to understand (and predict) most  

of the phenomena in particle physics

Flavour in the Standard Model:  
interactions between fermion families (and the Higgs)

Flavour has paved the way to the SM!  
From prediction of charm quark ... to the existence of 3 families! 

 and   encode flavour dynamics  
(masses, mixings & CP violation) 

 Flavour-universal gauge interactions 

 Lepton sector: 3 massive ; massless ; no leptonic mixing... 

 Quark sector: 6 massive states,   

Yu
ij, Yd

ij Yℓ
ij ↝

⇒
⇒ ℓ ± ν
⇒ Vij

CKM
W± q̄i q′�j

SM flavour & CP: accidental symmetries (lepton & baryon number conservation, conservation of  
       lepton flavours, lepton flavour universality of gauge interactions) and the “CKM paradigm”
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A number of theoretical caveats... and observations unaccounted for in the SM:  
       baryon asymmetry of the Universe, viable dark matter candidate,  oscillations ν

Matter dominated Universe: explaining the baryon asymmetry of the Universe (BAU)  
     (i) initial asymmetric composition ✘ (incompatible with inflation)  
    (ii) statistical fluctuations during evolution ✘ (negligible effects) 
   (iii) large scale spatial separation ✘ (incompatible with evolution of primordial Universe) 
     ... Dynamical generation! "Baryon-genesis" ✔ 

Sakharov's conditions for a (successful) BAU 
a priori, all are present in the SM! (electroweak baryogengesis) 

- If originally symmetric Universe, baryon number violation 
Sphaleron production  B & L number violation 

- Differentiate matter from antimatter, CP violation 
CPV from CKM mechanism highly suppressed... 

- Suppress inverse processes, out of (thermal) equilibrium 
Strong 1st order EW phase transition ? soft crossover for a "heavy Higgs" (125 GeV)  

Explain the BAU  BSM physics is also required!

⇒

⇒

The need for New Physics



A.M. Teixeira, LPC Clermont I-3

A number of theoretical caveats... and observations unaccounted for in the SM:  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Matter dominated Universe: Explaining the baryon asymmetry of the Universe (BAU)  

Explain the BAU  BSM physics is also required! 

 Dark Matter in the Universe 

PLANCK, WMAP, ... & Galactic dynamics  most matter is "dark"  

"ordinary (SM) matter" - a tiny fraction of mass-energy density  

Dark matter candidate: massive, non-luminous, no strong interactions... 
                           (at best) weakly interacting, stable! 
No such candidate in the Standard Model! 

⇒

⇒ ΩCDM = 0.259 ± 0.006
Ωb = 0.049 ± 0.001

The need for New Physics
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A number of theoretical caveats... and observations unaccounted for in the SM:  
       baryon asymmetry of the Universe, viable dark matter candidate,  oscillations ν

Matter dominated Universe: Explaining the baryon asymmetry of the Universe (BAU)  

Explain the BAU  BSM physics is also required! 

 Dark Matter in the Universe 
Dark matter candidate: necessarily from New Physics! 

Neutrino oscillations  massive neutrinos and non-trivial leptonic mixing! 
 1st "laboratory" discovery of physics beyond the SM (BSM) 
 New (Majorana) fields? New sources of CP violation? 
     (LNV & CPV   crucial for BAU!)

⇒

⇒

→

The need for New Physics
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A number of theoretical caveats... and observations unaccounted for in the SM:  
       baryon asymmetry of the Universe, viable dark matter candidate,  oscillations ν

Matter dominated Universe: Explaining the baryon asymmetry of the Universe (BAU)  

Explain the BAU  BSM physics is also required! 

 Dark Matter in the Universe 
Dark matter candidate: necessarily from New Physics! 

Neutrino oscillations  massive neutrinos and leptonic mixing!

⇒

⇒

New Physics is indeed needed - but which new physics model?  

Models of New Physics generically introduce (at high scales): 

(i) new sources of CP and flavour violation  

(ii) new Lorentz structure (beyond V-A)  

(iii) new (heavy) propagators 

How do we search for these new ingredients?

SM? seesaw? LR?
compositeness? leptoquarks?

symmetries? SUSY? 

The need for New Physics
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Searches for New Physics
Searching for New Physics

! New physics searches at three “experimental” frontiers:

Cosmic frontier: cosmological impact (observation)

High-energy frontier: new states produced if

sufficient collision energy (lepton or hadron beams)

High-intensity frontier: indirect effects of NP states

(feebly coupled or very rare processes) for high “LLL”

Energy

1/g (L)

! Both at high- and low-energies:

Precision studies of (known) SM phenomena

to reveal inconsistencies with expectation

Cosmic frontier: cosmological impact, evolution of the Universe  
  (observation) 

High-energy frontier: new heavy states produced if  
sufficiently large collision energy (lepton or hadron beams) 

 High-intensity frontier: indirect "virtual" effects of NP states 
(feebly coupled or very rare processes) for high "luminosities"

Precision tests of fundamental laws (SM, ...) 

  at high- and low-energies (& "tabletop energies") 

 test predictions to unprecedented precision 

 reveal tensions and inconsistencies  

 challenge "null" expectations  
(conservation, forbidden processes, ...)

⇒
⇒
⇒

New Physics searches at three "experimental" frontiers:Searching for New Physics

! New physics searches at three “experimental” frontiers:

Cosmic frontier: cosmological impact (observation)

High-energy frontier: new states produced if

sufficient collision energy (lepton or hadron beams)

High-intensity frontier: indirect effects of NP states

(feebly coupled or very rare processes) for high “LLL”

Energy

1/g (L)

! Both at high- and low-energies:

Precision studies of (known) SM phenomena

to reveal inconsistencies with expectation

Discovery of New Physics
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Intensity frontier & SM precision tests

Heavy flavours 
(K, D and B meson oscillations  

and decays, ...)

Precision tests  
of the SMCharged leptons 

(cLFV processes, ,  
EDMs, ...)

(g −2)ℓ

Neutrinos 
(oscillations, nature, mass 

  interaction with matter, ...)

Proton decay

Light weakly  
coupled particles 

(axions and ALPs, dark , ...)γ

Nucleons, nuclei and atoms 
(EDM, weak decays, neutral currents,  

strong interaction tests, ...)

Weak equivalence 

principle



A.M. Teixeira, LPC Clermont I-6

Intensity frontier & SM precision tests

Precision tests  
of the SMCharged leptons 

(cLFV processes, ,  
EDMs, ...)

(g −2)ℓ

Nucleons, nuclei and atoms 
(EDM, weak decays, neutral currents,  

strong interaction tests, ...)

Weak equivalence 

principle
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SM precision tests - a (brief) theory overview

The need for New Physics - searches at three frontiers 

Theory approaches: effective approach (model-independent) 
        

cLFV rare decays: overview & impact for NP searches of cLFV in the muon sector  

CP violation in the hadron sector: neutron EDM 

EW precision tests in nuclear  decays: superallowed transitions & CKM anomaly 
                                                 searches for non (V-A) interactions 

                                 CP violation in beta decays              

Testing the weak equivalence principle: gravity effects on antimatter 

β

Extensive range of topics! Covered by a particle physics phenomenologist! 

Highlight most relevant aspects - unorthodox approach 
A tiny subset... subject to time constraints and personal "bias"  !  

Complementary to subsequent presentations



A.M. Teixeira, LPC Clermont

Precision tests of the SM: constraining New Physics
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SM interpreted as a low-energy limit of a (complete, yet unknown) NP model 
 Model-independent, effective field theory approach (EFT)⇒

*eff = *SM + ∑
n≥5

1
Λn−4 ,n(g , Y, . . . ) -n(ℓ, q, H, γ, . . . )

effective coefficients   Weinberg operator ( )  
  flavoured contributions 

(among many others!)

-5 ↝ mν
-6 ↝

effective operators

(unknown) NP scale

. ∼ .SM + . ( 06

Λ2
NP ) + . . .

 master SM prediction!⇒

. ∼ . ( 06

Λ2
NP ) + . . .

L-EFT

SM-EFT

UV complete 
NP model

ΛEW

ΛNP

mℓ

EFT approach to New Physics

Derive the new "effective" interactions (vertices, ...), and compute contributions to observables 
Agnostic approach, allowing to generically parametrise NP effects 

on observables forbidden in SM and/or observables suggesting deviations from SM
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 Model-independent, effective field theory approach (EFT)⇒

*eff = *SM + ∑
n≥5

1
Λn−4 ,n(g , Y, . . . ) -n(p, n, ℓ, ν, . . . )

effective coefficients

effective operators

(unknown) NP scale

. ∼ .SM + . ( 06

Λ2
NP ) + . . .

 master SM prediction!⇒

. ∼ . ( 06

Λ2
NP ) + . . .

L-EFT

SM-EFT

UV complete 
NP model

ΛEW

ΛNP

mℓ

EFT approach to New Physics***

Derive the new "effective" interactions (vertices, ...), and compute contributions to observables 
Agnostic approach, allowing to generically parametrise NP effects 

on observables forbidden in SM and/or observables suggesting deviations from SM
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SM interpreted as a low-energy limit of a (complete, yet unknown) NP model 
 Model-independent, effective field theory approach (EFT)⇒

*eff = *SM + ∑
n≥5

1
Λn−4 ,n -n

effective coefficients

effective operators

(unknown) NP scale

L-EFT

SM-EFT

UV complete 
NP model

ΛEW
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EFT approach to New Physics

Cast current data (limits, ...)  in terms of  and   
and attempt at inferring info on the dominating operator, and scale of NP  

 Beyond  structure? New vector/axial, (pseudo)scalar or tensor currents? 
Flavour violation beyond SM flavour paradigm? 

 But many unknowns: minimal assumptions must be made, e.g. 

                           "natural"   constrain                                          

                                 "natural"   hint on  

0n
ij ΛNP

⇒ (V −A)

⇒
ΛNP → 0n

ij
0n

ij ≈ 1 → ΛNP
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The probing power of flavour & CPV

Cast current "flavoured" data in terms of  and  :   bounds on 06
ij ΛNP 06

ij ≈ 1 ⇒ ΛNP

EPPSU [1910.11775]
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66 CHAPTER 5. FLAVOUR PHYSICS

2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O
(5) +Â

a

Ca
6

L2 O
(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O
(5) breaks lepton number and, if present, induces Majo-

rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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Flavour & CPV observables: 
probes sensitive to very high 
NP scales  

 
well beyond collider's reach!

ΛNP ∼2(105 TeV)

*eff = *SM + ∑
n≥5

1
Λn−4 ,n(g , Y, . . . ) -n(ℓ, q, H, γ, . . . )

SM interpreted as a low-energy limit of a (complete, yet unknown) NP model 
 Model-independent, effective approach (EFT)⇒

charged lepton flavour violating observables!

electric dipole moments
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New Physics searches at the high-intensity frontier: 
(lepton) flavours and CP violation
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 Charged lepton flavour violation:  
muon sector opportunities
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Lepton flavours: from  oscillations... ν

SM hadron sector: plethora of transitions and decays (and CPV!); CKM paradigm  
  theoretical predictions increasingly more precise (under control) 

SM lepton sector: (strictly) massless neutrinos 
  conservation of total lepton number and lepton flavours 
  lepton flavour universality preserved (only broken by Yukawas)  
  tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10−38e cm

Neutrino oscillations: SM description insufficient! Added complexity to the flavour problem... 

In propagation   oscillations signal the violation of neutral lepton flavours 

 Violation of lepton flavour in neutral lepton sector opens a wide door  

to flavour violation in the charged lepton sector

να → νβ → . . . ⇒
⇒

Similar flavour violating transitions in quarks & leptons ?!
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Lepton flavours: from  oscillations... ν

SM hadron sector: plethora of transitions and decays (and CPV!); CKM paradigm  
  theoretical predictions increasingly more precise (under control) 

SM lepton sector: (strictly) massless neutrinos 
  conservation of total lepton number and lepton flavours 
  lepton flavour universality preserved (only broken by Yukawas)  
  tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10−38e cm

Neutrino oscillations: SM description insufficient! Added complexity to the flavour problem... 
Extend the SM to accommodate  : assume most minimal extension SM   

                                            [SM = “ad-hoc”  (Dirac), ] 

να ↭ νβ mν

mν
mν UPMNS

In SM : total lepton number still conserved (LNC) 

          BUT! flavour violation in neutral leptons  charged leptons as well! 

          cLFV possible... but not observable!! BR( )  

            lepton EDMs still beyond observation (2-loop contributions from )

mν

⇒
μ → eγ ∼ 10−54

δCP

 cLFV, LNV, lepton EDMs, ...: observation of SM-forbidden leptonic modes  
 Discovery of New Physics! (possibly before direct signal @ LHC)⇒

Leptonic observables: signs of New Physics

! In the Standard Model: (strictly) massless neutrinos

conservation of total lepton number & lepton flavours

lepton flavour universality preserved (only broken by Yukawas)

tiny leptonic EDMs (at 4-loop level.. dCKMe ≤ 10−38e cm)

! Extend the SM to accommodate να " νβνα " νβνα " νβ : assume most minimal extension SMmνmνmν

[SMmνmνmν= “ad-hoc” mν (Dirac), UPMNS]

! In the SMmνmνmν : (total) Lepton number conserved, flavour-universal lepton couplings

cLFV possible... but not observable!! BR(µ → eγ)BR(µ → eγ)BR(µ → eγ) ∼ 10−5410−5410−54

W−

γ

ℓi ℓj

νLUik U∗
jk

EDMs still beyond observation (contributions from δCP @ 2-loop...)

! Observation of SM-“forbidden” modes and/or tensions with data

⇒⇒⇒ discovery of New Physics! Possibly before LHC!
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Leptonic observables: signs of New Physics

! In the Standard Model: (strictly) massless neutrinos

conservation of total lepton number & lepton flavours

lepton flavour universality preserved (only broken by Yukawas)

tiny leptonic EDMs (at 4-loop level.. dCKMe ≤ 10−38e cm)

! Extend the SM to accommodate να " νβνα " νβνα " νβ : assume most minimal extension SMmνmνmν
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EDMs still beyond observation (contributions from δCP @ 2-loop...)

! Observation of SM-“forbidden” modes and/or tensions with data

⇒⇒⇒ discovery of New Physics! Possibly before LHC!
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Lepton flavours: from  oscillations... ν

SM hadron sector: plethora of transitions and decays (and CPV!); CKM paradigm  
  theoretical predictions increasingly more precise (under control) 

SM lepton sector: (strictly) massless neutrinos 
  conservation of total lepton number and lepton flavours 
  lepton flavour universality preserved (only broken by Yukawas)  
  tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10−38e cm

Neutrino oscillations: SM description insufficient! Added complexity to the flavour problem... 
Extend the SM to accommodate  : assume most minimal extension SM   

                                            [SM = “ad-hoc”  (Dirac), ] 
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cLFV: muon observables

M-3A.M. Teixeira, LPC Clermont

Muons - ideal probe for NP: from lepton flavour universality tests,  
                 to anomalous magnetic moments, ... to cLFV!

Muon cLFV - extensive opportunities, numerous observables, relying on very intense beams

Leptonic decays: radiative  and three-body  
    muonic atoms  & LNV   
    nuclear assisted Coulomb decays  
    Muonium oscillations  and decays  

    Light "invisible" searches (e.g. , ...) 

And further! Semi-leptonic decays:  
                       And at colliders: ,  (e.g. FCC-ee, CEPC, ...);  

                           high  dilepton tails in   ... 
                           Numerous channels at a future muon collider!  

μ → eγ μ → 3e
μ−(A, Z) → e−(A, Z) μ−(A, Z) → e+ (A, Z − 2)*

μ−e− → e−e−

Mu(μ+ e−) − Mu(μ−e+ ) Mu(μ+ e−) → e+ e−

μ → eϕ

M → (M′�)μℓ
Z → μτ H → μτ

pT pp → μℓ

!!! Overview of (high-intensity) observables: status & prospects

A lot of muons :)

And friendly neutrons!
Muons: lightest "unstables" - clean objects, ideal & versatile probes for new physics searches 

At the centre of a world-wide comprehensive programme - experiments and theory
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cLFV muon channels: radiative decays
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cLFV decay:  

Event signature:    (  MeV) 
              Back-to-back ; Time coincidence

μ+ → e+ γ

Ee = Eγ = mμ/2 ∼52.8
e+ − γ (θ ∼180∘)

Backgrounds  prompt physics & accidental 

Prompt: radiative  decays ( , very low )                                      

Accidental: coincidence of  with positron from Michel decays  : 
photon from  ;   from in-flight  annihilation       

Experimental status: 
First searches (!) in 1940's  
Advent of intense muon beams in 2000's MEG @ PSI 

BR( )   (90% CL) 

 Future prospects:  
MEG II (@ PSI): BR( )     

⇒
μ μ → e ν̄eνμ γ Eν [ ∝ Rμ]

γ μ → e ν̄eνμ
μ → e ν̄eνμ γ γ e+ e− [ ∝ R2

μ]

μ+ → e+ γ ≤ 4.2 × 10−13

μ+ → e+ γ ≤ 6 × 10−14

Universe 2021, 8, 299 22 of 39

design. MEG adopted a graded solenoidal field, set at ⇠1.1 T near the center of the
apparatus, that sweeps out the positrons emitted at ⇠90 deg and provides a constant
bending radius for the signal positron essentially independent of the angle of emission.
This feature helps in achieving a uniform and efficient signal track reconstruction. Another
technological breakthrough from the MEG experiment is the development of the liquid
Xe (LXe) calorimeter. The MEG LXe calorimeter is the first application of a large volume
of LXe for particle detection and, so far, it proved to have the best performance for the
electromagnetic calorimetry detection in the energy range below 100 MeV [164].

Figure 12. Schematic of the MEGA experiment (Figure from [163]).

Figure 13. Schematic of the MEG experiment (Figure from [101]).

Table 4. Summary of detector performance for the MEG and MEG-II experiments [102]. sX indicates
the resolution of the observable X, eX the detection efficiency for the particle X. For the case of the
photon energy resolution sEg

, the two values refer to the shallow (<2 cm)/deep (>2 cm) events. ste+g

is the time resolution on the e+ � g time residual. The reported values for the MEG-II case refer to
the updated results from the engineering runs reported in [102].

sp+
e

sq+
e

sEg sxg ste+g
ee+ eg

MEG 380 keV/c 9.4 mrad 2.4%/1.7% 5 mm 122 ps 30% 63%
MEG-II 100 keV/c 6.7 mrad 1.7%/1.7% 2.4 mm 70 ps 65% 69%

Recently, the MEG collaboration worked on the upgrade of the experiment (MEG II),
which aims to reach a sensitivity of 6⇥ 10�14 90% C.L. [102]. Various improvements on the
detector were delivered. The positron spectrometer was replaced with a low-mass single-
volume cylindrical drift chamber with high rate capability. This increased the acceptance of
the spectrometer with respect to the MEG configuration by more than a factor of 2. The
LXe calorimeter was also upgraded by replacing the MEG photomultiplier tubes (PMTs)
with smaller vacuum-ultraviolet sensitive silicon photomultipliers (SiPMs). A novel timing
detector for an active suppression of the accidental background was also introduced. The
results of the engineering runs showed a fast degradation of the wires of the drift chamber

very hard to go beyond  without 
conceptually different approach

10−15

[MEG Coll., 1605.05081]

[MEG II Coll., 2201.008200]
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Figure 14. Schematic of the SINDRUM experiment. B, muon beam; S, focussing solenoid; T, target;
C, five cylindrical multi-wire proportional chambers; H, hodoscope of 64 scintillators; L, light
guides for the hodoscope; P, 128 photomultipliers; A, preamplifiers for the cathode strips and
amplifier/discriminators for the anode wires; M, normal conducting coil of the magnet. Figure and
caption from [165].

A new effort to improve the sensitivity on µ± ! e±e�e+ search is underway at PSI by
the Mu3e collaboration [109]. The Mu3e experiment aims for a 10�16 single-event sensitivity,
which would correspond to an improvement by four orders of magnitude compared to
the limit set by the SINDRUM experiment. Such a leap in sensitivity is enabled by: (i) the
availability of high-intensity muon beams, (ii) the use of silicon pixel detectors instead of
multi-wire proportional chambers to track the decay products, and (iii) a modern data-
acquisition system able to handle the vast amount of data produced by the detector. A first
phase of the experiment is currently under construction at the pE5 beamline at PSI, where
the intense DC surface muon beam of 108µ+/s will be exploited to achieve a single event
sensitivity of 2 ⇥ 10�15 in about 300 days of data taking [110]. The Mu3e experimental
setup is shown in Figure 15. It is designed to track the two positrons and one electron from
the positive muon decaying at rest with a light-weight tracker placed inside a 1 T magnetic
field, thereby reconstructing the decay vertex and invariant mass.

Figure 15. Schematic of the Mu3e experiment (Figure from [110]).

The muon beam is stopped in a hollow double-cone target placed at the center of the
Mu3e solenoid. This allows for the spread out of the decay vertices in z and minimizes the
amount of target material traversed by the decay particles. The target is surrounded by the
cylindrical central tracker, which consists of an inner silicon pixel detector, a scintillating
fiber tracker for time measurements, and an outer silicon pixel detector. A momentum
resolution of better than 1 MeV/c at @ 50 MeV/c is achieved by letting the positrons
(electrons) re-curl in the magnetic field, either crossing the central tracker again or hitting
the outer tracking stations surrounding the upstream and downstream beam pipe. These

M-4

cLFV muon channels: 3-body decays

cLFV decay:  

Event signature:     
              common vertex; Time coincidence

μ+ → e+ e−e+

Σ Ee = mμ ; Σ ⃗P e = ⃗0

Backgrounds  physics & accidental 

Physics: multi-body  decays ( , very low )                                     

Accidental: Bhabha scattering of Michel  from   decays with atomic   
Michel positrons with  from  conversion     

Experimental status: 
SINDRUM @ PSI  

BR( )   (90% CL) 

 Future prospects:  
Mu3e (@ PSI): expected sensitivity  for Phase I 
                     with HIMB,  for Phase II

⇒
μ μ → e ν̄eνμ e+ e− Eν

e+ μ → e ν̄eνμ e+ e−

e+ e− γ

μ+ → e+ e−e+ ≤ 1.0 × 10−12

2(10−15)
2(10−16)
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[SINDRUM Coll., '88]

[Mu3e Coll., 2009.11690]

[Aiba et al, 2111.05788]
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cLFV in muonic atoms:  conversionμ − e

Experimental status: 
SINDRUM @ PSI: CR( )   (90% CL) 

 Future prospects:  
Mu2e (@ FNAL) - ,  
        COMET (@ JPARC) - , ...

μ− − e−, Au ≤ 7.1 × 10−13

2(10−17)
2(10−15 −10−17)

Muonic atoms: 1s bound state formed when  stopped in target 

SM allowed processes: decay in orbit (DIO)   
                                  nuclear capture   

In the presence of New Physics - cLFV neutrinoless  conversion  

 

μ−

μ−→ e−νμν̄e
μ− + (A, Z ) → νμ + (A, Z −1)

μ− − e−

μ− + (A, Z) → e− + (A, Z)

Event signature: single mono-energetic electron 

 

For Aluminium, Lead, Titanium  MeV) 

Which target?** For coherent conversion, maximal rates for  

Backgrounds  Only physics!  decay in orbit, beam purity, cosmic rays, ...

Eμe = mμ − EB(A, Z ) − ER(A, Z )
↝ Eμe ≈ 2(100

30 ≤ Z ≤ 60

⇒ μ

so
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[SINDRUM II Coll., '06]

[Bartoszek et al, 1501.05241] 

[Abramishvili et al, '20] 
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cLFV in muonic atoms:  conversionμ − e

Muonic atoms: 1s bound state formed when  stopped in target 

SM allowed processes: decay in orbit (DIO)   
                                  nuclear capture   

In the presence of New Physics - cLFV & LNV ( ) neutrinoless  conversion  
   

 conversion: coherent process, single nucleon, nuclear ground states 

 conversion: 2 nucleons ( ), possibly excited final state  

μ−

μ−→ e−νμν̄e
μ− + (A, Z ) → νμ + (A, Z −1)

ΔL = 2 μ− − e+

μ− + (A, Z) → e+ + (A, Z − 2)*
μ−−e−

μ−−e+ ΔQ = 2

Event signature: single positron - but complex energy spectrum 

 

For Aluminium (giant dipole resonance)  MeV)

EN*

μe = mμ − EB(A, Z ) − ER(A, Z ) − ΔZ−2(*)

↝ EAl, GDR
μ−e+ ≈ 2(83.9

Experimental status: 

 Future prospects:  
Best sensitivity for Ca, S and Ti targets (possibly );  Al@Mu2e?∼2(few × 10−15)
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LNV in “muonic” atoms: µ− − e+µ− − e+µ− − e+ conversion

! LNV (∆L = 2∆L = 2∆L = 2) µ− − e+µ− − e+µ− − e+ conversion: µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗

µ− − e−µ− − e−µ− − e−: coherent, single nucleon, nuclear ground state

µ− − e+µ− − e+µ− − e+: 2 nucleons (∆Q = 2), possibly excited final states
!!"#"#
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! Event signature: single positron - but complex E-spectrum

EN∗

µ−e+ = mµ − EB(A,Z)− ER(A,Z)−∆Z−2(∗)

EAl,GDR
µ−e+

≈ O(83.9 MeV) [< GDRAl >∼ 21.1 MeV (6.7 MeV)] [Geib et al, ’16]

! Experimental status - present bounds:

Collaboration year Process Bound

PSI/SINDRUM 1998 µ−+Ti→ e++Ca∗ 3.6 × 10−11

PSI/SINDRUM 1998 µ−+Ti→ e++Ca 1.7 × 10−12

! Experimental status - future prospects:

Recent studies: best sensitivity associated with Calcium, Sulphur and Titanium targets

CR(µ− − e+µ− − e+µ− − e+)< O( few× 10
−15)< O( few× 10
−15)< O( few× 10
−15) for 48Ti48Ti48Ti (both LNC and LNV searches) [Yeo et al, ’17]

For Aluminium targets improvement of current sensitivity maybe very hard (even factor 10)...
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cLFV in muonic atoms:  conversionμ − e

Muonic atoms: 1s bound state formed when  stopped in target 

SM allowed processes: decay in orbit (DIO)   
                                  nuclear capture   

In the presence of New Physics - cLFV & LNV ( ) neutrinoless  conversion  
   

 conversion: coherent process, single nucleon, nuclear ground states 

 conversion: 2 nucleons ( ), possibly excited final state  

μ−

μ−→ e−νμν̄e
μ− + (A, Z ) → νμ + (A, Z −1)

ΔL = 2 μ− − e+

μ− + (A, Z) → e+ + (A, Z − 2)*
μ−−e−

μ−−e+ ΔQ = 2

Event signature: single positron - but complex energy spectrum 

 

For Aluminium (giant dipole resonance)  MeV)

EN*

μe = mμ − EB(A, Z ) − ER(A, Z ) − ΔZ−2(*)

↝ EAl, GDR
μ−e+ ≈ 2(83.9

Experimental status: 

 Future prospects:  
Best sensitivity for Ca, S and Ti targets (possibly );  Al@Mu2e?∼2(few × 10−15)

a et
Y Np I

j w w

IZ A

2 2 A

Nucleus

e re

Mu z MT

Mt et

µ
e ooo I

n i

e
e k u

e or

u n
e

LNV in “muonic” atoms: µ− − e+µ− − e+µ− − e+ conversion

! LNV (∆L = 2∆L = 2∆L = 2) µ− − e+µ− − e+µ− − e+ conversion: µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗

µ− − e−µ− − e−µ− − e−: coherent, single nucleon, nuclear ground state

µ− − e+µ− − e+µ− − e+: 2 nucleons (∆Q = 2), possibly excited final states
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! Event signature: single positron - but complex E-spectrum

EN∗

µ−e+ = mµ − EB(A,Z)− ER(A,Z)−∆Z−2(∗)

EAl,GDR
µ−e+

≈ O(83.9 MeV) [< GDRAl >∼ 21.1 MeV (6.7 MeV)] [Geib et al, ’16]

! Experimental status - present bounds:

Collaboration year Process Bound

PSI/SINDRUM 1998 µ−+Ti→ e++Ca∗ 3.6 × 10−11

PSI/SINDRUM 1998 µ−+Ti→ e++Ca 1.7 × 10−12

! Experimental status - future prospects:

Recent studies: best sensitivity associated with Calcium, Sulphur and Titanium targets

CR(µ− − e+µ− − e+µ− − e+)< O( few× 10
−15)< O( few× 10
−15)< O( few× 10
−15) for 48Ti48Ti48Ti (both LNC and LNV searches) [Yeo et al, ’17]

For Aluminium targets improvement of current sensitivity maybe very hard (even factor 10)...

  A unique connection between LNV (in association with Majorana nature  

and possibly, neutrino mass generation) and cLFV
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cLFV muonium transitions

Muonium:  
Hydrogen-like Coulomb bound state, free of hadronic interactions!  
Powerful laboratory for EW tests and cLFV 

In the presence of New Physics - Muonium oscillations and Muonium decays

μ+ e−

Mu-  oscillation 

Spontaneous conversion    
Reflects a double (individual) lepton number violation  

Rate (typically) suppressed by external magnetic fields 

Detection: reconstruct Michel electron from  decays and shell positron  

Experimental status: MACS -  

Future prospects: MACE, AMF (@FNAL)

Mu

μ+ e− ↭ μ− e+

|ΔLe | = |ΔLμ | = 2

μ−

P(Mu − Mu) < 8.3 × 10−11

Mu decays 
  

Clear signal compared to SM-allowed muonium decay, Mu  

No available bounds, no clear roadmap...

μ+ e− → e+ e−

→ e+ e−ν̄μ νe

[Willmann et al, 1999]
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 Need many many (really many!) muons: excellent sensitivity with current sources, 
Amazing prospects with advent of high-intensity beams (PSI, FNAL, JPARC) 
and beyond?... Muon facility? Muon collider?   

⇒

Searching for tiny cLFV effects  high-intensity sources for excellent sensitivities⇒

!!! Overview of (high-intensity) observables: status & prospects

A lot of muons :)

And friendly neutrons!
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cLFV muon observables: experimental status

Fabrizio Cei, KAON2019
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 Generic New Physics observables in the lepton sector: 

- Lepton number violation (e.g. neutrino masses,  decays, ...) 

- Electric and (anomalous) magnetic moments - ,   

- charged lepton flavour violation

0ν2β
dℓ (g −2)ℓ

Back to : cast observables in terms of  and    

                                                                                    

ℒeff 0ij ΛNP

ℒeff = ℒSM + 0525

ΛLNV
(mν) + 0626

Λ2
cLFV

(ℓα ↔ ℓβ) + . . . + 0727

Λ′�3
LNV

(0ν2β) + . . .

Deceptively simple task... different new physics scales, numerous operators!  

For cLFV, technically very involved, even if no "SM background"... 

Majorana  massesν
Kinetic corrections, ... 
EW precision, top physics, ... 
Electric dipole & anomalous magnetic moments, ...  
cLFV (dipole, 3 body, matter assisted, ...) 

Lepton number violation, 
cLFV & LNV,  
...

Lepton flavours: from  oscillations... EFT!ν

Here - a tiny tip  
of the iceberg!
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Muon cLFV: EFT approach to New Physics

e

eNP

m e

r e

q

NP

g

so
µ e

 QED & QCD & NP effective Lagrangian, many involved operators! 

of µ ! e conversion and µ ! 3e in the phenomenological analysis. In addition, we include

the dimension-seven lepton-gluon operator that is relevant in µ ! e conversion [35].

The outline of the paper is as follows: Section 2 introduces the QCD⇥QED invariant

operators of our e↵ective Lagrangian. The essential formulas for the transition rates of

our three processes in terms of the Wilson coe�cients of the operators are recalled in

Section 3. Then, the RGE of these Wilson coe�cients is discussed in Section 4 with the

analytic formulas collected in Appendix A. These results are combined in Section 5 to

obtain limits on various Wilson coe�cients and discuss the complementarity of the three

processes.

2 Low-energy Lagrangian

Following the Appelquist-Carazzone theorem [36], we consider an e↵ective Lagrangian

that is valid below some scale ⇤ with mW � ⇤ � mb. Therefore, it consists of all

operators that are invariant under U(1)QED ⇥ SU(3)QCD and contain the fermion fields

f 2 {u, d, c, s, b, e, µ, ⌧}, as well as the QED and QCD gauge fields. In addition to the

dimension-four QED and QCD Lagrangians, it contains higher-dimensional operators mul-

tiplied by dimensionless Wilson coe�cients C. Having µ ! e transitions in mind, we

restrict ourselves to operators that induce such transitions and are flavour diagonal with

respect to the other fields. Concretely, our Lagrangian reads

Le↵ = LQED + LQCD

+
1

⇤2

⇢
C

D
L O

D
L +

X

f=q,`

�
C

V LL
ff O

V LL
ff + C

V LR
ff O

V LR
ff + C

S LL
ff O

S LL
ff

�

+
X

h=q,⌧

�
C

T LL
hh O

T LL
hh + C

S LR
hh O

S LR
hh

�
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ff = (ē�µPLµ)

�
f̄�µPLf

�
, (2.3)

O
V LR
ff = (ē�µPLµ)

�
f̄�µPRf

�
, (2.4)

O
S LL
ff = (ēPLµ)
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�
h̄PRh

�
, (2.6)

O
T LL
hh = (ē�µ⌫PLµ)
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... and further "mixing" effects, from RGE running (including loop effects) ...

 Simple examples: at leading order one has  

BR( )  

BR( )  

CR( , N): far more involved (nuclear target effects, spin (in)-dependent contributions, ...) 

                         

μ → eγ ≃384π2 v4

Λ4 ( |CD,L |2 + |CD,R |2 )

μ → eee ≃ v4

Λ4 [ 1
8 |CS,LL |2 + 2 |CV,RR + 4eCD,L |2 + (64 ln

mμ

me
−136) e |CD,L |2 + |CV,RL + 4eCD,L |2 ]+ (L ↔ R)

μ − e

≈ 1
Γcap

m5
μ

Λ4 [ eCD
L DN + 4 (GFmμ mp C̃SL

(p) S(p)
N + C̃VR

(p) V (p)
N + p → n)

2
+ (L ↔ R)]

: nuclear "overlap integrals" between  

lepton wave functions and nucleon densities (target-dependent)

DN, S(p/n)
N , V (p/n)

N
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orders of magnitude different from the other coefficients, we also plot the reach in a parametrization similar to that
introduced in [19] by defining a variable

D = cotan(✓D � ⇡/2) . (III.1)

This non-linear transformation magnifies the regions where the dipole contribution either dominates the four-fermion
interactions (✓ = 0,⇡) or is suppressed (✓ = ⇡/2). We also define a similar variable V , that magnifies the regions
where leptonic four-fermion coefficients are much larger or smaller than those with quarks. We subtract ⇡/2 in order
to have µ ! e� larger at the centre of the plot, following [19]. However, this choice means that =0 corresponds to
both to ✓ = 0 and ✓ = ⇡, and the rates can be discontinuous at 0 while they are continuous at ±1. This can be
observed in figure 3.
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FIG. 1. Reach as a function of (left) the angle ✓D, which parametrizes the relative magnitude of dipole and four-fermion
coefficients, and (right) the variable D = cotan(✓D �⇡/2). The scale ⇤ is defined in eqn (II.1) with the coefficients normalised
according to Table II. The solid region is currently excluded.

Figure 2 displays the reach as a function of ✓V , which is effectively the angle between the µ ! eēe and µA! eA
four-fermion operators. Results for a vanishing dipole contribution (✓D = ⇡/2) shows that µ ! eēe vanishes at
✓V = ⇡/2 and µA! eA at ✓V = 0,⇡. Adding a small negative dipole coefficient, µ ! eēe doesn’t vanish anymore
since the dipole contributes independently as well as in interference with the four-fermion contributions, and the
rate is reduced when this interference is destructive. The magnitude of the negative dipole coefficient is larger for
✓D = 3⇡/4, exhibiting that µA! eA vanishes when the dipole cancels the four-fermion contributions. Similar plots
for V = cotan(✓V � ⇡/2) are shown in Figure 3.

Figure 4 illustrates the complementarity of heavy and light targets for µA!eA, by plotting the conversion ratios
as function of ~C · ~eAlight / sin� and ~C · ~eAheavy? / cos�. Recall that ~C · ~eAheavy? parametrizes the independent
information obtained with Au. This additional contribution to µAu ! eLAu causes the rate to vanish at a different
value than that of the light targets. The dipole, which also contributes to µA ! eA, was taken to either vanish
(✓D = ⇡/2), be positive (✓D = 3⇡/4) or negative (✓D = ⇡/4). This illustrates the impact of ~C · ~eD on the rate:
cancellations can occur among the dipole and four-fermion contributions, as well as between the two independent
combinations of four-fermion coefficients.

Finally, the dependence of the sensitivity on the angle � and the variable D is exhibited in Figure 5. As expected,
the µ ! e� and µ ! eēe processes are independent of �. The shape of the conversion processes on light and heavy
targets are globally similar, although the ridges along which the rates cancel are slightly different.

[Davidson & Echenard, 2204.00564]

Results of a recent EFT approach to muon transitions: 

 

      

*eff
NP, cLFV = 1

Λ2 [CD(ēσνρPRμ)Fνρ + CS(ēPRμ)(ēPRe) + CVR(ēγνPLμ)(ēγνPRe) + CVL(ēγνPLμ)(ēγνPLe)+
+ CN-light2N-light + CN-heavy⊥2N-heavy⊥]

 ⃗C = {CD, CS, CVR, CVR, CVL, CN-light, CN-heavy⊥}

  Sensitivity to NP scales (current & future):  

    MEG ( )  TeV) [dipole] 

    SINDRUM II ( , Au)  TeV) [4f] 

    Mu2e/COMET II ( , Al)  TeV) 
[either dipole or 4f]

μ → eγ ↭ ΛcLFV ∼-(103

μ −e ↭ ΛcLFV ∼-(103

μ − e ↭ ΛcLFV ≲ -(104
dipole vs. 4-fermion  

dominance

 BR( )     

                        and likewise for other observables   

          BR( ), CR( , N), Muonium oscillations...

⇒ μ → eγ ≃384π2 v4

Λ4 | ⃗C . ̂eDR |2 ↝ ≤ BRexp (future)

μ → 3e μ − e

2 2 CD ≈ cos θD
Λ2



 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR( ,N): 

Comparatively more involved theoretical approach!  

Explore target-nucleus dependence to distinguish dominant operator (hint on NP model!)  
               [extensive contributions since Kitano et al, 0203110! see Davidson et al, 1810.01884; Heeck et al, 2203.00702, ...] 


In the advent of an observation (@ Mu2e, COMET  using Aluminium targets) 
   prepare choice of future targets  

Which offer the largest complementarity with respect to Al?

μ −e

↝
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[Heeck et al, 2203.00702]

 cLFV data to constrain  (and infer sensitivity of a process to operator )⇒ 06 26

Muon cLFV: EFT approach & conversion in nuclei
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mass, it can be described to leading order in chiral per-
turbation theory by an e↵ective Lagrangian connecting
muons and electrons via dipole and two-nucleon opera-
tors [4]:

Lµe = �
4GFp

2

X

X=L,R

⇥
mµCD,Xe�↵�PXµF↵�

+
X

N=p,n

⇣
C(NN)

S,X ePXµNN + C(NN)
P,X ePXµN�5N

+ C(NN)
V,X e�↵PXµN�↵N + C(NN)

A,X e�↵PXµN�↵�5N

+ C(NN)
Der,Xe�↵PXµ (N

 !
@ ↵i�5N)

+ C(NN)
T,X e�↵�PXµN�↵�N

⌘i
+ h.c., (2)

where PL,R are chiral projection operators and the C are
dimensionless Wilson coe�cients at the experimental en-
ergy scale ⇠ mµ. We expect spin-independent µ ! e
conversion to dominate due to coherent enhancement.2

This is an assumption that does not hold true in all pos-
sible models [14, 31] but will be employed from here on
out. For spin-independent scattering, only a subset of
Wilson coe�cients contribute, leading to the µ! e con-
version rate, conventionally normalized relative to the
muon capture rate �capture [4, 11],

BRSI(µA! eA) =
32G2

F

�capture

h���Cpp
V,RV

(p) + Cpp0

S,LS
(p)

+Cnn
V,RV

(n) + Cnn0

S,LS
(n) + CD,L

D

4

����
2

+ {L$ R}
#
. (3)

Here, the primed coe�cients are defined as CNN 0

S,X ⌘
CNN

S,X + 2mµ

mN
CNN

T,X , X = L,R [14, 31]. The overlap in-
tegrals,

D =
4p
2
mµ

Z 1

0
dr r2 [�E(r)]

�
g�e f

�
µ + f�

e g�µ
�
, (4)

S(p) =
1

2
p
2

Z 1

0
dr r2Z⇢(p)

�
g�e g

�
µ � f�

e f�
µ

�
, (5)

S(n) =
1

2
p
2

Z 1

0
dr r2N⇢(n)

�
g�e g

�
µ � f�

e f�
µ

�
, (6)

V (p) =
1

2
p
2

Z 1

0
dr r2Z⇢(p)

�
g�e g

�
µ + f�

e f�
µ

�
, (7)

V (n) =
1

2
p
2

Z 1

0
dr r2N⇢(n)

�
g�e g

�
µ + f�

e f�
µ

�
, (8)

contain all the information about the structure of the nu-
cleus, here assumed to be spherically symmetric, through
the density distributions of charge ⇢(c), protons ⇢(p), and
neutrons ⇢(n). These are normalized via

Z 1

0
dr 4⇡r2⇢(c),(p),(n)(r) = 1 . (9)

2 For a recent computation of the conversion rate for 208Pb with
a breakdown into coherent, and incoherent spin-dependent and
spin-independent contributions, see Ref. [30].

The radial electric field E(r), relevant for the dipole over-
lap integral D, is defined as

E(r) =
Ze

r2

Z r

0
dr̃ r̃2⇢(c)(r̃) . (10)

The functions g�e , f
�
e , g�µ , and f�

µ are radial parts of the
electron and muon relativistic wavefunctions, determined
by numerically solving the relevant Dirac equations in the
external electric field of the nucleus, following Ref. [26].

The overlap integrals can be calculated for a given iso-
tope after specifying the nuclear distributions. The Wil-
son coe�cients entering Eq. (3) can be obtained in a
given new-physics model through standard procedure of
matching at the new-physics scale and running down the
coe�cients to the experimental scale via renormalization-
group equations. Here, we will take them to be arbitrary
input parameters.

III. NUCLEAR DISTRIBUTIONS

It is di�cult to compute nuclear charge distributions
accurately from the first principles [32–34], especially for
heavy elements. Instead, they can be extracted from ex-
periments. Information about the nuclear distributions
⇢ can be obtained via spectroscopy in (muonic) atoms
and through elastic scattering. Relying on electromag-
netic interactions, this gives access to the charge distri-
bution ⇢(c), for which numerous data tables exist [35, 36].
Spectroscopic measurements typically allow only to ex-
tract the value of the root-mean-square charge radius.
Electron–nucleus scattering data can probe electromag-
netic form-factors at di↵erent values of the momentum
transfer, but available data points are sparse.

A model-independent determination of the charge dis-
tribution is practically impossible and is typically re-
placed by fitting a theoretically or phenomenologically
motivated ansatz to data. Widely adopted parametriza-
tions for spherically symmetric charge distributions with
varying degrees of complexity are listed below:

1. Three-parameter Fermi model (3pF) [37, 38]:

⇢(c)(r) =
⇢0

1 + exp
�
r�c
z

�
✓
1 + w

r2

c2

◆
. (11)

The two-parameter Fermi model (2pF) can be ob-
tained as the special case w = 0; the one-parameter
Fermi function (1pF) is defined here through w = 0
and z = 0.52 fm (which corresponds to a constant
surface thickness of 2.3 fm).

2. Three-parameter Gaussian model (3pG) [38]:

⇢(c)(r) =
⇢0

1 + exp
�
r2�c2

z2

�
✓
1 + w

r2

c2

◆
. (12)

3. Modified-harmonic oscillator model (MHO) [39]:

⇢(c)(r) = ⇢0

✓
1 + w

r2

a2

◆
e�r2/a2

. (13)
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mation ⇢(p) = ⇢(c).
We again compare our results with more sophisticated

theoretical ⇢(p) models for 50
22Ti [47] and

208
82 Pb [48], which

only di↵er from our Tab. I values by 2% and 3%, respec-
tively.

D. Overlap integrals S(n) and V (n)

The overlap integrals S(n) and V (n) depend on the neu-
tron density ⇢(n), which is far more di�cult to measure
than the proton or charge density and only known for
very few nuclei. We have no choice but to make a the-
oretical ansatz here. The elementary approximation is
simply ⇢(n) ' ⇢(p), in which case S(n) ' (N/Z)S(p) and
V (n) ' (N/Z)V (p), listed in Tab. I.

For comparison to more realistic distributions, we use
the state-of-the-art predictions of ⇢(n) for 50

22Ti [47] and
208
82 Pb [48] as well as the experimental data for 40

20Ca [49]
to calculate S(n) and V (n). In all cases, the deviations
are between 2% and 3%, well within our allotted errors.
Despite the many approximations we had to make to cal-
culate the neutron overlap integrals, the results seem ro-
bust.

E. Summary

Our final results are shown in Fig. 3 and tabulated in
Tab. I. For D, they are based on the 1pF charge dis-
tribution and we estimate an uncertainty of about 2%
at low Z that grows to 8% at large Z. For S(p) and
V (p), we unfold the 1pF charge distribution to account
for the finite proton size and obtain the proton-center
distribution following Ref. [46]. We estimate the uncer-
tainties to range from 5% for low Z to 10% at high Z.
For the neutron overlap integrals S(n) and V (n) we ap-
proximate ⇢(n) = ⇢(p) and use the same distributions as
for S(p) and V (p). For small Z, we expect a similar un-
certainty around 5%, while at large Z the approximation
⇢(n) = ⇢(p) is going to become increasingly worse, intro-
ducing an error in excess of 10%. While the accuracy
of the overlap integrals is su�cient for our current pur-
poses, e↵orts should be undertaken to improve them if
muon-to-electron conversion is observed.

V. COMPLEMENTARITY OF TARGETS

Assuming optimistically that COMET or Mu2e ob-
serve µ ! e conversion on their aluminium target with
su�cient significance to claim a discovery, what target
nucleus should be investigated next? One answer was
given long ago: any high-Z target, e.g. gold, since the
overlap integrals become more distinguishable at large
Z [4, 11–15] (see Fig. 3). Unfortunately, high-Z elements
have a very short muon lifetime that renders them di�-
cult to use in experimental setups similar to Mu2e.

In order to find appropriate low -Z targets, we must
first find a quantitative measure of complementarity.
Following Refs. [4, 14], we write the spin-independent
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FIG. 3. All overlap integrals as a function of Z, using the
data from Tab. I. We approximate ⇢(n) = ⇢(p) and use the
proton-center distribution unfolded from the 1pF charge dis-
tribution.

branching ratio from Eq. (3) as

BRSI =
32G2

F

�capture

⇥
|v ·CL|2 + |v ·CR|2

⇤
, (17)

where

v ⌘
✓
D

4
, V (p), S(p), V (n), S(n)

◆
(18)

is a vector specific to the µ ! e conversion target and

CL ⌘
⇣
CD,R, C

pp
V,L, C

pp
S,R, C

nn
V,L, C

nn
S,R

⌘
, (19)

(similar for CR) contains all new-physics information.
By measuring µ ! e conversion on di↵erent nuclei we
can measure C along di↵erent directions in order to de-
termine its individual components. Since all overlap inte-
grals are positive and of similar magnitude, the di↵erent
vectors v all point roughly in the same direction, so this
procedure requires a precise understanding of the nuclear
structure.

Assuming µ ! e conversion is measured on Al, the
next target material should be chosen so as to provide
as much complementary information to Al as possible,
which is equivalent to demanding that the corresponding
vector v is maximally misaligned with vAl. This can be
quantified through the misalignment angle3

✓Al = arccos

✓
v · vAl

|v||vAl|

◆
. (20)

We show this angle in Fig. 4, which clearly confirms that
high-Z targets have the largest complementarity with Al
overall.

Restricting ourselves to Mu2e-friendly Z < 25 targets,
lithium-7 and titanium-50 show the largest complemen-
tarity with respect to aluminium, followed by chromium-
54 and vanadium. They have larger N/Z ratios, 2.33 and

3 Since the dipole overlap integral D is somewhat special and in
any case well constrained through µ ! e�, one might consider
defining v without D; this turns out to not make a di↵erence in
✓, which is dominated by the proton vs. neutron di↵erence and
essentially insensitive to the D direction.

Overlap integrals:  
more distinguishable at large  ! Z

Better disentangle dominant NP contributions...
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FIG. 4. Misalignment angle with Al, as calculated with
Eq. (20) using our data from Tab. I. The misalignment angle
increases with the number of neutrons in isotopes.

2.27 for lithium-7 and titanium-50, respectively, com-
pared to Al’sN/Z ' 2.08, which might ultimately help to
distinguish CLFV operators involving protons from those
involving neutrons [4]. Lithium has already been identi-
fied as a promising target in Ref. [4]. Titanium has long
been proposed as a suitable second target for aluminum-
based experiments, and our analysis shows that the iso-
tope Ti-50 would be particularly useful; aside from the
conversion rate and the background from muon decay
in orbit, di↵erent isotopes of an element are expected
to behave essentially identically experimentally, notably
because the conversion energy depends only weakly on
the number of neutrons [26]. The theoretically interest-
ing isotopes Ti-50, Ti-49, and Cr-54 have a low natural
abundance and are di�cult enrich in the large quanti-
ties necessary for conversion experiments; Li-7 and V-51,
on the other hand, are the dominant isotopes and hence
practically preferable as second targets after an observa-
tion of µ ! e conversion on aluminium.

VI. CONCLUSIONS

The search for lepton flavor violation is one of our most
sensitive probes of physics beyond the Standard Model.
Experiments searching for µ� ! e� conversion such as
COMET, DeeMe, and Mu2e, promise to improve existing
limits by several orders of magnitude. Robust theoretical
predictions, as presented here, are crucial ingredients for
experimental simulations of possible signal strength and

are relevant for the choice of alternative targets. An ob-
servation of the coherent conversion signal would clearly
indicate new physics. Still, it would not provide enough
information to understand the nature of the new interac-
tions. Our results allow tracking the nucleus-dependence
of the µ� ! e� conversion rate by looking at di↵er-
ent target materials, which would then help to discrimi-
nate the possible underlying new-physics models and ef-
fective operators. Such studies are instrumental in the
context of proposed upgrades of the already approved
experiments [50].

Our results indicate that the isotope dependence can
exceed the uncertainty due to the nuclear charge distri-
bution. Thus, experiments must carefully control the
isotope composition of the targets to enable the proper
interpretation of the results in terms of bounds on un-
derlying short distance parameters of the e↵ective La-
grangians. The isotope dependence can also improve
the experiments’ potential to distinguish various New
Physics scenarios if a signal is observed.

Further improvement of the total coherent conversion
rates requires more precise determination of the proton,
neutron, and charge density profiles. The progress in the
many-body computational methods may allow in the fu-
ture ab-initio evaluation of these density functions, which
would be highly desirable for experimentally studied tar-
get materials.
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- Heavier nuclei (Au, Pb)! ... not feasible... 
(pulsed beams) 

- Among experimental-friendly  targets 

   several (theoretically good) candidates 
   Li-7, Ti-50, Ti-49, Cr-54, .., V-51

Z ≤ 25

[Heeck et al, 2203.00702]

Muon cLFV: EFT approach & conversion in nuclei

    Li-7 and/or V-51 : preferable "second" targets 
post CR( ,Al) observation

⇒
μ −e

 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR( ,N): 

Comparatively more involved theoretical approach!  

Explore target-nucleus dependence to distinguish dominant operator (hint on NP model!)  
               [extensive contributions since Kitano et al, 0203110! see Davidson et al, 1810.01884; Heeck et al, 2203.00702, ...] 


In the advent of an observation (@ Mu2e, COMET  using Aluminium targets) 
   prepare choice of future targets  

Which offer the largest complementarity with respect to Al?    

μ −e

↝

θAl

 cLFV data to constrain  (and infer sensitivity of a process to operator )⇒ 06 26
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 conversion: "unbeatable" NP probeμ − e
Albeit leading to formally different transitions, the same leptonic and semi-leptonic  

operators can be at the origin of flavour violating transitions in very distinct contexts 

LHC   abundant sources of flavour in pp collisions 
  Drell-Yan  probe similar operators, but at high 

↝
qiq̄j → ℓαℓβ (ℓανβ) pT

  LHC limits very competitive for  tails!  
           Better than quarkonium-decays  

⇒ μτ

  
Remarkable LHC / flavor complementarity!

tails perform better than Flavor experiments. 

tails worst than FCNC meson and tau decays.

- Similar for results for  

Angelescu, DAF, Sumensari '20

- Recast results:

LFV tails!  [1807.06573]
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FIG. 2. Limits derived from high-pT LFV dilepton tails on the coefficients
q

|C`k`l
qiqj |

2 + |C`l`k
qiqj |

2 by using 13 TeV ATLAS searches [39]
into the eµ channel (left panel), the e⌧ channel (middle panel) and the µ⌧ channel (right panel). For comparison, we show the limits obtained
by the flavor physics observables, namely quarkonium decays (cyan), µN ! eN (magenta), FCNC meson decays (green) and LFV ⌧ -decays
(yellow). The LHC and flavor results for uu, dd ! eµ, e⌧, µ⌧ have been rescaled by an additional factor of ⇥10 for visibility. The limits
from µN ! eN have been rescaled by a factor of ⇥103 to become visible.

Finally, as there are no experimental bounds on the ⌧ ! `KL

decay, we use the existing limits on ⌧ ! `KS , also listed in
Table III. We find the following constraints:

|Ce⌧
ds � C⌧e

ds | < 10�3 ,

|Cµ⌧
ds � C⌧µ

ds | < 10�3 .
(30)

Note that for scenarios predicting Ce⌧
ds = (C⌧e

ds )
⇤, the contri-

butions to B(⌧ ! `KS) would be proportional to the imag-
inary part of Ce⌧

ds , which we assume to be zero in this study.
In this case, an alternative would be to consider bounds on
B(⌧ ! `K⇤) and B(⌧ ! `K⇤) decays, from which we derive
the following bounds, by using the decay constant reported in
Ref. [60],

|Ce⌧
ds | < 7⇥ 10�4 , |C⌧e

ds | < 7⇥ 10�4 ,

|Cµ⌧
ds | < 10�3 , |C⌧µ

ds | < 10�3 .
(31)

IV. RESULTS AND DISCUSSION

We now compare the constraints on left-handed operators
derived in Sec. II from high-pT data with the ones obtained
from flavor-physics observables, as discussed in Sec. III. This
comparison is made in Fig. 2 where we depict the current

and projected LHC limits from Table II at 36 fb�1 (blue) and
3 ab�1 (red), respectively. In the same plot, we include flavor
constraints from quarkonium decays (light blue), µ ! e nu-
clear conversion (magenta), FCNC meson decays (green) and
LFV ⌧ -decays (yellow). There are several interesting features
of this plot which we discuss in the following.

Firstly, the high-pT limits on quark-flavor conserving Wil-
son coefficients C`k`l

qiqi are significantly better than the lim-
its coming from quarkonium decays irrespective of the LFV
dilepton pair. The latter are less competitive because they are
obtained from measuring relatively wide (short lived) qq̄ vec-
tor mesons (�, J/ ,⌥). Due to the large widths of these
quarkonia, their LFV branching ratios are suppressed, and
thus the low-energy bounds on the relevant Wilson coeffi-
cients are weaker. As a striking example, the high-pT bound
on Cµ⌧

cc (Ceµ
ss ) is a factor of ⇠ 300 (⇠ 4 ⇥ 104) times more

stringent than the flavor bound. This conclusion can be ex-
tended to lepton flavor conserving transitions where analo-
gous LHC searches in high-pT dilepton tails qiq̄i ! `+`� are
expected to provide stronger bounds than the ones extracted
from quarkonium decays.

Secondly, the low-energy limits from FCNC meson decays
involving down-quarks or those from LFV ⌧ -decays are typ-
ically more constraining than high-pT dilepton tails at cur-
rent luminosities. However, for some specific transitions, the
constraints that we estimate at the high-luminosity phase of

 Impossible for  tails 
          to out-perform cLFV searches 

( , N) conversion bounds 

⇒ μe

μ −e

[Angelescu et al, 2002.05684]

[Constraints from quarkonia decays, 

see also Calibbi et al, 2207.10913]
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Albeit leading to formally different transitions, the same leptonic and semi-leptonic  
operators can be at the origin of flavour violating transitions in very distinct contexts 

LHC   abundant sources of flavour in pp collisions 
  Drell-Yan  probe similar operators, but at high  

TeraZ factory (FCC-ee, CEPC)  EW precision & flavour violation 

↝
qiq̄j → ℓαℓβ (ℓανβ) pT

↝
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Figure 2: Values of the NP scale ⇤ that are accessible by each of the LFV observables with
current bounds (solid bars) and future sensitivities (lighter bars). We assume that C(⇤)  1

for each operator at a time, while the others vanish at µ = ⇤.

are currently mostly constrained by ⌧ ! ⇢` decays, which imposes indirect limits of the order
BR(Z ! ⌧`) . 10�8

�10�7. While still below the reach of current LEP/LHC bounds (as well
as the expected HL-LHC sensitivity), these decay rates could be probed at a future Tera Z
factory.

Next, we consider as input the WCs at the NP scale µ = ⇤, as it would be the scale at
which we could integrate out the new heavy fields related to the UV dynamics and generate
the SMEFT operators. In order to compare better the sensitivity reach of future high- and
low-energy LFV experiments to such operators, we focus our discussion on what would be the
largest NP scale that we could probe in each case. Under our hypothesis of switching on a
single operator at a time, the LFV observables under consideration would scale as C(⇤)2/⇤4,

12

[Calibbi et al, 2107.10273]

For  much better sensitivity of  
dedicated (low-energy) cLFV searches 

,  conversion 

Z → μe

μ → eee μ − e

TeraZ factory  cLFV  decays↝ Z

Promising potential of TeraZ factory for 
 decays  

(competitive with low-energy cLFV) 
Z → τℓ

 conversion: "unbeatable" NP probeμ − e
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Muon cLFV prospects

EPPSU [1910.11775]
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66 CHAPTER 5. FLAVOUR PHYSICS

2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O
(5) +Â

a

Ca
6

L2 O
(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O
(5) breaks lepton number and, if present, induces Majo-

rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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cLFV  conversion in nuclei: 
  most sensitive flavoured probe of NP! 

  Unprecedented sensitivity  

Unique opportunities for NP discovery

μ − e

-(10−17)

Muons: lightest "unstables" - clean objects,  
      ideal & versatile probes for NP searches 
At the centre of a world-wide comprehensive  
programme - experiments and theory
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F1(0) = 1
μℓ = e

2m (F1(0) + F2(0))
aℓ = F2(0)

dℓ = − e
2m

F3(0)

F4(0) = 0

i⟨p′�|Jμ(0) |p⟩ = (−ie) Ψ̄(p′�)[γμ F1(k2) + iσμνkν

2m
F2(k2)

(charge renormalisation)
(magnetic dipole moment)

(anomalous magnetic moment)

(electric dipole moment, T&P violating)

(anapole moment, P violating)

+ γ5
iσμνkν

2m
F3(k2) + γ5(k2 γμ − γ/ kμ) F4(k2)] Ψ(p)γ(k)

ℓ(p) ℓ(p′�)

ℋ = − 2(μℓ σ . B + dℓ σ . E)
non-relativistic... ⏟ ⏟T&P violatingT&P conserving

Electric dipole moments (EDM)
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Electric dipole moments (EDM)

Flavour & CPV: the "usual graveyard of BSM electroweak theories" 
Neutron EDM: observable (likely) responsible for falsifying the largest number of BSM...
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Introduction Model-independent discussion EDMs in NP models, 2HDM Conclusions

Experimental approaches [K. Jungmann’13 in Annalen der Physik]

N-1

Electric dipole moments (EDM)

Electric Dipole Moments - observables sensitive to CP violation   

non-relativistic approach:   

relativistic generalisation   

EDMs: sensitive to SM sources of CP violation (weak  and strong ),   
          and NP CPV interactions - required to explain the BAU (baryo- or leptogenesis) 

(especially "flavour blind" new phases)  

Which EDM observables are being "hunted" for?  
As many as possible!

@ ∝ −(μf ⃗σ . ⃗B + df ⃗σ . ⃗E )

↝ *CP-odd = − i
2 d Ψ̄σμνγ5ΨFμν

δCKM θ̄

P & T violation  
 CP violation⇒

[adapted from Jungmann, 2013]
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Electric dipole moments (EDM)

Electric Dipole Moments - observables sensitive to CP violation   

non-relativistic approach:   

relativistic generalisation   

EDMs: sensitive to SM sources of CP violation (weak  and strong ),   
          and NP CPV interactions - required to explain the BAU (baryo- or leptogenesis) 

(especially "flavour blind" new phases)  

Which EDM observables are being "hunted" for? As many as possible!  

Where?  
Worldwide!

@ ∝ −(μf ⃗σ . ⃗B + df ⃗σ . ⃗E )

↝ *CP-odd = − i
2 d Ψ̄σμνγ5ΨFμν

δCKM θ̄

P & T violation  
 CP violation⇒

[PSI, 2020]
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Electric dipole moments (EDM)

Electric Dipole Moments - observables sensitive to CP violation   

non-relativistic approach:   

relativistic generalisation   

EDMs: sensitive to SM sources of CP violation (weak  and strong ),   
          and NP CPV interactions - required to explain the BAU (baryo- or leptogenesis) 

(especially "flavour blind" new phases)  

Which EDM observables are being "hunted" for? As many as possible!  

Where? Worldwide! 
Bounds obtained? Impressive!

@ ∝ −(μf ⃗σ . ⃗B + df ⃗σ . ⃗E )

↝ *CP-odd = − i
2 d Ψ̄σμνγ5ΨFμν

δCKM θ̄

P & T violation  
 CP violation⇒

[Chupp et al, 1710.02504]

6

Result 95% u.l. ref.
Paramagnetic systems

Xem
dA = ( 0.7 ± 1.4) ⇥ 10�22 3.1 ⇥ 10�22 e cm a

Cs dA = (�1.8 ± 6.9) ⇥ 10�24 1.4 ⇥ 10�23 e cm b

de = (�1.5 ± 5.7) ⇥ 10�26 1.2 ⇥ 10�25 e cm
CS = (2.5 ± 9.8) ⇥ 10�6 2 ⇥ 10�5

Qm = (3 ± 13) ⇥ 10�8 2.6 ⇥ 10�7
µNRCs

Tl dA = (�4.0 ± 4.3) ⇥ 10�25 1.1 ⇥ 10�24 e cm c

de = ( 6.9 ± 7.4) ⇥ 10�28 1.9 ⇥ 10�27 e cm
YbF de = (�2.4 ± 5.9) ⇥ 10�28 1.2 ⇥ 10�27 e cm d

ThO de = (�2.1 ± 4.5) ⇥ 10�29 9.7 ⇥ 10�29 e cm e

CS = (�1.3 ± 3.0) ⇥ 10�9 6.4 ⇥ 10�9

HfF+
de = (0.9 ± 7.9) ⇥ 10�29 1.6 ⇥ 10�28 e cm f

Diamagnetic systems
199Hg dA = (2.2 ± 3.1) ⇥ 10�30 7.4 ⇥ 10�30 e cm g
129Xe dA = (0.7 ± 3.3) ⇥ 10�27 6.6 ⇥ 10�27 e cm h
225Ra dA = (4 ± 6) ⇥ 10�24 1.4 ⇥ 10�23 e cm i

TlF d = (�1.7 ± 2.9) ⇥ 10�23 6.5 ⇥ 10�23 e cm j

n dn = (�0.21 ± 1.82) ⇥ 10�26 3.6 ⇥ 10�26 e cm k

Particle systems
µ dµ = (0.0 ± 0.9) ⇥ 10�19 1.8 ⇥ 10�19 e cm l

⌧ Re(d⌧ ) = (1.15 ± 1.70) ⇥ 10�17 3.9 ⇥ 10�17 e cm m

⇤ d⇤ = (�3.0 ± 7.4) ⇥ 10�17 1.6 ⇥ 10�16 e cm n

TABLE I Systems with EDM results and the most recent
results as presented by the authors. When de is presented
by the authors, the assumption is CS = 0, and for ThO, the
CS result assumes de = 0. Qm is the magnetic quadrupole
moment, which requires a paramagnetic atom with nuclear
spin I > 1/2. (µN and RCs are the nuclear magneton and the
nuclear radius of 133Cs, respectively.) We have combined sta-
tistical and systematic errors in quadrature for cases where
they are separately reported by the experimenters. Refer-
ences; a (Player and Sandars, 1970); b (Murthy et al., 1989);
c (Regan et al., 2002b); d (Hudson et al., 2011); e (Baron
et al., 2014); f (Cairncross et al., 2017); g (Graner et al.,
2017); h (Rosenberry, 2001); i (Parker et al., 2015); j (Cho
et al., 1991); k (Pendlebury et al., 2015); l (Bennett et al.,
2009); m (Inami et al., 2003); n (Pondrom et al., 1981).

B. Theoretical interpretation

The results on EDMs presented in Table I have signif-
icant theoretical impact in several contexts by constrain-
ing explicit parameters of SM and BSM physics. The
Standard Model has two explicit CP-violating parame-
ters: the phase in the CKM matrix, and the coe�cient
✓̄ in the SM strong interaction Lagrangian. EDMs aris-
ing from the CKM-matrix vanish up to three loops for
the electron (Bernreuther and Suzuki, 1991) and up to
two loops for quarks (Shabalin, 1978a,b, 1983a,b). The
leading SM contributions to the neutron EDM, however,
arise from a combination of hadronic one-loop and reso-
nance contributions, each a combination of two �S = 1
hadronic interactions (one CP violating and one CP-
conserving). The CP-violating �S = 1 vertex is itself a
one-loop e↵ect, arising from the QCD “Penguin” process
(See FIG. 2). The estimate of the corresponding neutron

EDM is (1�6)⇥10�32 e cm (Seng, 2015), where the range
reflects the present hadronic uncertainties. For both the
electron and the neutron, the SM CKM contribution lies
several orders of magnitude below the sensitivities of re-
cent and next-generation EDM searches. The Penguin
process generated by the exchange of a kaon between
two nucleons induces CP-violating e↵ects in nuclei; how-
ever Donoghue et al. (1987) and Yamanaka and Hiyama
(2016) show that this contribution is also many orders of
magnitude below current experimental sensitivity for dia-
magnetic atom EDMs. EDMs of the neutron and atoms
also uniquely constrain the SM strong-interaction param-
eter ✓̄ which sets the scale of strong CP violation as dis-
cussed in Sec. II).

BSM theories generally provide new degrees of freedom
and complex CP-violating couplings that often induce
EDMs at the one-loop level. The most widely-considered
BSM scenarios for which implications have been ana-
lyzed include supersymmetry (Pospelov and Ritz, 2005;
Ramsey-Musolf and Su, 2008), the two-Higgs model (In-
oue et al., 2014), and left-right symmetric models (Mo-
hapatra and Pati, 1975; Pati and Salam, 1974, 1975; Sen-
janovic and Mohapatra, 1975).

A complementary, model-independent framework for
EDM interpretation relies on e↵ective field theory (EFT),
presented in detail Sec. II.F). The EFT approach as-
sumes that the BSM particles are su�ciently heavy that
their e↵ects can be compiled into a set of residual weak-
scale, non-renormalizable operators involving only SM
fields. The corresponding operators are dimension six
and e↵ectively depend on (v/⇤)2, where v = 246 GeV is
the Higgs vaccum-expectation-value and ⇤ is the energy
scale of the new physics. The strength of each operator’s
contribution is characterized by a corresponding Wilson
coe�cient. In addition to ✓̄ there are the following 12
dimension-six BSM Wilson coe�cients representing the
intrinsic electron EDM, up-quark and down-quark EDMs
and CEDMs, one CP-violating three gluon operator, five
four-fermion operators, and one quark-Higgs boson in-
teraction operator. Experimental EDM results constrain
the Wilson coe�cients, while a given BSM theory pro-
vides predictions for the Wilson coe�cients in terms of
the underlying model parameters.

Interactions involving light quarks and gluons are, of
course, not directly accessible to experiment. Conse-
quently, it is useful to consider their manifestation in
a low-energy e↵ective theory (below the hadronic scale
⇤had ⇠ 1 GeV) involving electrons, photons, pions, and
nucleons. Hadronic matrix elements of the quark and
gluon EFT operators then yield the hadronic operator
coe�cients. At lowest non-trivial order, one obtains
the electron EDM (de); scalar, pseudoscalar, and ten-
sor electron-nucleon interactions (CS , CP , and CT , re-
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CS = (�1.3 ± 3.0) ⇥ 10�9 6.4 ⇥ 10�9

HfF+
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spin I > 1/2. (µN and RCs are the nuclear magneton and the
nuclear radius of 133Cs, respectively.) We have combined sta-
tistical and systematic errors in quadrature for cases where
they are separately reported by the experimenters. Refer-
ences; a (Player and Sandars, 1970); b (Murthy et al., 1989);
c (Regan et al., 2002b); d (Hudson et al., 2011); e (Baron
et al., 2014); f (Cairncross et al., 2017); g (Graner et al.,
2017); h (Rosenberry, 2001); i (Parker et al., 2015); j (Cho
et al., 1991); k (Pendlebury et al., 2015); l (Bennett et al.,
2009); m (Inami et al., 2003); n (Pondrom et al., 1981).

B. Theoretical interpretation

The results on EDMs presented in Table I have signif-
icant theoretical impact in several contexts by constrain-
ing explicit parameters of SM and BSM physics. The
Standard Model has two explicit CP-violating parame-
ters: the phase in the CKM matrix, and the coe�cient
✓̄ in the SM strong interaction Lagrangian. EDMs aris-
ing from the CKM-matrix vanish up to three loops for
the electron (Bernreuther and Suzuki, 1991) and up to
two loops for quarks (Shabalin, 1978a,b, 1983a,b). The
leading SM contributions to the neutron EDM, however,
arise from a combination of hadronic one-loop and reso-
nance contributions, each a combination of two �S = 1
hadronic interactions (one CP violating and one CP-
conserving). The CP-violating �S = 1 vertex is itself a
one-loop e↵ect, arising from the QCD “Penguin” process
(See FIG. 2). The estimate of the corresponding neutron

EDM is (1�6)⇥10�32 e cm (Seng, 2015), where the range
reflects the present hadronic uncertainties. For both the
electron and the neutron, the SM CKM contribution lies
several orders of magnitude below the sensitivities of re-
cent and next-generation EDM searches. The Penguin
process generated by the exchange of a kaon between
two nucleons induces CP-violating e↵ects in nuclei; how-
ever Donoghue et al. (1987) and Yamanaka and Hiyama
(2016) show that this contribution is also many orders of
magnitude below current experimental sensitivity for dia-
magnetic atom EDMs. EDMs of the neutron and atoms
also uniquely constrain the SM strong-interaction param-
eter ✓̄ which sets the scale of strong CP violation as dis-
cussed in Sec. II).

BSM theories generally provide new degrees of freedom
and complex CP-violating couplings that often induce
EDMs at the one-loop level. The most widely-considered
BSM scenarios for which implications have been ana-
lyzed include supersymmetry (Pospelov and Ritz, 2005;
Ramsey-Musolf and Su, 2008), the two-Higgs model (In-
oue et al., 2014), and left-right symmetric models (Mo-
hapatra and Pati, 1975; Pati and Salam, 1974, 1975; Sen-
janovic and Mohapatra, 1975).

A complementary, model-independent framework for
EDM interpretation relies on e↵ective field theory (EFT),
presented in detail Sec. II.F). The EFT approach as-
sumes that the BSM particles are su�ciently heavy that
their e↵ects can be compiled into a set of residual weak-
scale, non-renormalizable operators involving only SM
fields. The corresponding operators are dimension six
and e↵ectively depend on (v/⇤)2, where v = 246 GeV is
the Higgs vaccum-expectation-value and ⇤ is the energy
scale of the new physics. The strength of each operator’s
contribution is characterized by a corresponding Wilson
coe�cient. In addition to ✓̄ there are the following 12
dimension-six BSM Wilson coe�cients representing the
intrinsic electron EDM, up-quark and down-quark EDMs
and CEDMs, one CP-violating three gluon operator, five
four-fermion operators, and one quark-Higgs boson in-
teraction operator. Experimental EDM results constrain
the Wilson coe�cients, while a given BSM theory pro-
vides predictions for the Wilson coe�cients in terms of
the underlying model parameters.

Interactions involving light quarks and gluons are, of
course, not directly accessible to experiment. Conse-
quently, it is useful to consider their manifestation in
a low-energy e↵ective theory (below the hadronic scale
⇤had ⇠ 1 GeV) involving electrons, photons, pions, and
nucleons. Hadronic matrix elements of the quark and
gluon EFT operators then yield the hadronic operator
coe�cients. At lowest non-trivial order, one obtains
the electron EDM (de); scalar, pseudoscalar, and ten-
sor electron-nucleon interactions (CS , CP , and CT , re-

6

Result 95% u.l. ref.
Paramagnetic systems

Xem
dA = ( 0.7 ± 1.4) ⇥ 10�22 3.1 ⇥ 10�22 e cm a

Cs dA = (�1.8 ± 6.9) ⇥ 10�24 1.4 ⇥ 10�23 e cm b

de = (�1.5 ± 5.7) ⇥ 10�26 1.2 ⇥ 10�25 e cm
CS = (2.5 ± 9.8) ⇥ 10�6 2 ⇥ 10�5

Qm = (3 ± 13) ⇥ 10�8 2.6 ⇥ 10�7
µNRCs

Tl dA = (�4.0 ± 4.3) ⇥ 10�25 1.1 ⇥ 10�24 e cm c

de = ( 6.9 ± 7.4) ⇥ 10�28 1.9 ⇥ 10�27 e cm
YbF de = (�2.4 ± 5.9) ⇥ 10�28 1.2 ⇥ 10�27 e cm d

ThO de = (�2.1 ± 4.5) ⇥ 10�29 9.7 ⇥ 10�29 e cm e

CS = (�1.3 ± 3.0) ⇥ 10�9 6.4 ⇥ 10�9

HfF+
de = (0.9 ± 7.9) ⇥ 10�29 1.6 ⇥ 10�28 e cm f

Diamagnetic systems
199Hg dA = (2.2 ± 3.1) ⇥ 10�30 7.4 ⇥ 10�30 e cm g
129Xe dA = (0.7 ± 3.3) ⇥ 10�27 6.6 ⇥ 10�27 e cm h
225Ra dA = (4 ± 6) ⇥ 10�24 1.4 ⇥ 10�23 e cm i

TlF d = (�1.7 ± 2.9) ⇥ 10�23 6.5 ⇥ 10�23 e cm j

n dn = (�0.21 ± 1.82) ⇥ 10�26 3.6 ⇥ 10�26 e cm k

Particle systems
µ dµ = (0.0 ± 0.9) ⇥ 10�19 1.8 ⇥ 10�19 e cm l

⌧ Re(d⌧ ) = (1.15 ± 1.70) ⇥ 10�17 3.9 ⇥ 10�17 e cm m

⇤ d⇤ = (�3.0 ± 7.4) ⇥ 10�17 1.6 ⇥ 10�16 e cm n

TABLE I Systems with EDM results and the most recent
results as presented by the authors. When de is presented
by the authors, the assumption is CS = 0, and for ThO, the
CS result assumes de = 0. Qm is the magnetic quadrupole
moment, which requires a paramagnetic atom with nuclear
spin I > 1/2. (µN and RCs are the nuclear magneton and the
nuclear radius of 133Cs, respectively.) We have combined sta-
tistical and systematic errors in quadrature for cases where
they are separately reported by the experimenters. Refer-
ences; a (Player and Sandars, 1970); b (Murthy et al., 1989);
c (Regan et al., 2002b); d (Hudson et al., 2011); e (Baron
et al., 2014); f (Cairncross et al., 2017); g (Graner et al.,
2017); h (Rosenberry, 2001); i (Parker et al., 2015); j (Cho
et al., 1991); k (Pendlebury et al., 2015); l (Bennett et al.,
2009); m (Inami et al., 2003); n (Pondrom et al., 1981).

B. Theoretical interpretation

The results on EDMs presented in Table I have signif-
icant theoretical impact in several contexts by constrain-
ing explicit parameters of SM and BSM physics. The
Standard Model has two explicit CP-violating parame-
ters: the phase in the CKM matrix, and the coe�cient
✓̄ in the SM strong interaction Lagrangian. EDMs aris-
ing from the CKM-matrix vanish up to three loops for
the electron (Bernreuther and Suzuki, 1991) and up to
two loops for quarks (Shabalin, 1978a,b, 1983a,b). The
leading SM contributions to the neutron EDM, however,
arise from a combination of hadronic one-loop and reso-
nance contributions, each a combination of two �S = 1
hadronic interactions (one CP violating and one CP-
conserving). The CP-violating �S = 1 vertex is itself a
one-loop e↵ect, arising from the QCD “Penguin” process
(See FIG. 2). The estimate of the corresponding neutron

EDM is (1�6)⇥10�32 e cm (Seng, 2015), where the range
reflects the present hadronic uncertainties. For both the
electron and the neutron, the SM CKM contribution lies
several orders of magnitude below the sensitivities of re-
cent and next-generation EDM searches. The Penguin
process generated by the exchange of a kaon between
two nucleons induces CP-violating e↵ects in nuclei; how-
ever Donoghue et al. (1987) and Yamanaka and Hiyama
(2016) show that this contribution is also many orders of
magnitude below current experimental sensitivity for dia-
magnetic atom EDMs. EDMs of the neutron and atoms
also uniquely constrain the SM strong-interaction param-
eter ✓̄ which sets the scale of strong CP violation as dis-
cussed in Sec. II).

BSM theories generally provide new degrees of freedom
and complex CP-violating couplings that often induce
EDMs at the one-loop level. The most widely-considered
BSM scenarios for which implications have been ana-
lyzed include supersymmetry (Pospelov and Ritz, 2005;
Ramsey-Musolf and Su, 2008), the two-Higgs model (In-
oue et al., 2014), and left-right symmetric models (Mo-
hapatra and Pati, 1975; Pati and Salam, 1974, 1975; Sen-
janovic and Mohapatra, 1975).

A complementary, model-independent framework for
EDM interpretation relies on e↵ective field theory (EFT),
presented in detail Sec. II.F). The EFT approach as-
sumes that the BSM particles are su�ciently heavy that
their e↵ects can be compiled into a set of residual weak-
scale, non-renormalizable operators involving only SM
fields. The corresponding operators are dimension six
and e↵ectively depend on (v/⇤)2, where v = 246 GeV is
the Higgs vaccum-expectation-value and ⇤ is the energy
scale of the new physics. The strength of each operator’s
contribution is characterized by a corresponding Wilson
coe�cient. In addition to ✓̄ there are the following 12
dimension-six BSM Wilson coe�cients representing the
intrinsic electron EDM, up-quark and down-quark EDMs
and CEDMs, one CP-violating three gluon operator, five
four-fermion operators, and one quark-Higgs boson in-
teraction operator. Experimental EDM results constrain
the Wilson coe�cients, while a given BSM theory pro-
vides predictions for the Wilson coe�cients in terms of
the underlying model parameters.

Interactions involving light quarks and gluons are, of
course, not directly accessible to experiment. Conse-
quently, it is useful to consider their manifestation in
a low-energy e↵ective theory (below the hadronic scale
⇤had ⇠ 1 GeV) involving electrons, photons, pions, and
nucleons. Hadronic matrix elements of the quark and
gluon EFT operators then yield the hadronic operator
coe�cients. At lowest non-trivial order, one obtains
the electron EDM (de); scalar, pseudoscalar, and ten-
sor electron-nucleon interactions (CS , CP , and CT , re-

6

Result 95% u.l. ref.
Paramagnetic systems

Xem
dA = ( 0.7 ± 1.4) ⇥ 10�22 3.1 ⇥ 10�22 e cm a

Cs dA = (�1.8 ± 6.9) ⇥ 10�24 1.4 ⇥ 10�23 e cm b

de = (�1.5 ± 5.7) ⇥ 10�26 1.2 ⇥ 10�25 e cm
CS = (2.5 ± 9.8) ⇥ 10�6 2 ⇥ 10�5

Qm = (3 ± 13) ⇥ 10�8 2.6 ⇥ 10�7
µNRCs

Tl dA = (�4.0 ± 4.3) ⇥ 10�25 1.1 ⇥ 10�24 e cm c

de = ( 6.9 ± 7.4) ⇥ 10�28 1.9 ⇥ 10�27 e cm
YbF de = (�2.4 ± 5.9) ⇥ 10�28 1.2 ⇥ 10�27 e cm d

ThO de = (�2.1 ± 4.5) ⇥ 10�29 9.7 ⇥ 10�29 e cm e

CS = (�1.3 ± 3.0) ⇥ 10�9 6.4 ⇥ 10�9

HfF+
de = (0.9 ± 7.9) ⇥ 10�29 1.6 ⇥ 10�28 e cm f

Diamagnetic systems
199Hg dA = (2.2 ± 3.1) ⇥ 10�30 7.4 ⇥ 10�30 e cm g
129Xe dA = (0.7 ± 3.3) ⇥ 10�27 6.6 ⇥ 10�27 e cm h
225Ra dA = (4 ± 6) ⇥ 10�24 1.4 ⇥ 10�23 e cm i

TlF d = (�1.7 ± 2.9) ⇥ 10�23 6.5 ⇥ 10�23 e cm j

n dn = (�0.21 ± 1.82) ⇥ 10�26 3.6 ⇥ 10�26 e cm k

Particle systems
µ dµ = (0.0 ± 0.9) ⇥ 10�19 1.8 ⇥ 10�19 e cm l

⌧ Re(d⌧ ) = (1.15 ± 1.70) ⇥ 10�17 3.9 ⇥ 10�17 e cm m

⇤ d⇤ = (�3.0 ± 7.4) ⇥ 10�17 1.6 ⇥ 10�16 e cm n

TABLE I Systems with EDM results and the most recent
results as presented by the authors. When de is presented
by the authors, the assumption is CS = 0, and for ThO, the
CS result assumes de = 0. Qm is the magnetic quadrupole
moment, which requires a paramagnetic atom with nuclear
spin I > 1/2. (µN and RCs are the nuclear magneton and the
nuclear radius of 133Cs, respectively.) We have combined sta-
tistical and systematic errors in quadrature for cases where
they are separately reported by the experimenters. Refer-
ences; a (Player and Sandars, 1970); b (Murthy et al., 1989);
c (Regan et al., 2002b); d (Hudson et al., 2011); e (Baron
et al., 2014); f (Cairncross et al., 2017); g (Graner et al.,
2017); h (Rosenberry, 2001); i (Parker et al., 2015); j (Cho
et al., 1991); k (Pendlebury et al., 2015); l (Bennett et al.,
2009); m (Inami et al., 2003); n (Pondrom et al., 1981).

B. Theoretical interpretation

The results on EDMs presented in Table I have signif-
icant theoretical impact in several contexts by constrain-
ing explicit parameters of SM and BSM physics. The
Standard Model has two explicit CP-violating parame-
ters: the phase in the CKM matrix, and the coe�cient
✓̄ in the SM strong interaction Lagrangian. EDMs aris-
ing from the CKM-matrix vanish up to three loops for
the electron (Bernreuther and Suzuki, 1991) and up to
two loops for quarks (Shabalin, 1978a,b, 1983a,b). The
leading SM contributions to the neutron EDM, however,
arise from a combination of hadronic one-loop and reso-
nance contributions, each a combination of two �S = 1
hadronic interactions (one CP violating and one CP-
conserving). The CP-violating �S = 1 vertex is itself a
one-loop e↵ect, arising from the QCD “Penguin” process
(See FIG. 2). The estimate of the corresponding neutron

EDM is (1�6)⇥10�32 e cm (Seng, 2015), where the range
reflects the present hadronic uncertainties. For both the
electron and the neutron, the SM CKM contribution lies
several orders of magnitude below the sensitivities of re-
cent and next-generation EDM searches. The Penguin
process generated by the exchange of a kaon between
two nucleons induces CP-violating e↵ects in nuclei; how-
ever Donoghue et al. (1987) and Yamanaka and Hiyama
(2016) show that this contribution is also many orders of
magnitude below current experimental sensitivity for dia-
magnetic atom EDMs. EDMs of the neutron and atoms
also uniquely constrain the SM strong-interaction param-
eter ✓̄ which sets the scale of strong CP violation as dis-
cussed in Sec. II).

BSM theories generally provide new degrees of freedom
and complex CP-violating couplings that often induce
EDMs at the one-loop level. The most widely-considered
BSM scenarios for which implications have been ana-
lyzed include supersymmetry (Pospelov and Ritz, 2005;
Ramsey-Musolf and Su, 2008), the two-Higgs model (In-
oue et al., 2014), and left-right symmetric models (Mo-
hapatra and Pati, 1975; Pati and Salam, 1974, 1975; Sen-
janovic and Mohapatra, 1975).

A complementary, model-independent framework for
EDM interpretation relies on e↵ective field theory (EFT),
presented in detail Sec. II.F). The EFT approach as-
sumes that the BSM particles are su�ciently heavy that
their e↵ects can be compiled into a set of residual weak-
scale, non-renormalizable operators involving only SM
fields. The corresponding operators are dimension six
and e↵ectively depend on (v/⇤)2, where v = 246 GeV is
the Higgs vaccum-expectation-value and ⇤ is the energy
scale of the new physics. The strength of each operator’s
contribution is characterized by a corresponding Wilson
coe�cient. In addition to ✓̄ there are the following 12
dimension-six BSM Wilson coe�cients representing the
intrinsic electron EDM, up-quark and down-quark EDMs
and CEDMs, one CP-violating three gluon operator, five
four-fermion operators, and one quark-Higgs boson in-
teraction operator. Experimental EDM results constrain
the Wilson coe�cients, while a given BSM theory pro-
vides predictions for the Wilson coe�cients in terms of
the underlying model parameters.

Interactions involving light quarks and gluons are, of
course, not directly accessible to experiment. Conse-
quently, it is useful to consider their manifestation in
a low-energy e↵ective theory (below the hadronic scale
⇤had ⇠ 1 GeV) involving electrons, photons, pions, and
nucleons. Hadronic matrix elements of the quark and
gluon EFT operators then yield the hadronic operator
coe�cients. At lowest non-trivial order, one obtains
the electron EDM (de); scalar, pseudoscalar, and ten-
sor electron-nucleon interactions (CS , CP , and CT , re-

6

Result 95% u.l. ref.
Paramagnetic systems

Xem
dA = ( 0.7 ± 1.4) ⇥ 10�22 3.1 ⇥ 10�22 e cm a

Cs dA = (�1.8 ± 6.9) ⇥ 10�24 1.4 ⇥ 10�23 e cm b

de = (�1.5 ± 5.7) ⇥ 10�26 1.2 ⇥ 10�25 e cm
CS = (2.5 ± 9.8) ⇥ 10�6 2 ⇥ 10�5

Qm = (3 ± 13) ⇥ 10�8 2.6 ⇥ 10�7
µNRCs

Tl dA = (�4.0 ± 4.3) ⇥ 10�25 1.1 ⇥ 10�24 e cm c

de = ( 6.9 ± 7.4) ⇥ 10�28 1.9 ⇥ 10�27 e cm
YbF de = (�2.4 ± 5.9) ⇥ 10�28 1.2 ⇥ 10�27 e cm d

ThO de = (�2.1 ± 4.5) ⇥ 10�29 9.7 ⇥ 10�29 e cm e

CS = (�1.3 ± 3.0) ⇥ 10�9 6.4 ⇥ 10�9

HfF+
de = (0.9 ± 7.9) ⇥ 10�29 1.6 ⇥ 10�28 e cm f

Diamagnetic systems
199Hg dA = (2.2 ± 3.1) ⇥ 10�30 7.4 ⇥ 10�30 e cm g
129Xe dA = (0.7 ± 3.3) ⇥ 10�27 6.6 ⇥ 10�27 e cm h
225Ra dA = (4 ± 6) ⇥ 10�24 1.4 ⇥ 10�23 e cm i

TlF d = (�1.7 ± 2.9) ⇥ 10�23 6.5 ⇥ 10�23 e cm j

n dn = (�0.21 ± 1.82) ⇥ 10�26 3.6 ⇥ 10�26 e cm k

Particle systems
µ dµ = (0.0 ± 0.9) ⇥ 10�19 1.8 ⇥ 10�19 e cm l

⌧ Re(d⌧ ) = (1.15 ± 1.70) ⇥ 10�17 3.9 ⇥ 10�17 e cm m

⇤ d⇤ = (�3.0 ± 7.4) ⇥ 10�17 1.6 ⇥ 10�16 e cm n

TABLE I Systems with EDM results and the most recent
results as presented by the authors. When de is presented
by the authors, the assumption is CS = 0, and for ThO, the
CS result assumes de = 0. Qm is the magnetic quadrupole
moment, which requires a paramagnetic atom with nuclear
spin I > 1/2. (µN and RCs are the nuclear magneton and the
nuclear radius of 133Cs, respectively.) We have combined sta-
tistical and systematic errors in quadrature for cases where
they are separately reported by the experimenters. Refer-
ences; a (Player and Sandars, 1970); b (Murthy et al., 1989);
c (Regan et al., 2002b); d (Hudson et al., 2011); e (Baron
et al., 2014); f (Cairncross et al., 2017); g (Graner et al.,
2017); h (Rosenberry, 2001); i (Parker et al., 2015); j (Cho
et al., 1991); k (Pendlebury et al., 2015); l (Bennett et al.,
2009); m (Inami et al., 2003); n (Pondrom et al., 1981).

B. Theoretical interpretation

The results on EDMs presented in Table I have signif-
icant theoretical impact in several contexts by constrain-
ing explicit parameters of SM and BSM physics. The
Standard Model has two explicit CP-violating parame-
ters: the phase in the CKM matrix, and the coe�cient
✓̄ in the SM strong interaction Lagrangian. EDMs aris-
ing from the CKM-matrix vanish up to three loops for
the electron (Bernreuther and Suzuki, 1991) and up to
two loops for quarks (Shabalin, 1978a,b, 1983a,b). The
leading SM contributions to the neutron EDM, however,
arise from a combination of hadronic one-loop and reso-
nance contributions, each a combination of two �S = 1
hadronic interactions (one CP violating and one CP-
conserving). The CP-violating �S = 1 vertex is itself a
one-loop e↵ect, arising from the QCD “Penguin” process
(See FIG. 2). The estimate of the corresponding neutron

EDM is (1�6)⇥10�32 e cm (Seng, 2015), where the range
reflects the present hadronic uncertainties. For both the
electron and the neutron, the SM CKM contribution lies
several orders of magnitude below the sensitivities of re-
cent and next-generation EDM searches. The Penguin
process generated by the exchange of a kaon between
two nucleons induces CP-violating e↵ects in nuclei; how-
ever Donoghue et al. (1987) and Yamanaka and Hiyama
(2016) show that this contribution is also many orders of
magnitude below current experimental sensitivity for dia-
magnetic atom EDMs. EDMs of the neutron and atoms
also uniquely constrain the SM strong-interaction param-
eter ✓̄ which sets the scale of strong CP violation as dis-
cussed in Sec. II).

BSM theories generally provide new degrees of freedom
and complex CP-violating couplings that often induce
EDMs at the one-loop level. The most widely-considered
BSM scenarios for which implications have been ana-
lyzed include supersymmetry (Pospelov and Ritz, 2005;
Ramsey-Musolf and Su, 2008), the two-Higgs model (In-
oue et al., 2014), and left-right symmetric models (Mo-
hapatra and Pati, 1975; Pati and Salam, 1974, 1975; Sen-
janovic and Mohapatra, 1975).

A complementary, model-independent framework for
EDM interpretation relies on e↵ective field theory (EFT),
presented in detail Sec. II.F). The EFT approach as-
sumes that the BSM particles are su�ciently heavy that
their e↵ects can be compiled into a set of residual weak-
scale, non-renormalizable operators involving only SM
fields. The corresponding operators are dimension six
and e↵ectively depend on (v/⇤)2, where v = 246 GeV is
the Higgs vaccum-expectation-value and ⇤ is the energy
scale of the new physics. The strength of each operator’s
contribution is characterized by a corresponding Wilson
coe�cient. In addition to ✓̄ there are the following 12
dimension-six BSM Wilson coe�cients representing the
intrinsic electron EDM, up-quark and down-quark EDMs
and CEDMs, one CP-violating three gluon operator, five
four-fermion operators, and one quark-Higgs boson in-
teraction operator. Experimental EDM results constrain
the Wilson coe�cients, while a given BSM theory pro-
vides predictions for the Wilson coe�cients in terms of
the underlying model parameters.

Interactions involving light quarks and gluons are, of
course, not directly accessible to experiment. Conse-
quently, it is useful to consider their manifestation in
a low-energy e↵ective theory (below the hadronic scale
⇤had ⇠ 1 GeV) involving electrons, photons, pions, and
nucleons. Hadronic matrix elements of the quark and
gluon EFT operators then yield the hadronic operator
coe�cients. At lowest non-trivial order, one obtains
the electron EDM (de); scalar, pseudoscalar, and ten-
sor electron-nucleon interactions (CS , CP , and CT , re-

dn = (0.0 ± 1.2) × 10−26e . cm
|dn| < 1.8 × 10−26e . cm

[nEDM Coll - Abel et al, 2001.11966]

ACME (ThO)
|de | < 1.1 × 10−29e . cm
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Electric dipole moments (EDM)

Electric Dipole Moments - observables sensitive to CP violation   

non-relativistic approach:   

relativistic generalisation   

Sources of CP violation in the Standard Model 

Strong interactions:            

                                                                                              Strong CP problem 

Electroweak CPV:  
( ) 

"quark" EDMs @ 3 loops  

lepton EDMs @ 4 loops  
(no leptonic sources of CPV in the SM...) 

 tiny theoretical predictions ( , , , ...)

@ ∝ −(μf ⃗σ . ⃗B + df ⃗σ . ⃗E )

↝ *CP-odd = − i
2 d Ψ̄σμνγ5ΨFμν

*QCD
CP

= θ g 2

32π2 GμνG̃μν − i q̄ Im(Mq) γ5 q θ̄ = θ + Arg[det(Mq)]

θ̄ < 10−10 ↝
Yf ↝ δCKM

JCP = ℐ[V*tsVtdV*u dVu s] ≈ 3 × 10−5

↝ de dN dHg

P & T violation  
 CP violation⇒
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EDMs: CPV (SM and beyond)

atomic

QCD

TeV

Energy

nuclear

Fundamental 
CP phases

EDMs of paramagnetic 
molecules 

 (YbF, PbO, HfF+,WC) 
Atoms in traps (Tl,Rb,Cs)

EDMs of diamagnetic 
atoms (Hg,Xe,Ra,Rn)

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Neutron 
EDM (    )

Origin of the EDMs

P. Ritz, Ann Phys 318 (05) 119 [updated by TM]

gluon 
self-couplings

eN couplings

solid state effects 
(GdIG,GdYIG,
(Eu,Ba)TiO3)

             Sources of CPV  - A non-trivial theory problem:  
numerous scales and approaches  
(elementary, QCD, nuclear & atomic physics,  
  and effective description...) 

  - Paramagnetic & diamagnetic observables

SM pioneering results for EDMs ( ): 

   

  

 

JCP

dN ∝ Cqq(JCP) ∝ JCPG2
F ∼ 2(10−32)

dHg ∝ Cqq(JCP) ∝ JCPG2
F ∼2(10−36)

dequiv
e ∝ rCS(JCP) ∝ rJCPG2

F ∼2(10−38)

Our starting point is the expression for the equivalent de that follows from atomic and molecular theory, and defines the linear combination of two Wilson coefficients con- 

[Khriplovich, Zhitnistsky '82; McKellar et al '87; Mannel, Uraltsev '12]

[Flambaum et al '84; Donoghue et al '87]

[Pospelov, Ritz '13]

 Recent developments in  : larger CP-odd  

electron-nucleon interaction!    

 Still - room for New Physics sources of CPV!

⇒ dequiv
e

dequiv
e ∼2(10−35)

⇒

A not so brief history of EDM searches
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Theory

Experiment

[Ema, Gao, Pospelov '22]

[Adapted from Ritz’05] 
A not so brief history of EDM searches
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Mercury Hg

A not so brief history of EDM searches
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A not so brief history of EDM searches
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New physics contributions to EDMs

New CPV sources must necessarily be present in Nature - not enough CPV for BAU 
From the mechanism of neutrino mass generation (Dirac & Majorana phases) !? 
And from generic sources present in SM extensions... 

EDM constraints on New Physics sources of CP violation 
A very naïve example - Supersymmetry  
Generically - numerous flavour-blind CP phases in the soft SUSY-breaking terms 

"Light" scalar states, extra CPV  SUSY EW baryogenesis!  

But... unless very heavy s-particles, EDMs constrain phases to be unnaturally small 
SUSY CP (and flavour) problem

⇒
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FIG. 4 (Color online) Sensitivity of the electron EDM (left panel) and neutron EDM (right panel) to the baryon asymmetry
in the MSSM. The horizontal axes give the bino soft mass parameter, M1; the vertical axes give the sine of the relative phase
of M1, the supersymmetric µ parameter, and the soft Higgs mass parameter b. The green bands indicate the values of these
parameters needed to obtain the observed baryon asymmetry. Nearly horizontal lines give contours of constant EDMs. Figure
originally published in Li et al. (2009).

B. General framework

As indicated by FIG. 1, EDMs in experimentally acce-
sible systems arise from CP-violation at a fundamental
level that is manifest at several energy or length scales.
The Lagrangian for a fundamental theory incorporating
SM CKM and ✓̄ and contributions together with BSM
physics can be written

LCPV = LCKM + L
✓̄

+ LBSM. (14)

The general framework that connects this to experiment,
E↵ective Field theory (EFT), absorbs higher-energy pro-
cesses into a set of operators that contribute at a scale
⇤ resulting in a set of weak scale, non-renormalizable
operators involving only SM fields. The corresponding
amplitudes scale as (v/⇤)d�4, where d is the operator’s
canonical dimension and v = 246 GeV is the Higgs vac-
uum expectation value.

The ✓̄ term in LCPV enters at EFT dimension four,
while CKM-generated fermion EDMs are dimension five,
but elecro-weak SU(2) ⇥ U(1) gauge invariance requires
coupling through the Higgs field making these e↵ectively
dimension six. BSM physics enters at dimension six and
higher i.e,

LBSM ! L
e↵

CPV
=

X

k,d

↵
(d)

k

✓
1

⇤

◆d�4

O
(d)

k
, (15)

where ↵
(d)

k
is the Wilson coe�cient for each operator

O
(d)

k
, k denotes all operators for a given d that are invari-

ant under both SU(2) and U(1), and the operators con-
tain only SM fields. However when considering only first
generation SM fermions and SM bosons, it is su�cient to
consider only d = 6. At this order, the relevant set of op-
erators, i.e. the “CP-violating sources” listed in Table II,
include the fermion SU(2)L and U(1)Y electroweak dipole
operators and the SU(3)C chromo-electric-dipole opera-
tors; a set of four fermion semi-leptonic and non-leptonic
operators; a CP-violating three-gluon operator; and a
CP-violating fermion-Higgs operator. After electroweak
symmetry-breaking, the dipole operators induce the el-
ementary fermion EDMs and Chromo-EDMs (CEDMs)
as well as analogous fermion couplings to the massive
electroweak gauge bosons that are not directly relevant
to the experimental observables discussed in this review.
The fermion-Higgs operator induces a four-quark CP-
violating operator whose transformation properties are
distinct from the other four-quark operators listed in Ta-
ble II.

The second term of the electromagnetic Lagrangian in
Eq 3 describes the EDM interaction for an elementary
fermion f , which couples left-handed to right-handed

fermions. Letting the Wilson coe�cient ↵
(6)

fVk
= gkCfVk ,

where k = B, W, G labels the Standard-Model elec-
troweak (B and W ) and gluon (G) gauge fields

LEDM = �i
df

2
 ̄�

µ⌫
�

5
Fµ⌫ 

=
1

⇤2
(gBCfBOfB + 2I3gW CfW OfW ),

(16)

ACME bound

SUSY (MSSM)  
BAU-compatible

Pre-LHC regimes

[Liu et al,0811.1987]
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New physics contributions to eEDM

New CPV sources must necessarily be present in Nature - not enough CPV for BAU 
From the mechanism of neutrino mass generation (Dirac & Majorana phases) !? 
And from generic sources present in SM extensions...  

Phenomenological approach (for well-motivated, simple realisations of NP models) 

ACME (2018):   e.cm |de | < 1.1 × 10−29

[ACME (compiled by DeMille)]

SUSY  
CP & flavour  
problem
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New physics contributions to EDMs (EFT)

New CPV sources must necessarily be present in Nature - not enough CPV for BAU 
From the mechanism of neutrino mass generation (Dirac & Majorana phases) !? 
And from generic sources present in SM extensions...  

EFT approach (dim 6 operators, flavour conserving but CP violating) 
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New physics contributions to eEDM (EFT)

New CPV sources must necessarily be present in Nature - not enough CPV for BAU 
From the mechanism of neutrino mass generation (Dirac & Majorana phases) !? 
And from generic sources present in SM extensions...  

EFT approach (dim 6 operators, flavour conserving but CP violating) 

   + (    + 

+ (    + (    + ... +  

                                      + (    + ...            

 ( ) 

ACME (2018):   e.cm      

Sensitivity to New Physics:  TeV 

                      TeV  

well above that of direct LHC (or any collider) discovery! 

                                                         Clear impact on CPV models of new physics...

ℒdim 6 ⊃(06 αβ
eB /Λ2) (L̄αH σ̄μνĒc

β) Bμν 06 αβ
eW /Λ2) (L̄ασkH σ̄μνĒc

β) Wk
μν

06 αβ
u G /Λ2) (Q̄αH̃ Taσ̄μνŪc

β) Ga
μν 06 αβ

dG /Λ2) (Q̄αH Taσ̄μνD̄c
β) Ga

μν H . c .
06 αβ

u H /Λ2) (Q̄αH̃ Ūc
β) H†H

⇒ de = −2 2 cos θwv D [06
eB]11/Λ2

|de | < 1.1 × 10−29 ⇒ |ℐ[06
eB]11 |

Λ2 ≤ 1
(1.9EeV)2

ℐ(06
eB) ∼2(1) → Λ ≥106

ℐ(06
eB) ∼2(Ye) → Λ ≥103
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BSM CPV
SUSY, GUTs, Extra Dim…

EW Scale Operators

Had Scale Operators

Expt

Baryon Asymmetry
Early universe CPV

Collider Searches
Particle spectrum; also
scalars for baryon asym

QCD Matrix Elements
 dn , gπNN , …

Nuclear & atomic MEs
Schiff moment, other P- &
T-odd moments, e-nucleus
CPV

Energy
Scale

Figure 1: Electric dipole moments and the interplay of various scales. For purposes of
illustration, only the impact of dimension six CPV operators is shown. Below the weak
scale, some operators, such as the fermion EDMs and quark chromo EDMs are e↵ectively
dimension five, carrying an explicit factor of the Higgs vacuum expectation value hH0i. A
summary of the operators of interest to this article appears in Table 1. See text for a full
discussion.

Section 2, we briefly review the conventions and definitions, drawing on the notation of the introductory
article. Section 3 contains a discussion of physics at the hadronic scale, including the running of the
weak-scale operators to the hadronic scale, the various hadronic interactions cast in the context of
chiral symmetry, and a summary of sensitivities of these hadronic quantities to the weak-scale operator
coe�cients. In Section 4, we review the status and open questions related to computations at the nuclear
and atomic scales, including P- and T-odd nuclear moments such as the Schi↵ moment. We follow this
discussion with an illustrative overview of the high-scale physics that may give rise to the weak-scale
operators in Section 6. A discussion and outlook appears in Section 7. Throughout the article, we refer
to other recent reviews [11, 12, 13, 14] when appropriate, endeavoring to avoid excessively duplicating
material that is amply covered elsewhere but updating when necessary. We also do not discuss other
tests of CP and T violation, given the limitations of space for this review (for a discussion of T violation
in neutron and nuclear �-decay, see the companion article in this issue on charged current processes).
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New physics contributions to EDMs (EFT)

New CPV sources must necessarily be present in Nature - not enough CPV for BAU 
From the mechanism of neutrino mass generation (Dirac & Majorana phases) !? 
And from generic sources present in SM extensions...  

EFT approach (dim 6 operators, flavour conserving but CP violating) 
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TABLE II Dimension-six P-odd/T-odd operators that induce
atomic, hadronic, and nuclear EDMs. Here ' is the SM Higgs
doublet, e' = i⌧2'

⇤, and � = ' (e') for I
f

3
< 0 (If

3
> 0). The

notation is adapted from Engel et al. (2013).

where df is the fermion EDM, which couples to the EM
field A

µ = B
µ cos ✓W + W

µ

3
sin ✓W (✓W is the SM Wein-

berg angle), is

df = �

p
2e

v

⇣
v

⇤

⌘2

(Im CfB + 2I
f

3
Im CfW )

= �(1.13 ⇥ 10�13
e fm)

⇣
v

⇤

⌘2

ImCf� . (17)

Here

ImCf� = Im CfB + 2I
f

3
Im CfW (18)

and I
f

3
is the third component of weak isospin for fermion

f . The CP-violating quark-gluon interaction can be writ-
ten in terms of an analogous chromo-EDM (CEDM) d̃q:

LCEDM = �i

X

q

g3d̃q

2
q̄�

µ⌫
T

A
�5q G

A

µ⌫
, (19)

where T
A (A = 1, . . . , 8) are the generators of the QCD

color group. Note that d̃q has dimensions of length, be-
cause it couples to gluon fields, not EM fields.

Due to electroweak gauge invariance, the coe�cients
of the operators that generate EDMs and CEDMs (Q

q eG,
Q

ffW , Q
f eB) contain explicit factors of the Higgs field

with Yukawa couplings Yf =
p

2mf/v. We can write
Im Cf� ⌘ Yf �f , etc. so that

df = �(1.13 ⇥ 10�3
e fm)

⇣
v

⇤

⌘2

Yf �f , (20)

and

d̃q = �(1.13 ⇥ 10�3 fm)
⇣

v

⇤

⌘2

Yq �̃q. (21)

In general, we expect �q ⇠ �`, thus the up and down-
quark EDMs would be comparable, but light quark EDM
dq would be roughly an order of magnitude larger than
the electron EDM. As noted earlier, exceptions to this
expectation can arise when the Higgs couples to heavy
degrees of freedom in the loop graphs that generate quark
EDMs and CEDMs.

Considering only first generation fermions, there are
fifteen independent weak-scale coe�cients. Translating
the electroweak dipole operators into the elementary
fermion EDMs and neglecting couplings to massive gauge
bosons leads to a set of twelve d = 6 CP-violating sources
– in addition to the ✓̄ parameter – that induce atomic,
hadronic and nuclear EDMs.

C. Low-energy parameters

As indicated in FIG. 1, the Wilson coe�cients are con-
nected to the experimental observables at the hadronic
scale, ⇤had ⇠ 1 GeV, through a set of low-energy pa-
rameters involving pions, and nucleons in place of quarks
and gluons as well as photons and electrons. Consider-
ing first purely hadronic interactions, the starting point
is a T-odd/P-odd (or TVPV) e↵ective, non-relativistic
Lagrangian containing pions and nucleons (Engel et al.,
2013):

L
TVPV

⇡NN
=�2N̄

�
d̄0 + d̄1⌧3

�
SµNv⌫F

µ⌫
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ḡ
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(1)

⇡
⇡

0 + ḡ
(2)

⇡

�
3⌧3⇡

0
� ~⌧ · ~⇡

�i
N,

(22)

where Sµ is the spin of a nucleon N having velocity v⌫ , ~⌧

is the isospin operator, and ~⇡ = ⇡
+
, ⇡

0
, ⇡

� represents the
pion field. Four-nucleon interactions are currently being
studied and are not considered in this discussion. Com-
binations d̄0 + d̄1⌧3 = d̄0 ⌥ d̄1 correspond to the short-
range contributions to the neutron and proton EDMs.
The quark EDMs contribution to the d̄0,1 while the quark
CEDMs, the three-gluon operator, and the CP-violating
four-quark operators (including the operator induced by

Q'ud) will contribute to both d̄0,1 and ḡ
(0),(1),(2)

⇡ . Gen-

erally, the sensitivity of the isotensor coupling ḡ
(2)

⇡ is sig-

nificantly suppressed compared to that of ḡ
(0)

⇡ and ḡ
(1)

⇡ .
The T-odd/P-odd pion-nucleon interactions parameter-

ized by the couplings ḡ
(i)

⇡ , contribute to nucleon EDMs
as well as to nucleon-nucleon interactions that generate
the Schi↵ moment.

The semi-leptonic operators O`edq and O
(1,3)

`equ
induce

e↵ective nucleon spin-independent (NSID) and nuclear
spin-dependent electron-nucleon interactions, described
by the scalar (S) and tensor (T ) interactions:
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GF
p

2
ēi�5e N̄

h
C

(0)

S
+ C

(1)

S
⌧3

i
N (23)

Nucleon level: 
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2
(ēiγ5e) N̄ [C(0)
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S τ3] N

ℒT
N = 8GF

2
(ēσμνe) vν N̄ [C(0)

T + C(1)
T τ3] SμN

CS,T = CS,T(g S,T, ℑCℓequ (d ), (v/ΛNP)2, . . . )

[Engel et al, 1303.2371]

EFTs across 
scales & systems
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Figure 5: Upper bounds on the Wilson coe�cients, assuming ⇤ = 5 TeV and applying

the rescalings shown in Table 3, obtained including the full 1-loop expressions, from the

experimental bounds on the di↵erent lepton EDMs. Upper panel: The current constraints

(ACME II) coming from the best bounds on the electron EDM, compared to the ones from

the projected future bounds (ACME III). Lower panel: We compare the bounds from the

two heavy lepton flavors with each other. Here i = 2(3) stands for the muon (tau) EDM

and j denotes the heavier of the two lepton flavors di↵erent from i in the operator Ole.

not proportional to mass of the external lepton but of the lepton inside the loop instead.

Because we chose the most constraining component of each Wilson coe�cient, this mass

is the tau mass for the muon EDM and vice versa, such that the reasoning here is exactly

inverted with respect to all the other operators and on top of the weaker experimental

– 26 –

[Kley et al, 2109.15085]

New CPV sources must necessarily be present in Nature - not enough CPV for BAU 
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EDM constraints on New Physics sources of CP violation - Wilson coefficients  
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bound, the constraint from the tau EDM is further suppressed by the muon mass, contrary

to the tau mass in the muon EDM. From this point of view, the phenomenal constraining

power of the electron EDM is even more impressive, as the mass gap between the electron

mass and the other lepton masses spans multiple orders of magnitude, but still the electron

bounds by far overshadow the other ones.

As mentioned before, we also set lower bounds on the new physics scale ⇤, assuming

that the Wilson coe�cients have values corresponding to the natural size indicated in

Table 3. Turning on one operator at a time, the strongest constraints come from the dipole

and the O(3)
lequ
1133

and O le
1331

contributions and are of the order of 103 TeV.

5.2 Neutron EDM

We proceed with the neutron EDM which is composed of the (chromo-)EDMs of the quarks

and gluons as well as the operators OHud
11

and O(1,8)
quqd
1111

which can be matched to operators

which have a non-vanishing matrix element on the neutron EDM. There are several di↵er-

ences with respect to the lepton EDMs as we can now have cancellations between the 1-loop

contributions of the EDMs and chromo-EDMs of the light quarks, more flavor components
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applying the rescalings shown in Table 3, obtained including the full 1-loop expressions,
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central values, we also show the influence of the uncertainties in the determination of
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Flavour and CP: powerful probes of New Physics

EPPSU [1910.11775]
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66 CHAPTER 5. FLAVOUR PHYSICS

2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O
(5) +Â

a

Ca
6

L2 O
(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O
(5) breaks lepton number and, if present, induces Majo-

rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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New Physics searches: electroweak precision tests  
in nuclear beta decays 

D. Bettoni et al. / Physics Reports 434 (2006) 47 – 111 99

Fig. 25. Map of the nuclear landscape.

compared with the increasingly precise results of lattice QCD calculations made possible by the increased power of
the new generations of computers. Such calculations are now able to predict many properties of bound QCD states,
like hadron masses, nucleon form factors, nucleon structure-function moments, etc. The spin structure of the nucleon
at low and high momentum transfers is another subject of utmost interest because it is relevant to high-energy deep-
inelastic scattering. New challenges are to be faced in designing experiments aimed at measuring transversity (the last
leading twist structure function of the nucleon), or generalized parton distributions, which carry full information on
the non-perturbative structure of the nucleon.

Finally, among the many experimental achievements of “non-conventional” nuclear physics, the production of anti-
hydrogen atoms has been an important accomplishment, as anti-hydrogen is a unique tool for testing symmetries
between matter and antimatter. On the other hand, the field of “conventional” nuclear physics has continued to offer an
increasing variety of medical, environmental and cultural applications in the field of archaeology and specimen dating.

As far as nuclear structure is concerned, new frontiers can be opened up by high intensity machines and by the related
possibility of obtaining high intensity radioactive beams. Exploitation of these beams may extend the experimental
study of nuclear structure and nuclear reactions far beyond the nuclear stability valley. A whole class of reactions
of astrophysical interest may be investigated and also interesting new technological tools for industrial and medical
applications may be developed. In the following sections, the different aspects of such an experimental program are
outlined, with emphasis on the general characteristics required for next generation radioactive beams and on the
synergies with other fields.

6.2. Scientific case

6.2.1. Nuclear structure at the extremes
Current problems in nuclear physics [167] deal with nuclear properties (like charge, angular momentum, etc.) far

removed from the “normal” properties as measured for stable nuclei or for nuclei that are close to the stability valley.
Completely new phenomena are indeed anticipated in the unexplored region.

(a) Nuclei very far from stability.
The number of known nuclei is about 2500, while it is expected that about a total of 5000 should be stable against
nucleon emission and spontaneous fission. Therefore, about 2500 nuclei are still to be found and their properties
measured, the so-called “Terra Incognita” (see Fig. 25). Completely new phenomena are expected to occur far from
stability, for instance a change in the shell structure, which would lead to properties different from those predicted
by the Shell Model, as well as the presence of far-extending halos of low nuclear density. Also the positions of
the proton and neutron drip lines (the borders of the stability region against nucleon emission and spontaneous
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Precision tests of weak interactions:  decaysβ

Nuclear  decays: instrumental in determining the structure of weak interactions  
          and establishing the SM (hadrons, charged leptons and neutrinos!) 

SM semileptonic charged-current (weak) processes  

(i) dominant  component 

 only at higher orders in radiative corrections (or recoil momentum) 

(ii) effective Fermi constants (extracted from  decays) obey  

lepton and quark-lepton (Cabibbo) universality  unitarity of CKM matrix 

Low-energy charged-current interaction Lagrangian sensitive to many SM extensions 

Theoretical and experimental progress  0.1% level precision  
powerful constraints and hints on BSM realisations at the TeV scale 
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Nuclear  decays: instrumental in determining the structure of weak interactions  
          and establishing the SM (hadrons, charged leptons and neutrinos!) 

SM semileptonic charged-current (weak) processes  

(i) dominant  component 

 only at higher orders in radiative corrections (or recoil momentum) 

(ii) effective Fermi constants (extracted from  decays) obey  

lepton and quark-lepton (Cabibbo) universality  unitarity of CKM matrix 

"Broad band" probes of New Physics 
Superallowed  transitions (& theoretical progress on radiative corrections...) 

  (sensitivity to  TeV) 

Measurement of  and -asymmetry (& LQCD precise determination of nucleon ) 

 probe right-handed currents @subpercent level... 

Superallowed transitions & neutron decay & mirror  decays 

 strong limits on strength of  interactions ( ) 

Angular correlations of  decay products  

 search for non-standard sources of CP violation!  

β

V − A
V + A, S, P, T

β
⇒

0+ → 0+

⇒ δVud ∼3 × 10−4 ΛNP ∼10
τn β g A

⇒
β

⇒ V + A, S, P, T ≤ 0.001g w
β

⇒

Precision tests of weak interactions:  decaysβ
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Nuclear  decays: instrumental in determining the structure of weak interactions  
          and establishing the SM (hadrons, charged leptons and neutrinos!) 

SM semileptonic charged-current (weak) processes  

(i) dominant  component 

 only at higher orders in radiative corrections (or recoil momentum) 

(ii) effective Fermi constants (extracted from  decays) obey  

lepton and quark-lepton (Cabibbo) universality  unitarity of CKM matrix 

"Broad band" probes of New Physics 

In the LHC era,  decays remain uniquely precise probes of New Physics, 
highly competitive on their own, and complementary to searches at high-energies 

Charged- and neutral current Drell-Yann production at LHC - directly access the TeV scale;  
 

 synergy of constrains places strong bounds on EFT couplings! 

β

V − A
V + A, S, P, T

β
⇒

β

pp → e + ν + X
⇒

Precision tests of weak interactions:  decaysβ
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Nuclear (effective) interactions

At low-energies (  GeV), relevant information on underlying physics (SM, NP) 
for  decays - involving CC transitions in first family (  and ) 

 

 

 

 

 

 

A few remarks:  

 (tree-level Fermi constant);  

  SM EW corrections in purely (semi)leptonic decays 

 (left-handed neutrino currents);  (right-handed neutrino currents) 

                                                  

"All" associated operators can produce collider signatures! 

μ ∼2
β u , d e

*eff
CC = −G(0)

F Vu d

2 [(1 + δβ) ēγμ(1 −γ5)νe ū γμ(1 −γ5)d

+ ϵL ēγμ(1 −γ5)νℓ ū γμ(1 −γ5)d + ϵ̃L ēγμ(1 + γ5)νℓ ū γμ(1 −γ5)d
+ ϵR ēγμ(1 −γ5)νℓ ū γμ(1 + γ5)d + ϵ̃R ēγμ(1 + γ5)νℓ ū γμ(1 + γ5)d
+ ϵS ē(1 −γ5)νℓ ū d + ϵ̃S ē(1 + γ5)νℓ ū d
−ϵP ē(1 −γ5)νℓ ū γ5d −ϵ̃P ē(1 + γ5)νℓ ū γ5d
+ ϵT ēσμν(1 −γ5)νℓ ū σμν(1 −γ5)d + ϵ̃T ēσμν(1 + γ5)νℓ ū σμνγμ(1 + γ5)d

G(0)
F = 2 g 2

8M2
W

G(0)
F = Gexp

μ (1 −δμ −ϵe)

δμ(β) ↝
ϵ ϵ̃

⇒ Γ ∝ f(ϵ), g (ϵ̃2), h (ϵ̃ × mν /Eν)

L-EFT

SM-EFT

UV complete 
NP model

ΛEW

ΛNP

mℓ
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Nuclear (effective) interactions

Studying nuclear and hadronic transition amplitudes - far more involved!  
short-distance couplings evolved to appropriate matching scale 
hadronic & nuclear matrix elements  

Inferring information on the Wilson coefficients (sensitive to the presence of NP) from  

nuclear and hadronic observables  knowledge of the matrix elements! 

A few examples: 

- (Semi)leptonic decays of mesons  and :  
decay constants and form factors from LQCD! 

- At the nucleon level, matrix elements of neutron to proton decays (dim-3 quark bilinears) 

- And the ultimate challenge, from nucleon level to nuclear beta decays... 
numerous spin sequences, unstable daughter nucleus (under em or strong interactions) 

large -value (  and )...   

⇒

M → ℓν M → M′�ℓν

Q e− e+
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SM precision tests in nuclear decays: identify NP contributions in  and  from  
low-energy observables! 

 connect the quark-level Lagrangian to the nucleon-level formulation  

 

 

 

Relating coefficients:  

 

 

 

 

 

 Understand the role of short-distance couplings  and  (and constrain them!)  

from  decays and other low-energy observables   

ϵ ϵ̃

⇒

*eff
L-Y = −p̄γμn(CVēγμν −C′ �Vēγμγ5ν) + p̄γμγ5n(CAēγμγ5ν −C′�Aēγμν)

−p̄n(CSēν −C′ �Sēγ5ν) −1
2 p̄σμνn(CTēσμνν −C′�Tēσμνγ5ν)

−p̄γ5n(CPēγ5ν −C′ �Pēν) + H.c.

C(′�) = C̄(′�) Vu dG(0)
F / 2

C̄(′�)
V = g V (1 + δβ + ϵL + ϵR ± ϵ̃L ± ϵ̃R)

C̄(′�)
A = −g A (1 + δβ + ϵL −ϵR ∓ ϵ̃L ± ϵ̃R)

C̄(′�)
S = g S(ϵS ± ϵ̃S)

C̄(′�)
P = g P (ϵP ∓ ϵ̃P)

C̄(′�)
T = 4g T (ϵT ± ϵ̃T)

⇒ ϵ ϵ̃
β

L-EFT

SM-EFT

UV complete 
NP model

ΛEW

ΛNP

mℓ

  
vector, axial, (pseudo)scalar and  

tensor nuclear charges  

 determined from LQCD or  
other theoretical methods....

g V, g A, g S, g P, g T

⇒

due to the possible spin sequences. Many of the features discussed for neutron decay also apply to nuclear transitions
that are relevant for BSM searches.

At zero-th order in the recoil expansion, the only free parameters in the SM are the nuclear vector and axial-vector
charges, which correspond to the Fermi and Gamow-Teller nuclear matrix elements, MF,GT . The former is fixed by CVC
in the isospin-symmetric limit, whereas the later has to be extracted from data, as nuclear uncertainties make it even
more complicated to predict than in the neutron case (see Ref. [70] for a review).

At higher order in recoil, various induced nuclear form factors appear. The dominant term is usually the nuclear weak
magnetism [27, 28], related to the hadronic term g̃T (V )(q

2) in Eq. (7a).9 Since its contribution to the observables is now
reaching the same order of magnitude as the experimental precision (⇠ 0.1�1.0%) [71–78], the e↵ect of weak magnetism
in nuclei has to be su�ciently well understood [79]. This is not a problem for three classes of transitions: (i) superallowed
pure Fermi � decays, where weak magnetism is absent; (ii) the neutron and mixed F/GT mirror � transitions, all occurring
between members of an isospin doublet, where the weak magnetism contribution is given by CVC in terms of the nuclear
magnetic moments of the two analog states connected by the � transition [28, 80]; and (iii) for � transitions from states
that are part of a T = 1 multiplet decaying to T = 0 states, such as the 6He decay, since in this case weak magnetism is
related by CVC to the M1 transition strength of the � decay analog to the � transition [27, 28, 80]. This is why most
searches for new physics concentrate on � transitions of one of these three types. However, when dealing with � transitions
for which no CVC prediction for weak magnetism is available from experimentally known quantities, one has to rely on
systematic studies or on theoretical matrix element calculations [81]. To improve the situation, new experimental data,
especially for masses A > 40 would be valuable as today only limited experimental information is available [81].

Isospin-breaking contributions to MF , which are nuclear-structure dependent, appear at the per-mil level and have to
be included for the most precise experimental studies. They are usually encoded as |MF |

2 = |M
0
F |

2(1 � �C), where M
0
F

is the value given by isospin symmetry.
Last, non-standard scalar and tensor currents require the calculation of their corresponding nuclear charges, like gS,T

in neutron decay cf. Eq. (7c) and Eq. (7e). In the impulse approximation, where nuclei are treated as collections of
free nucleons, the scalar and tensor nuclear charges are equal to the Fermi and Gamow-Teller matrix elements, MF,GT ,
multiplied by the hadronic scalar and tensor charges gS,T . Thus, no new nuclear matrix elements have to be calculated
when BSM e↵ects are introduced. The meson-exchange, or two-body, corrections to this approximation [82] are usually
neglected, but they might become the dominant theoretical error taking into account the precision achieved in the
calculation of the hadronic charges. Lattice QCD studies of nuclei represent an active research field that can be used to
study these corrections [83].

2.4. Observables

Based on the low-energy E↵ective Lagrangian of Eq. (2), and once the hadronization and nuclearization has been
carried out, the phenomenologically relevant �-decay observables can be calculated. This requires a series of approxima-
tions and the precision of the calculation will be both observable and transition dependent. Observables will be linear

or quadratic functions of the underlying Wilson coe�cients ✏i (or C
(0)
i ), and also of certain strong-interaction-dynamics

parameters that cannot be calculated with su�cient precision in QCD, such as the axial-vector charge gA. The goal of the
�-decay measurements discussed in this work is to extract with high accuracy and precision the value of these parameters,
to learn about the underlying BSM dynamics, as well as about QCD and nuclear physics.

The leading-order expressions for some representative observables is obtained by neglecting recoil and electromagnetic
corrections. The distribution in electron and neutrino directions and in electron energy from polarized nuclei is given

9For transitions where the involved nuclei are not members of a common isotopic multiplet, the induced tensor, related to the hadronic
term g̃T (A)(q

2) in Eq. (7b), can also give a non-negligible contribution that must be taken into account.

Table 1: Values of the hadronic charges used in this work. They are given at µ = 2 GeV in the MS scheme, and errors were added quadratically.
See main text for further details.

Charge Value Ref.
gA 1.278(33) [35]
gT 0.987(55) [34]
gS 1.02(11) [24]
gP 349(9) [24]

9

[Gonzalez-Alonso et al, 1803.732]

Nuclear (effective) interactions
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Nuclear (effective) interactions

SM precision tests in nuclear decays: identify NP contributions in  and  from  
low-energy observables! Which hadronic and nuclear observables? 

 Ideally, looking for experimentally feasible set-ups,  
investigating systems theoretically "under control" (small degree of uncertainties),  
thoroughly exploring decays (rates, angular correlations, spectrum shape, recoil, ...) 

"Standard" experimental systems: allowed Fermi and/or Gamow-Teller decays 
Neutron decays - simplest baryon!  

Theoretical description mastered to high precision (progress in LQCD, ...) 
(Super)allowed decays - small number of matrix elements 

Theoretical precision challenged...  
Mirror nuclei - mixed Fermi and Gamow-Teller  

Excellent field for CPV searches and right-handed neutrino currents 
 (isospin triplet) pure Gamow-Teller decays 

Small theoretical uncertainties, access to exotic tensor currents  

"New" opportunities?  
Pseudoscalar decays? Unique forbidden beta decays? 

ϵ ϵ̃

⇒

T = 1
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Total decay widths (integrated rates)

Allowed beta transitions - total decay widths 

     Γi = (1 + δi) ℳ m5
e

4π3 ξi 1 + γi bi ⟨ me

Ee ⟩
i

f i
V

radiative 
corrections phase space integral 

f i
V = m−5

e ∫
Δi

me

Fi(Δi −Ee)2 pe Ee dEe

matrix element  

 - isospin of parent nucleus

ℳ
( j, m)

Fermi function 
(Coulomb corrections)

Fierz term

γi ≡ 1 −(αZi)2

Dependency on (new) operators! 
 

 ; In the SM, 

ξi = ξi(CV, CA, CS, CT)
bi ξi = bi ξi(CV, CA, CS, CT) bi = 0!

   

  

ξ = |MF |2 ( |CV |2 + |C′�V |2 + |CS|2 + |C′ �S|2 ) + |MGT |2 ( |CA |2 + |C′�A |2 + |CT |2 + |C′�T |2 )
bξ = ± 1 + α2Z2 ℜ [ |MF |2 (CVC*S + C′�VC′�*S ) + |MGT |2 (CAC*T + C′�AC′�*T )]
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Total decay widths (integrated rates)

radiative 
corrections phase space integral 

f i
V = m−5

e ∫
Δi

me

Fi(Δi −Ee)2 pe Ee dEe

Fermi function 
(Coulomb corrections)

Fierz term

γi ≡ 1 −(αZi)2

Dependency on (new) operators! 
 

 ; In the SM, 

ξi = ξi(CV, CA, CS, CT)
bi ξi = bi ξi(CV, CA, CS, CT) bi = 0!

  Corrected half-life:  ℱti ≡ f i
V(1 + δi)log 2

Γi
= 4π3 log 2

M2
F m5e

ξi + γi bi ξi ⟨ me

Ee ⟩
i

−1

Allowed beta transitions - total decay widths 

     Γi = (1 + δi) ℳ m5
e

4π3 ξi 1 + γi bi ⟨ me

Ee ⟩
i

f i
V

matrix element  

 - isospin of parent nucleus

ℳ
( j, m)
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Total decay widths (integrated rates)

Allowed beta transitions - total decay widths 
Extensively studied in the literature for numerous nuclei (and the neutron!) 

A class of nuclear beta decays emerges as a uniquely powerful probe of  
the SM description of quark flavour violation (CKM paradigm) 

 superallowed  decays: depend uniquely on vector part of interaction 

                      decay width directly related to  

                      

       values almost "constant" for superallowed  decays 

⇒ 0+ → 0+

↝ CV

ℱt = K
2 G2

F V̄2
u d (1 + ΔV

R)

Kt 0+ → 0+

 

 - transition independent RC

K = 2π3ℏ log 2 (ℏc)6/(mec2)5

ΔV
R

16

FIG. 2: The calculated correction terms ∆V
R, δ′R, δC and δNS

are plotted for each tabulated transition as a function of the
atomic number of the daughter nucleus. The lines connecting
points serve only to guide the eye. Several representative
uncertainties, statistical plus systematic, are shown for each
term.

ticipate more mirror pairs being added to those already
in TableXV in the near future.

C. Overview

In the preceding sections we have described and tab-
ulated the four correction terms that are required in
Eq. (1) to convert an experimental ft value into a cor-
rected Ft value, which can then be used to study the
weak-interaction process. To aid in assessing the relative
importance of these terms and their uncertainties, we
plot them in Fig. 2. Several important features can be
appreciated. First, the two nuclear-structure-dependent
terms, δC and δNS , show significant odd-even alternation
as well as an overall dependence on Z. Note that δNS has
the opposite sign to δC so their odd-even effects reinforce
one another since they appear in the form (δNS - δC) in
Eq. (1).

Second, for all but the lightest nuclei, it is evident that
δ′R is nearly independent of Z even though it is technically
a function of both Z and QEC . Third, for most of the
transitions, ∆V

R and δ′R are the largest terms and both
are essentially unaffected by nuclear properties. Their
uncertainties are considered to be systematic in character
and thus are not to be applied to individualFt values but
only to their average, Ft, after it has been obtained.

Finally, since the uncertainties on δC are purely sta-
tistical, they affect the individual Ft values but their
impact is reduced, when these are averaged. In contrast,
the δNS uncertainties are a mix of both statistical and
systematic contributions, with the latter being applied
after the averaging. As a result, δNS turns out to be the
predominant contributor to the final uncertainty on Ft.
These points are elaborated in the following sections.

IV. THE F t VALUES

To obtain the Ft from each ft value, we use Eq. (1) and
apply the small transition-dependent correction terms,
δ′R, δNS and δC . The ft values, correction terms and Ft
values all appear in Table XVI. The values we use for
δ′R are listed in column 3, while in column 4 the other
two correction terms are combined as δC -δNS , the way
they appear in Eq. (1). The individual values for δC
and δNS come from TablesXIV and XI, respectively. In
the last column, we present the final derived Ft values.
Their uncertainties are statistical only and were derived
by our combining the tabulated input uncertainties in
quadrature.

A. Consistency of F t values

Of the 21 Ft values listed in Table XVI, 6 have relative
uncertainties greater than ±1.4%, too large for the cor-
responding transitions to play any significant role in cur-
rent weak-interaction tests. The remaining 15, though,
have relative precisions 0.3% or better; and half of them
are actually under 0.1%. It is these 15 transitions that
we will focus on hereafter.

The uncorrected ft values and fully corrected Ft val-
ues for these 15 transitions are plotted as a function of the

TABLE XVI: Derived results for superallowed Fermi beta de-
cays.

Parent
nucleus ft(s) δ′

R (%) δC − δNS (%) Ft(s)

Tz = −1:
10C 3042.4 ± 4.1 1.679 0.575± 0.039 3075.7± 4.4a

14O 3042.2 ± 0.8 1.543 0.613± 0.056 3070.2± 1.9a

18Ne 2912 ± 79 1.506 0.886± 0.052 2930± 80
22Mg 3051.1 ± 6.9 1.466 0.635± 0.026 3076.2± 7.0a

26Si 3052.2 ± 5.6 1.439 0.669± 0.033 3075.4± 5.7a

30S 3015 ± 41 1.423 1.001± 0.049 3027± 41
34Ar 3058.0 ± 2.8 1.412 0.840± 0.043 3075.1± 3.1a

38Ca 3062.8 ± 6.0 1.414 0.912± 0.049 3077.8± 6.2a

42Ti 3090 ± 88 1.424 1.193± 0.066 3097± 88
46Cr 3126 ± 100 1.426 0.924± 0.089 3141 ± 100
50Fe 3099 ± 71 1.426 0.800± 0.053 3118± 72
54Ni 3062 ± 50 1.423 0.933± 0.070 3077± 50

Tz = 0:
26mAl 3037.61± 0.67 1.478 0.329± 0.026 3072.4± 1.1a

34Cl 3049.43+0.95
−0.88 1.443 0.706± 0.051 3071.6± 1.8a

38mK 3051.45± 0.92 1.440 0.726± 0.056 3072.9± 2.0a

42Sc 3047.7 ± 1.2 1.453 0.657± 0.050 3071.7± 2.0a

46V 3050.33+0.54
−0.44 1.445 0.651± 0.063 3074.3± 2.0a

50Mn 3048.4 ± 1.2 1.444 0.689± 0.033 3071.1± 1.6a

54Co 3050.8+1.4
−1.1 1.443 0.787± 0.068 3070.4+2.5

−2.4
a

62Ga 3074.1 ± 1.5 1.459 1.49 ± 0.21 3072.4± 6.7a

66As 1.468 1.58 ± 0.40
70Br 1.486 1.74 ± 0.25
74Rb 3082.8 ± 6.5 1.499 1.65 ± 0.27 3077 ± 11a

Average (best 15), Ft 3072.24± 0.57
χ2/ν 0.47

aValues used to obtain Ft
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Figure 1: Results from the 2015 survey [1] updated through 2017: uncorrected ft
values for the 14 best known superallowed decays on the left; the same results but
incorporating the δ′

R
, δC and δNS correction terms on the right. The grey band in the

right panel is the average Ft value and its uncertainty.

Early in 2015, we published [1] the most recent critical survey of all half-life,
decay-energy and branching-ratio measurements related to 20 superallowed 0+→ 0+ β
decays. Included were 222 individual measurements of comparable precision obtained
from 177 published references. Since that time, through 2017, there have been more
than a dozen new published measurements of relevance, the most consequential having
impacted the results for 10C [4], 14O [5, 6], 38Ca [7] and 42Sc [8]. Incorporating these
new measurements, we have updated our survey results, with the outcome shown in
Fig. 1 for the 14 transitions known with a precision of order 0.1% or better. Obviously
the Ft values are all consistent with one another over the full measured range from
Z=5 to Z=36.

Before drawing conclusions, it is helpful to examine Fig. 2, which illustrates the
transition-to-transition behavior of the correction terms that appear in Eq. (1). Of
the three terms that contribute to the Ft values, only δC and δNS show pronounced
changes as a function of Z, so it is these terms that are principally responsible for
replacing the scatter in ft values with the consistency of the Ft values. As described
in Ref. [1], both terms were derived from the best available shell-model wave functions,
which in each case had been based on a wide range of spectroscopic data for nuclei
in the same mass region. The calculations for δC were further tuned to reproduce
the measured binding energies, charge radii and coefficients of the isobaric multiplet
mass equation for the specific states involved. This means that the origins of these
correction terms are completely independent of the superallowed decay data.

Thus the consistency of the Ft values in Fig. 1 not only confirms the CVC expec-
tation of a constant value for GV but also validates the nuclear-structure-dependent
radiative and isospin-symmetry-breaking corrections, which converted the measured
ft values into corrected Ft values.

A further confirmation of the nuclear-structure-dependent corrections is now af-

2

[Hardy and Towner, 1809.01146]

[Hardy and Towner, '15 - '21]

Extremely precise  
determination!
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Total decay widths (integrated rates)

Allowed beta transitions - total decay widths 
Extensively studied in the literature for numerous nuclei (and the neutron!) 

A class of nuclear beta decays emerges as a uniquely powerful probe of  
the SM description of quark flavour violation (CKM paradigm) 

 superallowed  decays: depend uniquely on vector part of interaction 

                      decay width directly related to  

                      

      

⇒ 0+ → 0+

↝ CV

ℱt = K
2 G2

F V̄2
u d (1 + ΔV

R)  

 - transition independent RC

K = 2π3ℏ log 2 (ℏc)6/(mec2)5

ΔV
R

Determination of  dominated by  

superallowed  decays (very precise! )

V̄ud
0+ → 0+ δ ∼0.03 %

[Falkowski et al, 2010.13797]
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Figure 1. Left: comparison between the 1� confidence intervals for Vud extracted from vari-
ous data sets, assuming the SM scenario. The blue error bars show the determination based on
the superallowed, neutron, and mirror data. The green error bars display the four most precise
determinations from individual mirror transitions. The salmon band corresponds to the value in
Eq. (4.3) using all data included in this analysis. Right: comparison between the Vud value ob-
tained in this work from superallowed data (violet band) and alternative extractions (black error
bars) using different values of the inner radiative correction �

V
R and of the nuclear-structure de-

pendent corrections �NS . The first four error bars correspond to �
V
R = 0.02361(38) [69] (MS’06),

�
V
R = 0.02467(22) [24] (Seng et al.’18), �V

R = 0.02426(32) [25] (CMS’19), �V
R = 0.02477(24) [26]

(SFGJ’20), and �
V
R = 0.02473(27) [27] (Hayen’20), and they do not take into account the nuclear-

structure dependent corrections pointed out in Seng et al.’19 [58] and Gorchtein’19 [59] (cf. Sec-
tion 3.2), which are included in the last two points. The Vud value obtained from CKM unitarity
using current PDG values Vus = 0.2245(8) and Vub = 0.00382(24) [5] is shown in both panels (gray
bands).

In this scenario we find the following 1� confidence intervals and the correlation matrix:

v2

0

BBB@

C+
V

C+
A

C+
S

C+
T

1

CCCA
=

0

BBB@

0.98571(41)

�1.25707(55)

0.0001(10)

0.0004(12)

1

CCCA
, ⇢ =

0

BBB@

1. �0.62 0.80 0.65

�0.62 1. �0.49 �0.56

0.80 �0.49 1. 0.59

0.65 �0.56 0.59 1.

1

CCCA
. (4.5)

These results deserve a number of comments:

• Nuclear observables depend on the Wilson coefficients in the Lee-Yang Lagrangian
in a non-linear way and thus the likelihood function we constructed is in general
non-Gaussian. Nevertheless, the central values, 1� errors, and the correlation matrix
displayed in Eq. (4.5) fully characterize the likelihood in the region of the parameter
space compatible with the data. This is a consequence of two facts. One is that the
BSM Wilson coefficients C+

S,T
interfere with the SM amplitudes, therefore they affect

nuclear observables already at the linear level. The other is that all the parameters
in Eq. (4.5) are stringently constrained, at the per-mille level or better. These two
facts ensure that, near the maximum of the likelihood, �2

= �2 logL can be very well
approximated by a quadratic form: �2

⇡ �2
min +

1
2(~x � ~x0)��1

(~x � ~x0), where ~x is

– 16 –

3

initio nuclear theory efforts and a high-precision nuclear
data set underscore the potential/need for a concerted ef-
fort between theory and experiment. Formation of a topi-
cal group, the VUDU (Vud Unitarity) alliance, would fos-
ter further collaboration, strengthen theory benchmark-
ing efforts, amplify the impact of focused experimental
efforts and sustain the leadership role of the nuclear �
decay community in precision CKM unitarity tests.

B. Progress

The Vud element of the CKM matrix can be determined
from the � decays of the pion, neutron, pure Fermi 0+ to
0+ and mixed, mirror nuclear decays [9]. The current sta-
tus is summarized in Fig. 1 showing the fractional uncer-
tainty due to experimental input, electroweak radiative
corrections, and nuclear structure corrections where rel-
evant. Currently, the most precise determination of Vud

is obtained from 0+ ! 0+ nuclear decays, where a collec-
tion of more than 200 measurements in 21 different nuclei
allow for a significant statistical advantage. Its precision
is currently limited by uncertainties in sub-percent level
nuclear structure corrections, the improvement of which
is a strong driver for theoretical advances and comprises
one of the major goals in the field.

Figure 1. Fractional uncertainties to the Vud extraction from
the most precise channels.

Significant theoretical progress in the calculation of ra-
diative corrections using dispersion relations was made
possible by a critical paradigm shift and served to reduce
uncertainties due to radiative corrections in all systems
by at least a factor of two [10, 11]. The resultant 3� shift
compared to the previous state of the art for the neutron
and nuclear decays has been confirmed by several inde-
pendent calculations [12–14], and have been shown to be
systematically improvable using lattice QCD calculations
[15–17].

Leveraging improvements in the theory framework, nu-
clear structure effects in electroweak radiative corrections
(denoted �NS) were reevaluated and resulted in substan-
tial changes when including quasi-elastic and nuclear po-

larization effects. These were initially treated in simpli-
fied models and increased the uncertainty on the resul-
tant Vud determination from 0+ ! 0+ decays by 50% due
to fully correlated theoretical uncertainties [11, 18, 19].
A fully-relativistic framework [20] permits rigorous stud-
ies of �NS using ab initio methods; the past two decades
have witnessed a tremendous progress of the latter in the
description of nuclei. This was due to the advent of ef-
fective field theories that link nuclear many-body interac-
tions and electroweak currents to the fundamental sym-
metries of the underlying theory of Quantum Chromody-
namics [21–30]; the development of new algorithms suited
to solve the many-body nuclear problem for nuclei in the
medium mass region and beyond [31]; and the increased
availability of computational resources [32]. Capitalizing
on these recent developments, the theory community is
poised to provide improved theoretical estimates for the
nuclear structure effects in radiative corrections (�NS)
and isospin breaking effects (�C).

There has been a surge of experimental activity in the
past years around mirror transitions at various institu-
tions world-wide including: half-life (37K [33], 21Na [34]
and 29P [35]) and branching ratio (37K [36]) measure-
ments at Texas A&M University; half-life measurements
of 11C [37], 13N [38], 15O [39], 25Al [40] and 29P [41] at
the University of Notre Dame; QEC-value measurements
of 11C [42], 21Na and 29P using LEBIT at NSCL [43]; and
with significant development of 99.13(9)% nuclear polar-
ization via optical pumping [44], a precise �-asymmetry
measurement of 37K using TRINAT at TRIUMF im-
proved the value of Vud for this isotope by a factor of
4 [45].

C. Prospects

Significant progress in the determination of nuclear
structure correction using nuclear ab initio methods are
paramount in order to maximize the potential of the su-
perallowed global data set for Vud extraction. In par-
ticular, a benchmarking effort centered around low mass
nuclei with high precision experimental data (6He, 10,11C,
14O, 19Ne) that are accessible to nuclear many-body
methods with a minimum number of approximations (No
Core Shell Model, Quantum Monte Carlo, Lattice Effec-
tive Field Theory, . . .) and methods with a wider mass
reach (Coupled Cluster, In Medium Similarity Renor-
malization Group, and hybrid models) will allow one
to reliably compute corrections for the full data set.
Supplemented by focused experimental measurements of
0+ ! 0+ and mirror decays, the community foresees a
synergistic approach with maximal impact. Given that
the uncertainties for the value of Vud determined from the
superallowed decays are dominated by the uncertainty
in theoretical corrections due to nuclear structure effects
in the electroweak radiative corrections, we can antici-

[Brodeur et al, 

  2301.03975]

Best determination of  from Kaon decays ( )V̄us Kℓ2, Kℓ3
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Testing the CKM paradigm

CKM paradigm of flavour mixing: FV encoded in strongly hierarchical unitary matrix 
Mostly successful description of hadron flavour dynamics!

(31). In light of this connection, we briefly summarize the status of first-row CKM unitarity tests.
We discuss the implications for LFUV BSM interactions in Section 3.

Unitarity of the CKM matrix (73, 74) implies !CKM ! |Vud|2 + |Vus|2 + |Vub|2 − 1 = 0,
where Vud, Vus, and Vub represent the mixing of u with d, s, and b quarks, respectively. In practice,
|Vub|2 < 10−5 can be neglected, and CKM unitarity reduces to the original Cabibbo universality,
with the identifications Vud = cos θC and Vus = sin θC, where θC is the Cabibbo angle (73). The
determination of VuD (D = d, s) from various hadronic weak decays hi → hf ℓνℓ (ℓ = e,µ) relies on
the following schematic formula for the decay rate %:

% = G2
F × |VuD|2 × |Mhad|2 × (1 + δIsoB + δRC) × Fkin, 16.

where GF is the Fermi constant extracted from muon decay and Fkin is a phase-space factor. The-
oretical input comes in the form of (a) the hadronic matrix elements of the weak current,Mhad,
usually calculated in the isospin limit of QCD (in which u and d quark masses are equal and
electromagnetic interactions are turned off ), and (b) small percent-level corrections, δIsoB, RC, due
to strong isospin breaking (here, IsoB) and electromagnetic radiative corrections (RC) induced
by the exchange of virtual photons and the emission of real photons, characterized by the small
expansion parameters ϵIsoB ∼ (mu − md)/'QCD and ϵEM ∼ α/π , respectively (α ∼ 1/137 is the
electromagnetic fine-structure constant).

Currently, as shown in Figure 1, our knowledge of Vud is dominated by 0+ → 0+ nuclear
beta decays. The most recent survey (78) of experimental and theoretical input leads to Vud =
0.97373(31).This value incorporates a reduction in the uncertainty on the so-called inner radiative

U
nitarity0+ 0+ (0.030%)

Neutron (0.050%)

K       πℓν (0.27%)    

K      
 πℓ

ν/π
+      

   π0 e
+ ν

(0.38%)
τ decays
(0.58%)

K      
 μν

/π      
 μν

(0.27%)    
1σ
ellipse

V u
s

0.226

0.225

0.224

0.223

0.222

0.221

0.220
0.960 0.965 0.970 0.975

Vud

Figure 1
Summary of constraints on Vud and Vus (assuming the Standard Model hypothesis) from nuclear, nucleon,
meson, and τ lepton decays. For each constraint, the 1σ uncertainty on Vus or Vud is given in parentheses.
The 1σ ellipse from a global fit (with χ2/d.o.f. = 2.8) (yellow) corresponds to Vud = 0.97357(27) and Vus =
0.22406(34), implying !CKM = |Vud|2 + |Vus|2 − 1 = (−19.5 ± 5.3) × 10−4. Abbreviation: d.o.f., degree of
freedom.
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EW fit and VCKM fit appear to be in good agreement with SM hypotheses! 
But recent tensions in the determination of the "Cabibbo angle" (and of  and )  

     

                            

                      

                                              Phenomenological determination of  
                                                                          and  (recall that )   

                                                             test unitarity of 1st row of CKM                

Vu d Vu s

V2
u d + V2

u s + V2
u b = 1 ⇒ sin θC = Vu d , cos θC = Vu s

⇒ ΔCKM = | V̄u d |2 + | V̄u s |2 −1 = 0

V̄u d V̄u s | V̄u b | ≈ 2(10−3)
⇒

Global fit:  

   

  

 Deviation from SM unitarity @ 

Vud = 0.97379 ± 0.00025
Vus = 0.22405 ± 0.00035
⇒ ΔCKM = (−19.5 ± 5.3) × 10−4

⇒ 2.8σ

[Bryman et al, 2111.05338]

[Crivellin et al, 2212.06862]

Overview of  and  constraints: 

  nuclear, nucleon, meson &  decays (  bands for ) 

V̄ud V̄us
τ 1σ Vij
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Differential decay distributions

SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                             searches for non ( ) components in weak interactions! 
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polarisation ⃗J Fierz interference term

 correlation e − ν̄e
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Asymmetries and angular correlations

SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                             searches for non ( ) components in weak interactions! 

Some remarks:  

Overall factor , and correlation coefficients depend on , on  (and possibly )  

 

 

β

⇒ V − A

ξ MF, GT C(′�)
i Ee

ξ = |MF |2 ( |CV |2 + |C′�V |2 + |CS|2 + |C′ �S|2 ) + |MGT |2 ( |CA |2 + |C′�A |2 + |CT |2 + |C′�T |2 )
aξ = |MF |2 ( |CV |2 + |C′�V |2 −|CS|2 −|C′ �S|2 ) − 1

3 |MGT |2 ( |CA |2 + |C′ �A |2 −|CT |2 −|C′�T |2 )
bξ = ± 1 + α2Z2 ℜ [ |MF |2 (CVC*S + C′�VC′�*S ) + |MGT |2 (CAC*T + C′�AC′�*T )]

Parent nucleus  
polarisation ⃗J Fierz interference term

 correlation e − ν̄e
beta asymmetry

 asymmetryν̄e

T-odd term  
  (CPV!)

[Gonzalez-Alonso et al, 1803.08732]
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Asymmetries and angular correlations

SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                             searches for non ( ) components in weak interactions! 

Some remarks:  

Overall factor , and correlation coefficients depend on , on  (and possibly )  

 

If pure Fermi transitions, dependence only on    

If pure Gamow-Teller, dependence only on  

If mixed (e.g. neutron decay), combination of   & 

β

⇒ V − A

ξ MF, GT C(′�)
i Ee

ξ = |MF |2 ( |CV |2 + |C′�V |2 + |CS|2 + |C′ �S|2 ) + |MGT |2 ( |CA |2 + |C′�A |2 + |CT |2 + |C′�T |2 )
C(′�)

V,S
C(′�)

A,T
C(′�)

V,S C(′�)
A,T

Fierz interference term
 correlation e − ν̄e

beta asymmetry

 asymmetryν̄e

T-odd term  
  (CPV!)
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Asymmetries and angular correlations

SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                             searches for non ( ) components in weak interactions! 

And further remarks:  
To a good first approximation, and for pure F(GT) transitions 

 and ;      and   

 Measurement of the Fierz term,  asymmetry and correlation parameters 

 probe (combinations) of non-standard (particle-level) coefficients  

in particular  and  

     If measured,  include contributions from Fierz term

β

⇒ V − A

bF ≈ ± ℜ ( CS + C′�S

CV ) bGT ≈ ± ℜ ( CT + C′ �T

CA ) aF ≈ 1 − |CS|2 + |C′ �S|2

|CV |2 aGT ≈ −1
3 + 1

3
|CT |2 + |C′�T |2

|CA |2

e − ν̄e
⇒

ϵS ϵT

a, A, B
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SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                             searches for non ( ) components in weak interactions!

β

⇒ V − A

Figure 3: Current and prospective 90% C.L. allowed regions in the Re(✏S)-Re(✏T ) plane
implied by (i) the existing bounds on bF and ⇡ ! e⌫� (horizontal (green) band); (ii) projected
measurements of b and b⌫ in neutron decay (inner (red) and outer (blue) bow-tie shaped
regions, respectively) at the 10�3 level; (iii) projected measurements of bGT at the 10�3 level
from 6He decays (vertical (ocher) band). Left panel: hadronic matrix elements taken in the
ranges 0.25 < gS < 1.0, 0.6 < gT < 2.3 [27]. Right panel: scalar and tensor charges taken
from LQCD, gS = 0.8(4) and gT = 1.05(35). Note that by reducing the uncertainty in gS the
constraint on ✏S from bF becomes stronger, independent of any future neutron measurement.
The e↵ective couplings ✏S,T are defined in the MS scheme at 2 GeV. Figure adapted from
Ref. [47].

that the CVC test can be made without assumptions regarding second-class currents [147]. Generally,
since the form of the recoil e↵ects to all observables has been given, together with electromagnetic
corrections, these SM predictions are all testable [76].

An alternate route for testing the SM recoil predictions is to utilize decays where the daughter state
is unstable and itself decays

i) electromagnetically such as in the mirror transitions in the A = 20 system to the 2+ 1.63 MeV
excited state of 20Ne, which in turn decays via photon emission to the 0+ ground state [148];

ii) strongly such as in the mirror transitions in the A = 8 system to the 2+ 2.90 MeV excited state
of 8Be, which in turn decays via the emission of two alpha particles [149].

In the former case there exists a beta-gamma correlation

d
3�

dEed⌦ed⌦�
⇠ 1 +

1

2
G(Ee)

 ✓
~pe · p̂�

Ee

◆2

�
p

2
e

3E2
e

!
, (4.51)

whereas in the latter there is a beta-alpha correlation

d
3�

dEed⌦ed⌦↵
⇠ 1 + G(Ee)

 ✓
~pe · p̂↵

Ee

◆2

�
p

2
e

3E2
e

!
� 2

~pe · p̂↵

Mv⇤
, (4.52)

noting v⇤ is the velocity of the alpha particle in the daughter rest frame. Here the decay correlation
coe�cient G is purely of recoil order, so that it is sensitive to recoil form factors. The form of G as well
as of the radiative corrections have been calculated [76].

23

A summary of important constraints: 

 - superallowed decays 

 - Dalitz plot study of  

Bounds from other observables ( , ) 

Co measurements of  

 (similar from In decays) 

Long. polarisation of photon  

 

Long. polarisation of  from polarised In 

 
... ... ... 

Recent comprehensive "global fit" 

ϵS
ϵT π+ → e+ νeγ

ϵS ϵT
60 AGT

| g T ℜϵT | < 10−2 114

PF /PGT

| g SℜϵS + 4g A/g V g T ℜϵT | < 10−2

e+ 107

| g T ℜϵT | < 3 × 10−3

[Falkowski et al, 2010.13797]

He decays6

[Cirigliano et al, 1303.6953]

Asymmetries and angular correlations

future

future
 from LQCDg S,T

neutron decays
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SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Recoil spectroscopy offers many interesting and (powerful) features - access to both  and  

 direct measurement of daughter nucleus recoil 

 kinematic shifts in energy spectrum of secondary (energetic) emitted particles  
determination of (unstable) daughter momentum 

 simultaneous study of multiple decay transitions ;  

precise determination of     

β

a b
⇒
⇒

⇒
ã ↝ δãF(GT) ∼5 × 10−3 (3 × 10−3)

WISArD: Fermi (and Gamow-Teller) transitions in Ar 
   simultaneous determination of  and  

     ( )

32

ãF ãGT
δãF < 10−3

Angular correlations & recoil spectroscopy
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WISArD – Experimental technique

• 32Ar (30 keV) implanted on a catcher foil.
• Detect recoil protons along and opposite to the 

direction of  the b particle.
• Energy of  the nuclear recoil is signed through the 

kinematic shift of  the proton.

Courtesy X. Fléchard
see also V. Araujo-Escalona et al., arXiv:1906.051351v1Principle

32Ar+

Si1U Si2U

Si2DSi1D

p

p b+

Sc
in

t.

Catcher
foil

B = 4T

Eight 300 mm Si 
detectors for 
protons

7 mm thick 
Mylar catcher

2x5cm2 plastic 
scintillator readout 
with SiPM

2

indicated. Instead of a broadening, the present exper-
iment, called WISArD (Weak Interaction Studies with
32Ar Decay), measures the kinetic energy shift of pro-
tons emitted in parallel or anti-parallel directions with
respect to the positron. This beta-proton coincidence
technique drastically reduces the influence of the pro-
ton detector response function and of the intrinsic pro-
ton peak shape. It also increases the statistical sensitiv-
ity on ã�⌫ : Monte Carlo simulations of the experiment
with the present setup show that the statistical uncer-
tainty on ã�⌫ is reduced by a factor ⇠ 2.5 when using the
proton peak energy shift technique instead of the peak
broadening technique. The e↵ective gain in sensitivity
should be even higher as this factor was obtained assum-
ing a perfectly known proton detector response function.
In real experiments, the uncertainty on the detector re-
sponse function would a↵ect significantly the precision
for a broadening measurement, but not for a shift mea-
surement. Moreover, this new technique allows simulta-
neous measurements with beta-delayed protons resulting
from both pure F and pure GT transitions of the 32Ar
nucleus (Fig. 1). Note that a similar approach is cur-
rently undertaken by the TAMUTRAP experiment [16]
using a Penning trap to confine radioactive ions.

FIG. 1. (Color online) Simplified 32Ar decay scheme. Only
relevant transitions discussed in the present paper are indi-
cated.

EXPERIMENT

While a dedicated set-up for WISArD is still under de-
velopment, a proof of principle experiment was performed
at ISOLDE-CERN with equipment and detectors read-
ily available and the details of which will be published
separately [23]. The detection setup, shown in Fig. 2,
is installed in the vertical superconducting solenoid of
the former WITCH experiment [8]. It comprises eight
300 µm thick silicon detectors with e↵ective diameter
� = 30 mm for protons and a � = 20 mm, L = 50 mm
plastic scintillator coupled to a silicon photomultiplier for

positron detection. The 30 keV 32Ar+ ions from ISOLDE
are implanted on an about 7 µm thick � = 15 mm my-
lar catcher at the center of the setup. Positrons emitted
in the upper hemisphere are confined by a 4 T vertical
magnetic field and guided towards the plastic scintilla-
tor with an e�ciency close to 100%. For protons, the
total detection e�ciency is about 8% due to the solid
angle. The four upper silicon detectors, labeled Si1U to
Si4U, are located 65.5 mm above the catcher and the four
lower ones, labeled Si1D to Si4D, are mounted in a mir-
rored configuration below the catcher. For protons of a
few MeV, the energy resolution of the detectors ranges
from 25 keV to 45 keV (FWHM). All detectors, includ-
ing the scintillator, were read out by the FASTER data
acquisition system [24]. During an e↵ective beamtime of
35 hours, ⇠ 105 proton-positron coincidences were col-
lected for the superallowed 0+ ! 0+ transition, which
corresponds to an implantation rate of ⇠ 100 pps. Ion
transmission in the beamline was only about 12% due
to the inadequate existing beam optics. 32Ar+ ions were
produced by a 1.4 GeV proton beam with a mean inten-
sity of 1.4 µA driven by the CERN Proton Synchrotron
Booster and impinging on a CaO target. Ions extracted
from the VADIS (Versatile Arc Discharge Ion Source) ion
source were then mass selected using the ISOLDE High
Resolution mass Separator. The average 32Ar+ produc-
tion yield was estimated to be ⇡1700 pps, more than a
factor two below the ISOLDE standard capability [25].
With the nominal ion production yield and an improved
beam transmission, the present 32Ar+ implantation rate
can thus be increased by more than one order of magni-
tude in future experiments.

FIG. 2. (Color online) Schematic of the detection setup (see
text for details). Only four silicon detectors are visible on
this sectional view. The energy di↵erence between protons
emitted in the same hemisphere as the beta particle (red)
and those emitted in the opposite one (purple) is a function
of ã�⌫ .

INT-19-75W workshop, Seattle, Nov.4-8, 2019 7

WISArD – Goal and candidate

• Goal: Simultaneous measurement of  
 𝑎𝐹 and  𝑎𝐺𝑇 in 32Ar decay.

• Decay is dominated by F transition. 
The two closely spaced GT transitions 
were not used in the first run.

• Precision goal for future run: well 
below 10-3 for the F transition

(Weak Interaction Studies with Ar Decay)

F

GT

Dominant transitions

V. Araujo-Escalona et al., arXiv:1906.051351v1

[Araujo-Escalona et al, 1906.05135]

    ã = a
1 + α(Ee) b
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FIG. 7. (Color online) Present (plain lines) and expected
(dotted lines) constraints on scalar coupling constants ex-
tracted from Ref. [1] (and references there in). Contours
labeled ’Gorelov 2005’ are calculated using the values of ã�⌫

and ↵ provided in Ref. [33]. The expected constraints for the
next WISArD measurement with a 2⇥ 10�3 precision are in-
dicated by dashed red lines. All exclusion contours are given
for one standard deviation.

to a higher sensitivity to the Fierz interference term,
the future measurement will improve significantly the
present constraints on exotic currents of the weak inter-
action inferred from correlation measurements in nuclear
beta decay and remain competitive with the search at
the LHC. Further improvements will be pursued after
the next experimental campaign with the aim to lower
the systematic uncertainty below 10�3.
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SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                             searches for non ( ) components in weak interactions! 

β

⇒ V − A

[Araujo-Escalona et al, 1906.05135]

Recoil spectroscopy offers access to both  and  

 expect significant (near) future progress 

precise determination of 

a b
⇒

ã

PoS(PANIC2021)449

WISArD M. Versteegen

Figure 1: Present constraint on scalar currents
from V decay of 32Ar (red and grey) and 38<K
(green) as well as pure Fermi 0+ ! 0+ transitions
(blue).

A proof-of-principle experiment was mounted
and took data at ISOLDE, CERN, in Novem-
ber 2018 [7]. The detection set-up consisted of
two proton detector planes, each containing four
300 `m thick silicon detector disks 30 mm in di-
ameter and one V detector, composed of a cylin-
drical plastic scintillator 2 cm in diameter and
5 cm in length, coupled to a 6 ⇥ 6 mm2 sili-
con photomultiplier from Hamamatsu (S13360-
6050PE). The 30 keV 32Ar beam delivered by
ISOLDE was stopped in a thin mylar catcher foil
at the center of the setup. The whole detection
stage was placed in a 4 T magnetic field to guide
the V particle emitted in the upper hemisphere
to the scintillator with a 100% e�ciency. The
measured kinematic shift between the energy of
the proton singles and the protons in coincidence
with the V particle for the Fermi transition was
�⇢� = 4.49(3) keV, which is the 3rd most precise measurement on the combined coe�cient of 0�
and 1� : 0̃� = 1.007(32)stat(25)syst. It is worth noticing that 32Ar also gives access to Gamow-Teller
V transitions, which simultaneously allows the search for tensor current contributions. Figure 1
presents the constraints on scalar couplings, comparing the WISArD proof-of-principle result with
previous experiments with 32Ar and 38<K [5, 8]. In addition, a full account of all major sources
of systematic uncertainties was drawn, showing that the position of the beam implantation in the
catcher foil, the energy calibration and the dead layer of the silicon detectors as well as the e�ect
of V backscattering in the catcher and at the entrance of the plastic scintillator are the major contri-
butions. The detection set-up was fully upgraded between 2018 and 2021 to tackle these particular
points and aim for the per-mil uncertainty level.

3. Upgrade of the WISArD setup

Figure 2: WISArD detection setup upgrade.

Figure 2 shows the upgraded detection setup.
The 8 new silicon proton detectors are trapezoidal
to form 2 detection caps symmetrical with respect
to the catcher foil, covering a 40% solid angle. The
detectors are actively cooled to reach 10-15 keV res-
olution FWHM at 3 MeV. A dedicated measurement
was performed with 700 keV monoenergetic alpha
particles from the AIFIRA accelerator [9] to deter-
mine their dead layer, which was found to be of the
order of 60 nm. With this new design, the statistics
is optimised and the systematic e�ects due to the
detectors’ energy resolution and dead layer are minimized.

3

[WIZArD@PANIC 2021]
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WISArD – Goal and candidate

• Goal: Simultaneous measurement of  
 𝑎𝐹 and  𝑎𝐺𝑇 in 32Ar decay.

• Decay is dominated by F transition. 
The two closely spaced GT transitions 
were not used in the first run.

• Precision goal for future run: well 
below 10-3 for the F transition

(Weak Interaction Studies with Ar Decay)

F

GT

Dominant transitions

V. Araujo-Escalona et al., arXiv:1906.051351v1

Angular correlations & recoil spectroscopy
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Shape of beta spectrum

SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Shape of  energy spectrum (upon integration of angular distributions) 

  

 spectrum shape modified by Fierz term!  

For transparency  

 sensitivity to BSM scalar and tensor operators 

 

 fully explore the experimental precision (and maximise sensitivity to NP) 

include SM QCD form factors: dominant "weak electromagnetism" term 

   

β

β

W(Ee) dEe = F(± Z, Ee)
2π3 pe Ee (E0 −Ee)2 ξ (1 + b

me

Ee ) dEe

β

bFierz ≈ ± 1
1 + ρ2 ℜ ( CS + C′ �S

CV ) + ρ2ℜ ( CT + C′�T

CA )
⇒

bFierz ≈ ± 2γ
1 + ρ2 [ℜ g SϵS

g V(1 + ϵL + ϵ′ �R) + ρ2 4g TϵT

−g A(1 + ϵL −ϵ′�R) ]
⇒

b
me

Ee
→ b

me

Ee
+ 2(bwm Ee /me) [See, e.g., Severijns and Naviliat-Cuncic, '13; 


Fenker et al, '16; ]

ρ = CV

CA

MGT

MF



A.M. Teixeira, LPC Clermont B-11

Shape of  spectrumβ
SM precision tests in nuclear  decays: a vast array of additional observables from  

the exploration of angular correlations between decay products! 

Shape of  energy spectrum (upon integration of angular distributions) 

  

 spectrum shape modified by Fierz term!  

Maximal effects (sensitivity to New Physics effects) for endpoint energies  MeV 
                                       (rapid decrease for smaller/larger values)  

β

β

W(Ee) dEe = F(± Z, Ee)
2π3 pe Ee (E0 −Ee)2 ξ (1 + b

me

Ee ) dEe

β

∼1 −2

[Gonzalez-Alonso et al, 1607.08347]

2

✓. For simplicity, we do not include contributions due to
recoil order terms [13] or to Coulomb and radiative cor-
rections [14, 15], and neglect e↵ects due to the neutrino
mass.

The integration of Eq. (2) over the kinematic variables
of the � particle and the neutrino, normalized by the
integral over the phase space, gives

N0 = 1 + bhm
W

i , (3)

where hm/W i denotes the average of m/W over the sta-
tistical weight given by Eq. (1). Figure 1 shows the vari-
ation of the factor hm/W i as a function of the endpoint
energy, E0 = W0 � m, for values in the range 20 keV
to 20 MeV. For reference, the values for neutron decay
(E0 = 782 keV) and for 6He decay (E0 = 3.50 MeV) are
indicated with black points. It is obvious that hm/W i
increases monotonically toward lower endpoint energies
and tends asymptotically to 1 since the kinetic energy in
the denominator becomes negligible relative to the elec-
tron mass.

FIG. 1: (Color on-line) Variation of the sensitivity factor
hm/W i as a function of the endpoint energy E0.

This property has been exploited to extract very strin-
gent constraints on scalar couplings from the contribution
of the Fierz term to the Ft-values in super-allowed pure
Fermi transitions [16]. Nuclei with the lowest endpoint
energies, such as 10C and 14O, have the largest sensi-
tivity to the Fierz term, whereas the b-contamination to
the Ft-values of transitions with larger endpoints, such
as 26mAl, is smaller.

It is clear from Fig. 1 that, from a purely statistical
standpoint, the uncertainty on the Fierz term extracted
from a measurement of the rate in Eq. (3) would decrease
monotonically toward lower energies. For a sample with
108 events, the smallest statistical uncertainty would be
�b = 10�4.

III. DIFFERENTIAL DISTRIBUTIONS

The monotonic increase of sensitivity to b in Eq. (3)
does not imply, however, that this property also holds

when the Fierz term is extracted from the measurement
of a di↵erential distribution such as the � energy spec-
trum or the recoil momentum spectrum. This is so, sim-
ply because in di↵erential distributions one measures the
e↵ect on the shape of the distribution and not on the
number of events. To illustrate this quantitatively we
have performed simple Monte-Carlo studies where the
statistical uncertainty on the Fierz term is determined
from fits of di↵erential spectra.

A. The � energy spectrum

We consider first the distribution in electron energy,
resulting from the integration of Eq. (2) over the direc-
tions of the neutrino,

Ne(W )dW / P (W ) ·
⇣
1 + b

m

W

⌘
dW (4)

= [P (W ) + b g(W )] dW . (5)

We have generated �-energy spectra following the shape
of the phase space P (W ) in Eq. (1), for di↵erent values of
the endpoint energy, E0. Each spectrum contained 108

events. The generated spectra were then fitted between
5% and 95% of their kinetic energy range, with a function
given by Eq. (4). The fits had two free parameters: the
overall normalization and the Fierz term b.

FIG. 2: (Color on-line) The solid red line shows the 1� sta-
tistical uncertainties obtained from fits of simulated � energy
spectra as a function of the endpoint energy E0. The dashed
brown line shows the result obtained with the approximation
given by Eq. (7).

The red solid curve on Fig. 2 shows the 1� statisti-
cal uncertainty on the Fierz term obtained from these
fits as a function of the endpoint energy, E0. For end-
point energies larger than about 1-2 MeV, the statisti-
cal uncertainty increases roughly linearly with the end-
point energy, due to the 1/W factor. For endpoint en-
ergies smaller than 1-2 MeV the statistical uncertainty

Sensitivity  
factor ( )me /Ee

2

✓. For simplicity, we do not include contributions due to
recoil order terms [13] or to Coulomb and radiative cor-
rections [14, 15], and neglect e↵ects due to the neutrino
mass.

The integration of Eq. (2) over the kinematic variables
of the � particle and the neutrino, normalized by the
integral over the phase space, gives

N0 = 1 + bhm
W

i , (3)

where hm/W i denotes the average of m/W over the sta-
tistical weight given by Eq. (1). Figure 1 shows the vari-
ation of the factor hm/W i as a function of the endpoint
energy, E0 = W0 � m, for values in the range 20 keV
to 20 MeV. For reference, the values for neutron decay
(E0 = 782 keV) and for 6He decay (E0 = 3.50 MeV) are
indicated with black points. It is obvious that hm/W i
increases monotonically toward lower endpoint energies
and tends asymptotically to 1 since the kinetic energy in
the denominator becomes negligible relative to the elec-
tron mass.

FIG. 1: (Color on-line) Variation of the sensitivity factor
hm/W i as a function of the endpoint energy E0.

This property has been exploited to extract very strin-
gent constraints on scalar couplings from the contribution
of the Fierz term to the Ft-values in super-allowed pure
Fermi transitions [16]. Nuclei with the lowest endpoint
energies, such as 10C and 14O, have the largest sensi-
tivity to the Fierz term, whereas the b-contamination to
the Ft-values of transitions with larger endpoints, such
as 26mAl, is smaller.

It is clear from Fig. 1 that, from a purely statistical
standpoint, the uncertainty on the Fierz term extracted
from a measurement of the rate in Eq. (3) would decrease
monotonically toward lower energies. For a sample with
108 events, the smallest statistical uncertainty would be
�b = 10�4.

III. DIFFERENTIAL DISTRIBUTIONS

The monotonic increase of sensitivity to b in Eq. (3)
does not imply, however, that this property also holds

when the Fierz term is extracted from the measurement
of a di↵erential distribution such as the � energy spec-
trum or the recoil momentum spectrum. This is so, sim-
ply because in di↵erential distributions one measures the
e↵ect on the shape of the distribution and not on the
number of events. To illustrate this quantitatively we
have performed simple Monte-Carlo studies where the
statistical uncertainty on the Fierz term is determined
from fits of di↵erential spectra.

A. The � energy spectrum

We consider first the distribution in electron energy,
resulting from the integration of Eq. (2) over the direc-
tions of the neutrino,

Ne(W )dW / P (W ) ·
⇣
1 + b

m

W

⌘
dW (4)

= [P (W ) + b g(W )] dW . (5)

We have generated �-energy spectra following the shape
of the phase space P (W ) in Eq. (1), for di↵erent values of
the endpoint energy, E0. Each spectrum contained 108

events. The generated spectra were then fitted between
5% and 95% of their kinetic energy range, with a function
given by Eq. (4). The fits had two free parameters: the
overall normalization and the Fierz term b.

FIG. 2: (Color on-line) The solid red line shows the 1� sta-
tistical uncertainties obtained from fits of simulated � energy
spectra as a function of the endpoint energy E0. The dashed
brown line shows the result obtained with the approximation
given by Eq. (7).

The red solid curve on Fig. 2 shows the 1� statisti-
cal uncertainty on the Fierz term obtained from these
fits as a function of the endpoint energy, E0. For end-
point energies larger than about 1-2 MeV, the statisti-
cal uncertainty increases roughly linearly with the end-
point energy, due to the 1/W factor. For endpoint en-
ergies smaller than 1-2 MeV the statistical uncertainty
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Shape of  spectrumβ
SM precision tests in nuclear  decays: a vast array of additional observables from  

the exploration of angular correlations between decay products! 

Shape of  energy spectrum (upon integration of angular distributions) 

  

 spectrum shape modified by Fierz term!  

Excellent candidate He: pure Gamow-Teller transition to ground state 
         Energy endpoint  MeV 
                    
   

β

β

W(Ee) dEe = F(± Z, Ee)
2π3 pe Ee (E0 −Ee)2 ξ (1 + b

me

Ee ) dEe

β

6

∼3.5
bGT ∝ g T ℜϵT

INT-19-75W workshop, Seattle, Nov.4-8, 2019 15

bSTILED – Goal and candidate

• Precision goal: 10-3 on bGT

• Goal: Precision measurement of  the b-
energy spectrum in 6He decay.

• Pure GT transition to g.s., clean 
candidate for an accurate description 
of  the b spectrum.

(b :Search for Tensor Interaction in BEta Decay)
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Figure 1. Left panel: sectional view of the experimental setup during beam implantation (a) and data
taking (b). The labels on panel (a) are: 1 and 2– the two Ø6 mm collimators in the first section of
the chamber; 3– a movable Si detector; 4 and 5– the moving detector and its mechanical guide; 6– the
third Ø4 mm collimator; 7– the fixed detector. The green arrow indicates the 6He+ beam. On panel
(b), label 8 indicates the implantation region and 9 the two 241Am calibration sources [3]. Right panel:
experimental �-energy spectrum for one run of two hours duration.

photomultiplier tube (Fig 1). A 5-kBq 241Am source is mounted on each of the detectors as
illustrated in Fig 1. The 59.54 keV � rays from the 241Am were used as a reference to monitor
gain and baseline variations during the experiment.

Each event is labeled with a time stamp and an energy charge integration, allowing a
control over systematic e↵ects in the o✏ine analysis. Five sets of runs were taken with
di↵erent experimental conditions, to study systematic and background e↵ects [3].

3 Background investigation

The experimental �-energy spectra showed the expected continuous spectrum extending up
to 3.5 MeV, the endpoint energy of 6He decay, alongside with an unexpected contribution
peaked at 0.1 MeV (Fig 1). This peak was also present in the background runs, where the
6He beam was implanted on the collimator fixed to the moving detector, and not on the YAP
(Fig 2). This peak was identified to be caused by � particles from the 6He+ ions, interacting
with the material of the collimator itself and generating Bremsstrahlung photons that are
detected by the two detectors.

The experimental geometry with the two detectors and the collimator attached to "det 2"
was built in GEANT4 (Fig 2), to validate the origin of this peak at low energy. Events were
generated using the phase space of the 6He decay, on the inner surface of the collimator as
shown in Fig 2. The deposited energy spectrum inside the two YAP scintillators obtained by
simulation was found to match the experimental spectrum up to 1 MeV (Fig 2, left).

A wide peak between 1.5 and 3 MeV, which is not reproduced by the former simulation,
was also observed in the background data (Fig 2, left). This peak was attributed to electrons
from 6He decay, going through a hole in the lower part of the detector, which leads to the
YAP scintillator of the movable detector through the plastic scintillator. Another simulation
was then performed where the source of electrons was set on the outer surface of the colli-
mator. The simulated spectrum of the deposited energy inside the YAP scintillators showed
the appearance of the same distribution along with the Bremsstrahlung peak (Fig 2, center),
confirming thereby the origin of these events.

For the � spectrum shape analysis, the presence of these two intruders within the �-energy
spectrum will be suppressed by using data taken during the background runs.

2

EPJ Web of Conferences 282, 01010 (2023)
SSP 2022

https://doi.org/10.1051/epjconf/202328201010

[Kanafani et al, '23]b-STILED:  
pure Gamow-Teller He Li 
    Expected precision on   

6 →6

bGT
δbGT ∼10−3

FIG. 6. Deviation of the 6He � spectrum from the expression truncated at leading order in the

multipole expansion, given in Eq. (16). The blue curve denotes the SM results, while the red and

green lines include the contributions of a tensor and pseudoscalar current, respectively. The width

of the bands denotes the theoretical error.

⇤ ⇠ 8 and 4 TeV, respectively. Interactions of these size lead to ⇠ 10�3 corrections, which

should be resolved in the next generation of experiments. For both pseudoscalar and tensor

interactions, the uncertainty band includes uncertainties on the one-body parameters, gT

and B, and the nuclear uncertainties on the multipoles, but does not include the truncation

to the one-body level, and it is thus slightly underestimated. High-invariant mass Drell-

Yan production at the LHC currently probes ✏T at a very similar level [11, 14], while a

global analysis of � decays found ✏T 2 [�0.8, 1.2] · 10�3, at the 1� level [12]. Pseudoscalar

interactions are very well constrained by the ratio BR(⇡ ! e⌫)/BR(⇡ ! µ⌫), which yields

�1.4 · 10�7 < ✏P < 5.5 · 10�4 [6]. Such values are not in reach of upcoming 6He experiments.

We next consider the case of a massive sterile neutrino, which mixes with the electron

neutrino with strength Ue4, and has non-standard axial, vector, scalar and tensor interac-

tions. Since the corrections scale in general as m⌫4/W0, 6He decays can probe m⌫4 in the

MeV range. Currently the best limit on the a sterile neutrino with mass m⌫4 = 1 MeV come

from the � spectra of 20F and 144Pr, and, in the assumption that the neutrino interacts with

33

[King et al, 2207.11179]

 "Ab-initio" calculations of He beta  
decays for BSM !

6

[Glick-Magid et al, 2107.10212]

He Li6 →6
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b-STILED : The goal
b-STILED : b-Search for Tensor Interactions in nucLear bEta Decay

𝑏𝐺𝑇 for 6He decay with ∆𝑏𝐺𝑇= 10−3

Fit the energy spectrum of 6He decay to extract the Fierz term

Colloque GANIL 2023 - Mohamad Kanafani B-12

Shape of  spectrumβ
SM precision tests in nuclear  decays: a vast array of additional observables from  

the exploration of angular correlations between decay products! 

Shape of  energy spectrum (upon integration of angular distributions) 

  

 spectrum shape modified by Fierz term! 

b-STILED: pure Gamow-Teller He Li precision 

β

β

W(Ee) dEe = F(± Z, Ee)
2π3 pe Ee (E0 −Ee)2 ξ (1 + b

me

Ee ) dEe

β

6 →6 δbGT ∼10−3

INT-19-75W workshop, Seattle, Nov.4-8, 2019 15

bSTILED – Goal and candidate

• Precision goal: 10-3 on bGT

• Goal: Precision measurement of  the b-
energy spectrum in 6He decay.

• Pure GT transition to g.s., clean 
candidate for an accurate description 
of  the b spectrum.

(b :Search for Tensor Interaction in BEta Decay)

[Adapted from 

  Gonzalez-Alonso et al,

   1803.08732]

Constraints  
    on !ϵT
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Angular correlations and T-odd terms

SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                                 and to new sources of T-violation (if CPT  CP violation) 

A correlation of odd number of spins & momenta: among other possibilities -correlation 

             probed in mixed Fermi/Gamow-Teller transitions 

Contributions to : T-violating interactions and final state effects 

          

        

                                       

β

⇒

D

D
⃗pe × ⃗pν

Ee Eν

D
D = DTV + DFSI

DFSI ≈ D1
pe

pmaxe
+ D2

pmax
e

pe
D1 ∼2(10−5÷−4)
D2 ∼2(10−6÷−5)

 Neutron:   DFSI ≈ 1.2 × 10−5

δ ≲ 1 % [Jackson et al, '57; Callan and S.B. Treiman, '67; 

Ando et al, 2009]

Physics: β decay D-Correlation
In a GT-F mixed β-decay the energy phase space can be 
written as *

A is the parity-violation term, b the Fierz interference 
shaping-term, a the β-𝜈 correlation, and D the triple correlation 
term.

D is non-zero for T reversal violation

* Jackson, J. D.; Treiman, S. B.; Wyld, H. W. (1957) Phy Rev 106(3), 
517–521
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Angular correlations and T-odd terms

SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                                 and to new sources of T-violation (if CPT  CP violation) 

A correlation of odd number of spins & momenta: among other possibilities -correlation 

             probed in mixed Fermi/Gamow-Teller transitions 

Contributions to : T-violating interactions and final state effects 

          

  

β

⇒

D

D
⃗pe × ⃗pν

Ee Eν

D
D = DTV + DFSI

DTV ≈ 1
1 + 3 |λ |2 × [−2

ℑ(CV C*A )
|CV |2 + ℑ(CSC*T + C′ �SC′�*T )

|CV |2 + α me

pe
ℜ (λ* CT + C′�*T

C*A
−λ*

CS + C′�*S
C*V )

D ≈ 4r g V g A

g 2
V + r2g 2

A

J
J + 1 ℑ [ϵR(1 + ϵ*L ) + g S g T

2g V g A
(ϵS ϵ*T + ϵ̃S ϵ̃*T ) −ϵ̃R ϵ̃*L]
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Angular correlations and T-odd terms

SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                                 and to new sources of T-violation (if CPT  CP violation) 

A correlation of odd number of spins & momenta: among other possibilities -correlation 

             probed in mixed Fermi/Gamow-Teller transitions 

Contributions to : T-violating interactions and final state effects 

          

  

β

⇒

D

D
⃗pe × ⃗pν

Ee Eν

D
D = DTV + DFSI

DTV ≈ 1
1 + 3 |λ |2 × [−2

ℑ(CV C*A )
|CV |2 + ℑ(CSC*T + C′ �SC′�*T )

|CV |2 + α me

pe
ℜ (λ* CT + C′�*T

C*A
−λ*

CS + C′�*S
C*V )

D ≈ 4r g V g A

g 2
V + r2g 2

A

J
J + 1 ℑ [ϵR(1 + ϵ*L ) + g S g T

2g V g A
(ϵS ϵ*T + ϵ̃S ϵ̃*T ) −ϵ̃R ϵ̃*L]

 Can nucleons and nuclei unveil new sources of CP violation?  

Very much needed to overcome SM observational problems!

⇒
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Angular correlations and T-odd terms

SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                                 and to new sources of T-violation (if CPT  CP violation) 
                                           And we do need new CPV sources! 

So far, experimental searches in only two systems - neutron and Ne ( ) 

Ne   

   neutron   (world average) 

  ... consistent with absence of new sources of CPV in exotic scalar and tensor interactions 
Under the assumptions of no new CPV, constrain   

New experimental directions & sensitivity to NP:  decays have different sensitivities to  

Sensitivity       

            Maximise  and polarisation degree !

β

⇒

19 J = 1/2
19 ↝ D = 0.0001(6)

↝ Dn = −0.00012(20)

ϕAV = 180.012∘ ± 0.028∘

β ϕAV

↝ Dn,N = F(n,N) sin ϕAV

⇒ DN

[Calaprice et al, '85]

[PDG, '20]

[Chupp et al, 1205.6588] ϕAV = arg λ ≡arg CA/CV
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Angular correlations and T-odd terms

SM precision tests in nuclear  decays: a vast array of additional observables from  
the exploration of angular correlations between decay products! 

Differential decay distributions - very sensitive to the underlying Lorentz structure  

                                 and to new sources of T-violation (if CPT  CP violation) 

                                 Only two systems explored: neutron and Ne ( ) 

New experimental directions & sensitivity to NP  Maximise  and polarisation degree ! 

First focus: Mg (easier to polarise...)  future Ca 

Expected precision  

Sensitivity to  :  

Synergy with other searches of New Physics sources of CP?

β

⇒
19 J = 1/2

⇒ DN

23 ↝ 39

δDMg ∼ few × 10−5

ϕAV ϕAV = (1.6 ± 6.3) × 10−4 → 2(10−5)

Physics: Selection of nuclei for D-Correlation
We want to maximize the sensitivity F(X)

We also need good polarization

n 19Ne 23Mg 35Ar 39Ca

Sensitivity F(X) 0,43 -0,52 -0,65 0,41 0,71

D
1
 (x10-4) 0,108 2,326 1,904 0,386 -0,489

D
2
 (x10-4) 0,023 0,169 0,099 0,010 -0,024

Best measurement so far, statistics limited

D
n
= (−0.94 ±1.89±0.97)·10-4 D

19Ne
=(1 ±6)·10-4

 

Callan and Treiman, Phys. Rev. 162(1967)1494. 
Chen, Phys. Rev. 185(1969)2003. 

[Delahaye et al - MORA project

1802.02970]
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Searches for CP violation: complementarity

If new sources of CP violation are present - as required to explain the BAU 
generically expect contributions to a vast array of CP-odd observables 

from LHC, to meson-decay observables (asymmetries), ...,  
EDMs (elementary, nucleon, atomic...) and nuclear decays!  

Synergy between EDMs and  - a very naïve first approach 

Consider T-violating dim-6 term  

         

  

  

At nucleon level    

But nEDM constrains  

     

DTV

ℒeff
SMEFT ⊃i06

Hu d H̃†DμH (u cσμd̄c) + H.c.

ℒeff
WEFT ⊃−2Vu d

v2 [(ēσ̄μν) (ū σ̄μd ) + v2

2Vu d
011

Hu d(ēσ̄μν) (u cσμd̄c)]
⇒ Dn ≈ 4g Vg A

g 2
V + g 2

A
ℑϵR ≈ 0.4v2ℑ011

Hu d

|v2 ℑ011
Hu d | ≤ 6 × 10−6

  ??⇒ Dn ≲ 2 × 10−6

(Recall however that cancellations might occur and final implications are model-dependent)  
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Searches for CP violation: complementarity

If new sources of CP violation are present - as required to explain the BAU 
generically expect contributions to a vast array of CP-odd observables 

from LHC, to meson-decay observables (asymmetries), ...,  
EDMs (elementary, nucleon, atomic...) and nuclear decays!  

Synergy between EDMs and  - a very naïve first approach 

Likewise one also finds  

    

    

Bounds generically apply to classes of UV-models leading to distinct operators in 

DTV

|dn | ≈ 1 × 10−19e . cm |DTV /κ |
|dHg | ≈ 7 × 10−24e . cm |DTV /κ |
|dD | ≈ 4.5 × 10−20e . cm |DTV /κ |

ℒeff

[Ng and Tulin, 1111.0649]

 κ = 4g V g AMFMGT

g 2
V M2

F + g 2
AM2

GT

J
J + 1

Scenario ⌫WEFT ⌫SMEFT order D max |D|

Ia ✏R HDµHuc�µd̄c ⇤�2
O(10�6)

Ib ✏R (l̄H�̄µHl)(uc�µd̄c) ⇤�4
O(10�4) v

2

⇤2

II ✏S , ✏T (l̄�̄µ⌫ ēc)(q̄�̄µ⌫ ūc), (l̄ēc)(q̄ūc), (l̄ēc)(dcq) ⇤�4
O(10�14)

III ✏̃S , ✏̃T (l̄�̄µ⌫ ⌫̄c)(q̄�̄µ⌫ d̄c), (l̄⌫̄c)(q̄d̄c), (l̄⌫̄c)(ucq) ⇤�4
O(10�6)

IVa ✏̃L, ✏̃R H†DµH†ec�µ⌫̄c, (ec�µ⌫̄c)(uc�µd̄c) ⇤�4
O(10�4) v

2

⇤2

IVb ✏̃L, ✏̃R ec�µ⌫̄cq̄H†�µH†q, (ec�µ⌫̄c)(uc�µd̄c) ⇤�6
O(10�4) v

2

⇤2

Table 2. Classification of EFT scenarios for generating BSM contributions to the D parameter.
We list the ⌫WEFT parameters below the electroweak scale and the ⌫SMEFT operators above the
electroweak scale that define each scenario. We also give the order in the ⌫SMEFT EFT expansion
parameter ⇤ at which the D parameter appears. Finally, we give an estimate of the maximum mag-
nitude of the BSM D parameter in each scenario based on purely EFT and naturalness arguments.

instead from the dimension-6 operator in Eq. (2.33) proportional to C�e⌫ . This leads to

✏̃L = �
v4C̃8

4Vud

, (2.41)

and the D parameter reads

D ⇡ �D
v6

8
Im

⇥
Ce⌫udC̃

⇤
8

⇤
. (2.42)

This is O(⇤�6), therefore it is even more strongly suppressed than in other scenarios.
The reason we consider this option is that C�e⌫ cannot be generated from models with
only leptoquarks and right-handed neutrinos as BSM particles, whereas C̃8 can. We will
consider one such leptoquark model in Section 3. At the EFT level, the dangerous C1LR

Wilson coefficient is still generated with the quadratically divergent coefficient: C1LR ⇠

v
2
⇤
2

4⇡2 Ce⌫udC̃⇤
8
. Consequently, the correlation between the D parameter and the 1-loop-

generated C1LR remains the same as in Eq. (2.39).

2.4 Summary of EFT analysis

To wrap up our EFT discussion, working within the ⌫SMEFT extension of the SM, we
have classified the scenarios leading to BSM contributions to the D parameter. A concise
summary is given in Table 2, where we list the ⌫SMEFT operators above the electroweak
scale and the ⌫WEFT parameters below the electroweak scale that define each scenario.
We also give the maximum magnitude of the BSM D parameter in each scenario, based on
purely EFT arguments.

We have identified three interesting scenarios where the D parameter may be at the cur-
rently observable level of O(10�4) without conflicting other experimental data and without
fine-tuned cancellations between different EFT Wilson coefficients:

1. Scenario Ib, where the D parameter is generated via the Im ✏R term in Eq. (2.8),
and ✏R descends from the dimension-8 operator (l̄H�̄µHl̃)(uc�µd̄c) in the ⌫SMEFT.

– 12 –

[Falkowski and Rodriguez-Sanchez, 

2207.02161]

(Recall however that cancellations might occur and final implications are model-dependent)  
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Searches for CP violation: complementarity

If new sources of CP violation are present - as required to explain the BAU 
generically expect contributions to a vast array of CP-odd observables 

from LHC, to meson-decay observables (asymmetries), ...,  
EDMs (elementary, nucleon, atomic...) and nuclear decays!  

Synergy between EDMs and  - a very naïve first approach  strong constraints on  
  (Recall however that cancellations might occur and final implications are model-dependent)   

A strong case for the precise determination of  in nuclear beta decays:  

EDM measurements offer stronger bounds on new CP violation sources  
However, a single EDM measurement has little discriminating power 

Especially in the advent of EDM observation,  
more independent observables required!  

Sensitivity of  to exotic currents might help untangling nature of CPV!

DTV ⇒ DTV

DTV

DTV

1

Design of the n2EDM experiment at PSI 

Vira Bondar
ETH Zurich

on behalf of the nEDM-Collaboration

Int. Workshop on searches for a Neutron Electric Dipole Moment
15-19 February 2021, Les Houches School of Physics, France

Belgrade



A.M. Teixeira, LPC Clermont B-17

Synergy with LHC!

SM precision tests in nuclear  decays: LHC probing the same parton level processes  
Contributions of common set of EFT operators to   

Unsuppressed effects at collider energies   enhancement 

If  larger than threshold production 

 

 

β
pp → e + MET(+ X)

⇒ 2(s2/v4)

mT ≡ 2Ee
T Eν

T(1 −cos Δϕeν)

σ(mT > mT̄) = σW [(1 + ϵ(v)
L )2 + | ϵ̃L |2 + |ϵR |2 ] −2σWLℜ(ϵ(c)

L + ϵ(c)
L ϵ(v)*

L )

+ σR [ | ϵ̃R |2 + |ϵ(c)
L |2 ] + σS[ |ϵS|2 + | ϵ̃S|2 + |ϵP |2 + | ϵ̃P |2 ] + σT [ |ϵT |2 + | ϵ̃T |2 ]

[Cirigliano et al, 1303.6953]

[See, e.g., Cirigliano et al, 1210.4553]
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Figure 4: Projected joint 90% CL constraints on Re(✏S) and Re(✏T ) from future beta decays
measurements and the LHC at

p
s = 14 TeV. The low-energy constraints correspond to 0.1%

measurements of B, b in neutron decay and b in 6He decay, under two di↵erent scenarios for the
lattice QCD uncertainties in gS,T . The LHC bounds are obtained by requiring less than 3 e⌫-
produced signal events with: (i) mT > 2.5 TeV and 10 fb�1 of integrated luminosity (solid, red
ellipse); and (ii) mT > 4 TeV and 300 fb�1 (dashed, yellow ellipse). Cuts are chosen to reduce the
expected leading background to be below 1 event. To obtain the projection it is assumed no events
are found. Note that the e↵ective couplings ✏S,T are defined in the MS scheme at 2 GeV. Figure
adapted from Ref. [47].

the assumption that the non-standard interactions remain point-like at TeV-scale energies; i.e., the
mediators are not accessible at the LHC. In this case collider searches directly probe the various non-
standard couplings ✏↵ and ✏̃�, that contribute to the parton-level amplitude for pp ! e⌫ +X. Since the
non-standard amplitudes do not interfere with the SM amplitude (except for terms proportional to ✏L),
the LHC probes at the same level both the real and imaginary parts of the new couplings. In Ref. [47]
bounds are derived on ✏S,T by analyzing LHC data in the pp ! e⌫ + X channel at

p
s = 7 TeV and

1 fb�1 integrated luminosity. In Ref. [37] the analysis has been extended to all non-standard charged-
current couplings with integrated luminosity of 5 fb�1, using both the pp ! e⌫ +X and pp ! e

+
e
� +X

channels through SU(2)L gauge invariance.
The pp ! e⌫+X channel is directly related to beta decays, since the parton-level process is ūd ! e⌫̄.

In order to put bounds on the BSM couplings one uses the (cumulative) transverse mass distribu-
tion [188], noting that the transverse mass of the lepton pair is defined as mT ⌘

p
2Ee

T E⌫
T (1 � cos ��e⌫ .

At high mT the SM background falls o↵ while the BSM interactions would produce events and thus
increase their number. Similarly, for pp ! e

+
e
� + X one uses the dilepton invariant mass distribu-

tion [189], dubbed mee, to constrain the presence of possible contact interactions.
A comparison of the best bounds available for each interaction from low- and high-energy experi-

ments is shown in Tables 2, 3 (for Re(✏↵) and Im(✏↵)) and 4, 5 (for Re(✏̃↵) and Im(✏̃↵)). Note that in
these tables we report only direct bounds, leaving out bounds on the real and imaginary parts of ✏S,T

and ✏̃S,T from R⇡ as they can be evaded by cancellation. All of the tabulated results refer to a bound on
the absolute value of the parameter unless a range is specified. The main points can be summarized as

26

 TeVmT > 2.5

 TeVmT > 4

β decays

LHC13 pp→e e-)

LHC13 (pp→eν)

-0.004 -0.002 0.000 0.002 0.004

-0.004

-0.002

0.000

0.002

0.004

ϵT

ϵ S

Figure 3. 90% CL constraints on scalar and tensor coefficients obtained from beta decays in
this work (solid black line) and from LHC data (dashed blue and dotted red lines) [22]. We stress
here again that ✏T is defined in this work with a different normalization (by a factor of 4) than in
Ref. [22].

To close this subsection, we come back to the comparison of the constraining power
of the mirror transitions and other nuclear observables. In Table 5 we compare the 1�

confidence intervals obtained with and without including the mirror data. The mirror data
alone, without any other input, are capable of simultaneously constraining V̂ud, ✏S , ✏T ,
together with the six relevant mixing ratios ⇢. This shows that the mirror transitions can
potentially play an important role in probing new physics beyond the SM, in addition to
measuring the CKM element Vud within the SM scenario. However, much as in the SM case,
the impact of the mirror transitions is currently limited in the scenario with only left-handed
neutrinos. As anticipated above, the reason is that V̂ud, ✏S , ✏T are already well constrained
by a combination of superallowed and neutron data, without leaving flat directions in the
parameter space. Compared to the superallowed and neutron data, the uncertainties of
correlation measurements in mirror transitions is still too large by a factor of few, therefore
mirror data does not improve the constraints in this scenario. Still, and much like in the
SM scenario, mirror decays improve the robustness of beta decay constraints since they
come from different experiments and are subject to different systematics.

4.3 Non-standard interactions involving left- and right-handed neutrinos

Finally, we discuss the constraints on the Wilson coefficients of the Lee-Yang Lagrangian
in Eq. (2.2) when all of them are allowed to be simultaneously present. In particular,
the Wilson coefficients C�

X
, which characterize the interaction strength of right-handed

neutrinos, are allowed to be non-zero. For the Wilson coefficients we find the 1� confidence

– 20 –

[Falkowski et al, 2010.13797]

 and bn, Bn b6He
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Nuclear decays and neutrino physics

Historically, a treasure trove for neutrinos: from discovery, to the characterisation 
of fundamental properties (mass, nature, ...) & searches for new (sterile) states 

Highlights: Tritium decays   H He  
measure the shape of beta spectrum, at its endpoint 

 determine neutrino mass  eV;  eV 

     (little sensitivity to exotic currents) 

3 →3 + e− + ν̄e

⇒ mβ < 1.1 mβ ∼0.2

5 10 15 200.0

0.5

1.0

1.5

2.0

Ee-me [keV]

dΓ
/d
E
[1
0-
13
s-
1 e
V

-
1 ]

massless

m
N =5 keV

m
N =10 keVmN=15 keV

|VeN 2=0.25

Figure 4. Differential decay rate in terms of the electron kinetic energy, for a massless and various
heavy, mostly-sterile neutrinos with a mixing of |VeN |

2
= 0.25.

at an energy E
max
e � mN . The spectrum for energies below the kink is reduced as the

heavier sterile state reduces the phase space with heavier masses giving a greater reduction.
The spectrum for energies above the kink is also reduced but is the same for all sterile
masses as it consists only of the active spectrum contribution with sterile emission being
kinematically disallowed. The magnitude of reduction throughout the entire spectrum is
also dependent upon the size of the active-sterile mixing.

The impact on the angular distribution is depicted in Fig. 5 (left). In the case of a
sterile neutrino only mixing with the active state and thus only inheriting a V �A current,
the effect is small and only arises from the impact of the larger sterile neutrino mass. For
small sterile neutrino masses the angular correlation factor approaches that of the SM result.
For large sterile neutrino masses the sterile neutrino becomes kinematically impossible to
produce and thus its effect on the spectrum vanishes also. For intermediate values the
heaviness of the sterile neutrino reduces the correlation between chirality and helicity (the
cause of the anisotropy, as explained above) and reduces the magnitude of k, bringing the
distribution closer to isotropy. For comparison, the impact of two exotic currents are also in
Fig. 5 (right) where the deviation from the SM value increases as the parameters increase,
although to differing extent. Note that the effect for the exotic currents is two orders of
magnitude greater than that for active-sterile mixing.

However, we can also consider the presence of additional exotic currents that couple
to the sterile neutrino directly from the Lagrangian of Eq. (2.4). These calculations are
similar to those in the previous section, however as the final state is a different neutrino
(sterile rather than active) there can be no interference between the SM result and currents

– 15 –

 search for light sterile states  
   (non-negligible mixings) 
Kurie plots, differential decay rates

⇒

[Canning et al, 2212.06106]
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Nuclear decays and neutrino physics

Historically, a treasure trove for neutrinos: from discovery, to the characterisation 
of fundamental properties (mass, nature, ...) & searches for new (sterile) states 

Highlights: massive neutrinos and the role of sterile neutrinos 
Modified charged current interactions (PMNS matrix)  

 H He        & kinks on the beta spectrum! 

If sterile states decoupled, or if negligibly light ( ) neglect  operators  

If  new terms in , e.g.  +  

                                                  +  ...                                                      

να = UPMNS
αi νi

3 →3 + e− + ν̄e ⇒ mβ → (∑
k

|Uek |2 m2
νk)

1/2

mνs
≪ MN νs

mνs
≈ -(me) ℒeff ∝ Vu d Ue4(1 + ϵL)(ēLγμν4)(ū LγμdL)

Vu d Ue4ϵT(ū RσμνdL) (ēRσμνν4)

[King et al, 2207.11197]

FIG. 7. Corrections to the � spectrum from sterile neutrinos with minimal (left) and tensor (right)

interactions, ✏̃T .

the three-body force, and thus they provide a good estimate of the systematic errors in the

calculation. We find the 6He half-life to be in good agreement with experiment. The theo-

retical uncertainty of about 3% is dominated by the determination of the three-body force.

We find the error on the spectral shape to be well below the permille level, and to receive

contributions of approximately the same size from M (1)
1 , C(1)

1 , L(2)
1 and E(2)

1 . In the case of

M (1)
1 , which encodes the contribution of weak magnetism, our results agree within theoret-

ical error with the extraction from the electromagnetic transition 6Li(0+, 1) !6 Li(1+, 0)�,

which is exact in the isospin limit. We checked that isospin-breaking terms in the nuclear

potential induce a 1% di↵erence between M1 and its electromagnetic analog, of the same

size as the experimental error.

C1 is determined by the matrix element of the axial charge density. We find this ma-

trix element to be dominated by the induced pseudoscalar form factor, in agreement with

Ref. [46]. Finally, we find that E(2)
1 and L(2)

1 , which contribute at N2LO in the multipole

expansion, give permille level corrections to the spectrum, and thus need to be included for

an accuracy goal of few parts in 10�4. In GFMC, E(2)
1 and L(2)

1 have relatively large uncer-

tainties, 26% and 12%, respectively. Also in this case, the dominant systematic uncertainty

arises from the determination of the three-body force and the linear extrapolation of model

35

 Corrections to the  spectrum⇒ β
kink @ 
E = 1 −mν4

/E0
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NP discoveries through  decays: TH challengesβ

SM precision tests in nuclear  decays: a possible path to NP discovery! 

Improvement in numerous experimental fronts  and sensitivities 
Complementary to LHC direct searches and to other high-intensity probes 

Identifying tensions between theoretical prediction and expectation  
excellent experimental precision, and reduction of theoretical uncertainties 

On the theory side, many mountains to climb: 
computation of nuclear charges, reduce approximations in ,  

proper inclusion of small effects (critical for SM-like observables) -  
radiative corrections, induced hadronic form factors, ... 

     Excellent news from first principle approaches: LQCD and ab-initio nuclear computations 

Discrepancy between nuclear observable and SM prediction ... 

 Identifying the UV particle physics model at work!  

 Relate nucleonic form factors with quark level (NP) charges! 

β
⇒ ΛNP 

Vu s(ℱt)

⇒

⇒
⇒
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Understanding the nature of antimatter 
& ultimate tests of the  

weak equivalence principle
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Matter and antimatter

"Immediate" Universe is composed of matter: electrons, protons, neutrons,  
nuclei and atoms...  

antimatter only in cosmic rays, (certain) radioactive decays or laboratory produced 

Matter and antimatter in the SM: identical elementary particles, with opposite CP charges 
(or strictly identical in the case of Majorana neutral fermions!) 

SM gauge interactions only distinguish matter and antimatter via "sign" of charges ( ) 
What about mass? No kinematical difference between electrons and positrons... 

 and  charge-to-mass ratio: identical (precision of 16 parts in a trillion!) 

What about gravitation?   
Observation suggests that gravity effects on the motion of neutral antimatter ( )  

     
 consistent with a downward gravitational acceleration ( ) for antihydrogen   

Is there still room for non-standard gravitational interactions? What would be the impact? 
(for gravity theories and particle physics!)                                     

± |λ |

p p̄

H̄

ḡ = (0.75 ± 0.13sys+stat ± 0.16sim) g

⇒ 1 g

[BASE Collaboration, 2022]

[ALPHA-g Collaboration, 2023]
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Weak Equivalence Principle

One principle to challenge (or confirm!): 
"In a uniform gravitational field, all objects (regardless of nature and composition) 

free-fall with precisely the same acceleration"  

Newtonian interpretation  identity of inertial and gravitational masses ( ) 
Asymmetry in gravitational interactions: challenge universality of free-fall acceleration 

  

       (Eötvös parameter)

⇒ mg ≡mI

g (i) = mg /mI
(i)

η⊕
ij = Δg ⊕

< g ⊕ > =
g ⊕

i −g ⊕
j

(g ⊕
i + g ⊕

j )/2

Extensive tests of WEP violation for bodies of different compositions falling in the Earth's field: 

variations on free torsion pendulum experiments to constrain   
between pairs of matter elements 

η⊕

Torsion-balance tests of the weak equivalence principle 7

temperature-controlled room. The pendulum’s twist angle and 27 other environmental

sensors were recorded every ≈ 3s by a data acquisition system. The recorded twist

angle was passed through a digital notch filter to remove the pendulum oscillation, then

separated into Fourier components by fitting the time series from two complete turntable

rotations with sines and cosines of harmonics of the turntable angle, plus a 2nd-order

polynomial drift.

Figure 3. [Colour online] Torsion pendulum used in the recent Eöt-Wash WEP test.
An Al frame holds 4 mirrors and supports 8 barrel-shaped test bodies, 4 of which are Be
and 4 are Ti or Al. The structure underneath the pendulum allows the pendulum to be
parked to prevent damage when the apparatus is serviced and catches the pendulum if
a small earthquake should break the suspension fibre. The tungsten fibre is just visible
at the top.

The torsion pendulum used for measurements with Be-Ti and Be-Al test body pairs,

shown in Figure 3, was supported by a 1.07 m long, 20 µm thick tungsten fibre. The

pendulum’s design, with 4-fold azimuthal and up-down symmetries, reduces systematic

effects by minimizing the coupling to gravity gradients and by allowing for four different
orientations of the pendulum with respect to the turntable rotor. The gravitational

multipole framework described in [8] was used to suppress couplings to environmental

gravity gradient fields that fall off more slowly than r−6, with the exception of the

primary four-fold symmetry of the pendulum that gave a weak signal at the fourth

harmonic of the turntable rotation frequency. This was readily distinguished from a

WEP-violation whose signal is at the turntable rotation frequency.
The test bodies, which comprise 40 g of the pendulum’s 70 g mass, all have

identical masses and outside dimensions to suppress systematic effects. They are

removable, which allowed us to use two different composition dipoles and to rearrange

test bodies to invert the composition dipole on the pendulum frame. This last strategy

canceled systematic effects that followed the pendulum frame rather than the test

2

TABLE I: Constraints on the Eötvös parameter for various test bodies falling in the gravitational field of the earth
or the sun

Experiment Test bodies Measurement

Lunar laser ranging Earth - Moon ⌘�,�-$ = (�1.0± 1.4)⇥ 10�13

Braginsky and Panov Al - Pt ⌘�,Al-Pt = (3± 4)⇥ 10�13

Eöt-Wash Be - Ti ⌘�,Be-Ti = (0.3± 1.8)⇥ 10�13

Eöt-Wash Be - Al ⌘�,Be-Al = (�1.5± 1.5)⇥ 10�13

Eöt-Wash Be - Cu ⌘�,Be-Cu = (�1.9± 2.5)⇥ 10�12

new forces in matter-matter interactions will be undone
when considering matter-antimatter interactions, since
the vector force switches from repulsive to attractive.
Thus such a theory predicts that gH 6= g

H
. Bounds

from existing experiments on this scalar-vector scenario
will be discussed in section 4. The bottom line is that
composition dependence of free fall acceleration, which
is tightly constrained by precision Eötvös experiments,
is generic in this scenario due to the compositeness of
atoms and the nature of scalar and vector interactions,
both of which act to spoil any would-be cancellation.

2. EXPERIMENTAL INPUT

A number of very precise experiments have been done
to measure the fractional di↵erential acceleration, ⌘ ⌘
�a/a, of test bodies of various compositions falling in
the gravitational field of the earth or the sun. For Eötvös
experiments sensitive to the gravitational field of the
sun, the most precise bounds on the Eötvös parameter
⌘� come from lunar laser ranging (LLR) experiments
[5], which measure the di↵erential acceleration between
the earth and moon towards the sun, and free torsion
pendulum experiments performed by Braginsky and
Panov using multiple aluminum and platinum test bodies
[6]. Since we are mainly interested in the free fall
acceleration of antihydrogen in the earth’s gravitational
field, the most relevant experimental input for us will
be the bounds obtained by the Eöt-Wash Group at
the University of Washington. Their torsion balance
experiments have tightly constrained ⌘� between several
pairs of elements [7, 8]. It is on the basis of these bounds,
which are collected in Table I, that we will be able to
tightly constrain any asymmetry between the free fall of
matter and antimatter.

3. ATOMS HAVE MANY PARTS

When considering the possibility that antimatter
gravitates di↵erently from ordinary matter, one is
really raising the more general possibility that di↵erent
forms of energy gravitate di↵erently. Existing free fall
experiments, which have been performed with a wide

variety of elements, put very stringent limits on any
such non-universality of gravity, since the fractional
contributions of various forms of energy to the inertial
masses of atoms—nuclear binding energies, atomic
binding energies, kinetic energies of the constituents,
etc.—vary from element to element. What can these
experiments tell us about how antimatter gravitates?
The essential point is that nuclei and atoms are
composite states. Although one can make a distinction
between matter and antimatter at the level of quarks
and electrons, that distinction is blurred when one
considers bound states like nuclei and atoms. And
because antimatter plays a quantifiable role in the
physics of nuclei and atoms by contributing to their
inertial masses, precision Eötvös experiments utilizing
matter continue to be relevant when considering the
possibility of gravitational asymmetry between matter
and antimatter.

In particular we will focus on two ways in which
antimatter enters the physics of nuclei and atoms. First,
in sections 3.1 and 3.2 we will consider contributions
to the inertial masses of nuclei and atoms due to
vacuum polarization e↵ects. Since these e↵ects reflect
the screening of electric charges by virtual pairs of
electrons and positrons, we interpret these contributions
to the inertial masses of nuclei and atoms as encoding
their antimatter content. Second, in section 3.3 we
will consider the sea antiquark content of nucleons as
established by deep inelastic scattering experiments. In
both cases we will quantify the degree to which existing
Eötvös experiments require these forms of energy to
satisfy the equivalence principle. We then make the
assumption that any deviation of gH from g

H
would

manifest itself as a violation of the equivalence principle
in these forms of energy at the same level. This reasoning
will then allow us to place bounds on |gH�g

H
|/gH. It

remains an interesting challenge to see whether it is
possible to construct a theory for which the resulting
bounds would not hold. Such a theory would require the
e↵ective gravitational coupling of antimatter as probed
by fermion loops and sea antiquarks to be decoupled
from the gravitational coupling of antihydrogen. In the
absence of such a theory, however, our task is to establish
the consequences of our basic assumption.

Having outlined our approach, it remains to quantify
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TABLE I: Constraints on the Eötvös parameter for various test bodies falling in the gravitational field of the earth
or the sun

Experiment Test bodies Measurement

Lunar laser ranging Earth - Moon ⌘�,�-$ = (�1.0± 1.4)⇥ 10�13

Braginsky and Panov Al - Pt ⌘�,Al-Pt = (3± 4)⇥ 10�13

Eöt-Wash Be - Ti ⌘�,Be-Ti = (0.3± 1.8)⇥ 10�13

Eöt-Wash Be - Al ⌘�,Be-Al = (�1.5± 1.5)⇥ 10�13

Eöt-Wash Be - Cu ⌘�,Be-Cu = (�1.9± 2.5)⇥ 10�12
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H
. Bounds

from existing experiments on this scalar-vector scenario
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such non-universality of gravity, since the fractional
contributions of various forms of energy to the inertial
masses of atoms—nuclear binding energies, atomic
binding energies, kinetic energies of the constituents,
etc.—vary from element to element. What can these
experiments tell us about how antimatter gravitates?
The essential point is that nuclei and atoms are
composite states. Although one can make a distinction
between matter and antimatter at the level of quarks
and electrons, that distinction is blurred when one
considers bound states like nuclei and atoms. And
because antimatter plays a quantifiable role in the
physics of nuclei and atoms by contributing to their
inertial masses, precision Eötvös experiments utilizing
matter continue to be relevant when considering the
possibility of gravitational asymmetry between matter
and antimatter.

In particular we will focus on two ways in which
antimatter enters the physics of nuclei and atoms. First,
in sections 3.1 and 3.2 we will consider contributions
to the inertial masses of nuclei and atoms due to
vacuum polarization e↵ects. Since these e↵ects reflect
the screening of electric charges by virtual pairs of
electrons and positrons, we interpret these contributions
to the inertial masses of nuclei and atoms as encoding
their antimatter content. Second, in section 3.3 we
will consider the sea antiquark content of nucleons as
established by deep inelastic scattering experiments. In
both cases we will quantify the degree to which existing
Eötvös experiments require these forms of energy to
satisfy the equivalence principle. We then make the
assumption that any deviation of gH from g

H
would

manifest itself as a violation of the equivalence principle
in these forms of energy at the same level. This reasoning
will then allow us to place bounds on |gH�g

H
|/gH. It

remains an interesting challenge to see whether it is
possible to construct a theory for which the resulting
bounds would not hold. Such a theory would require the
e↵ective gravitational coupling of antimatter as probed
by fermion loops and sea antiquarks to be decoupled
from the gravitational coupling of antihydrogen. In the
absence of such a theory, however, our task is to establish
the consequences of our basic assumption.

Having outlined our approach, it remains to quantify

[Torsion pendulum used in 

   Eöt-Wash experiments]

[See, e.g., Wagner et al, 1207.2442]

η⊕
E-W

≲ 2(10−12)

MICROSCOPE (satellite experiment):  η⊕
Ti-Pl

≲ 2(10−15)
[MICROSCOPE Collaboration, 2209.15487 ]
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(i) Modified gravitation (subatomic scales)  impact fundamental principles of GR and QFT 
                             (CPT invariance, Lorentz invariance, ...) 

CPT: invariance of local Lorentz-invariant QFTs (point-like particles) - e.g. QED, SM, ... 
Does this hold for more fundamental theories, upon combining the SM and gravity? 

In string theory one can have spontaneous breaking of CPT and Lorentz... 

↝

Can one look for laboratory signals of CPT & Lorentz violation (at the Planck scale)? 
Exceptionally sensitive experiments required...

[See, for instance, Charlton et al, 2002.09348]   Hydrogen and antihydrogen spectroscopy! ⇒
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CPT tests with H̄: what measurements?

1S-2S: two photon 
transition  

 (~10 Hz) 
in a cold (~6K)  
atomic beam 
G. Parthey et  al. 
Phys. Rev. Lett. 107 
(2011)

4 × 10−15

hyperfine splitting  
measurement in maser  

 (~1 mHz) 
Ramsey, N. F. Rev. Mod. 
Phys. 62, 541–552 
(1990).

∼ 10−12

121nm 

21cm

ANPP divisional seminar  - University of Manchester - March 12, 2021

ALPHA 
Collaboration

∼ 10−4

∼ 10−12

G-4

Antimatter and modified gravity

(i) Modified gravitation (subatomic scales)  impact fundamental principles of GR and QFT 
                             (CPT invariance, Lorentz invariance, ...) 

Can one look for laboratory signals of CPT & Lorentz violation (at the Planck scale)? 
Exceptionally sensitive experiments required... 

↝

[See, for instance, Charlton et al, 2002.09348]   Hydrogen and antihydrogen spectroscopy! ⇒

[From Malbrunot, CERN'21]

Extraordinary progress in recent years!
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Antimatter and modified gravity

(i) Modified gravitation (subatomic scales)  impact fundamental principles of GR and QFT 
                             (CPT invariance, Lorentz invariance, ...) 

Can one look for laboratory signals of CPT & Lorentz violation (at the Planck scale)? 
Exceptionally sensitive experiments required... 

Extraordinary progress in recent years! Impressive results for CPT violation tests!

↝

   Hydrogen and antihydrogen spectroscopy! ⇒

2

Fig. 1. Comparison of several tests of CPT symmetry on an absolute energy scale.
Bar’s right edge: value of measured quantity, left edge: absolute sensitivity. The
bar length corresponds to the relative precision of the measurements.

converted into each other. In recent years, first results of laser spectroscopy
of antihydrogen have been obtained by the ALPHA collaboration at the AD.
Fig. 1 includes the measured quantities for the three most relevant transi-
tions: the 1S–2S two-photon transition ⌫1S�2S, the Lamb shift ⌫2S�2P, and
the ground-state hyperfine splitting ⌫HFS. ⌫1S�2S and ⌫HFS are the most
precisely measured transitions in hydrogen (⌫1S�2S with relative precision of
�⌫ = �⌫/⌫ = 4.2 ⇥ 10

�15 [7, 8], ⌫HFS with �⌫ = 7 ⇥ 10
�13 in a hydrogen

maser [9]). ⌫2S�2P has recently been measured with improved precision of
�⌫ = 3 ⇥ 10

�6 by the group of E. Hessels [10]. Here the precision is limited
by the short lifetime of the 2P state leading to a width of �2P ⇠ 100 MHz.

Experimental results of H are shown in Fig. 1: ⌫
H

1S�2S was measured to
�⌫ = 2 ⇥ 10

�12 [11], although the measurement is taken in a background
magnetic field of B = 1.033 T and compared to the calculated value of
⌫
H

1S�2S(B = 1.033 T) by using QED. As the quantity measured is dominated
by the electro-magnetic interaction, this makes the current result not a pure
test of CPT which would require comparing ⌫

H

1S�2S and ⌫
H

1S�2S at the same
magnetic field. ⌫

H

2S�2P was determined to �⌫ = 11% [12] from the measured
frequencies of ⌫H

1S�2S and ⌫
H

1S�2P. The zero-field value of ⌫H

HFS was directly
determined to �⌫ = 4⇥ 10

�4 [13] using the difference of two microwave tran-
sitions. In addition, the estimated precision of planned experiments is indi-
cated in the figure. ⌫HFS: current goal: first goal for in-beam measurement
of ASACUSA, atomic fountain: line width of an atomic fountain experiment,
H precision: hydrogen maser result. ⌫2S�2P: current goal: estimated achiev-
able accuracy [14], H precision: accuracy for hydrogen. p charge-to-mass
ratio [15], note that in this case only the left edge is well defined, while the
right edge is less precise since the cyclotron frequency is proportional to the
magnetic field in which the measurement is taken.

4

Fig. 2. Relative experimental precision and corresponding SME coefficients for
various quantities, Dark blue: existing experimental values for both H and H, light
blue: experimental precision for H, orange: SME coefficient. SME values do not
exist for mass comparisons, ⌫1S�2S is not sensitive to CPT in the minimal SME.

groups have already done so, their results are summarized in the regularly
updated “Data Tables for Lorentz and CPT Violation” of [21,22].

Fig. 2 compares various tests of CPT. The experimental values are from
PDG [6] except for mp [23] and the values for the antideuteron and anti-
3He masses [24]. The SME coefficients are taken from the latest version of
the data tables [21]. In the case of ⌫H

HFS, the measurement by ALPHA [13]
uses a combination of transitions which is not sensitive in the SME, but
results from siderial variations of a hydrogen maser [25, 26] exist which set
limits on a combination of SME coefficients b̃

w
3 = b

w
3 � d

w
30mw � H

w
12 with

w = e, p. For antihydrogen, the coefficients d and H reverse sign, while b do
not. A measurement of ⌫H

HFS will therefore be able to separate the different
contributions to b̃.

Hyperfine spectroscopy of hydrogen and deuterium

Initially meant as a verification of the hyperfine spectroscopy method of
ASACUSA, an atomic hydrogen beam was constructed having the expected
H velocity [27] and, using the same microwave cavity and supercondcut-
ing sextupole built for the antihydrogen experiment, the zero-field hyperfine
splitting of H was determined with 4 Hz (2.7 ppb) precision [5]. The quan-
tity measured was the so-called �-transition ((F,mF ) = (1, 0) ! (0, 0), F :
total spin, mF magnetic quantum number), which in the SME is not sen-
sitive to CPT [28]. In order to investigate the CPT-sensitive ⇡1-transition
((1, 1) ! (0, 0)), a modified setup was built [29] and first results were ob-
tained with 10–30 ppb precision [30].

In 2013, the minimal SME was extended to include operators of arbi-
trary dimensions [31]. This leads to new possibilities in the spectroscopy of

[Widmann et al, 2111.04056]
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A new (5th force) interaction: potentially much weaker than gravity 

   mediated by bosons ( ), strength , coupling to fermions ( ) 
        

MB g̃ q̃

Antimatter and new forces

Torsion-balance tests of the weak equivalence principle 12

Figure 6. The left panel shows 95% CL upper bounds on the strength of a vector
Yukawa interaction coupled to q̃ = B − L. The curve labeled EW shows the limit
extracted from the lab-fixed results in table 3. Curves labeled Princeton, Moscow,
EW94, and EW99 are extracted from [1], [2], [8] and [11], respectively. The two
LLR constraints are derived from lunar laser-ranging results[22] for the earth-moon
differential acceleration toward the sun (right curve) and the inverse-square law
violation obtained from anomalous precession of the lunar orbit (left curve). The
right panel shows how the constraints on an infinite-range interaction depend on ψ̃ the
parameter that describes the interaction charge. The combined Eöt-Wash result from
Be-Ti and Be-Al attracted toward the earth and toward the sun is indicated by EW.
The Moscow result[2] used a Al-Pt dipole attracted to the sun; the left pole arises when
the sun’s charge is zero, while the pole on the right occurs where the charge difference
of the test bodies vanishes.

right panel in figure 6, which displays 95% CL limits on |α̃| as a function of ψ̃ for an

infinite-ranged interaction. Since any single pair of test bodies (or source) has a value of

ψ̃ for which its charge difference (or charge) vanishes, two different pairs of test bodies
and two different sources must be used to obtain limits for all values of ψ̃.

Figure 7 shows an example of WEP bounds on scalar interactions, the Donoghue-

Damour[6] scenario for WEP violation by massless dilatons. Their predicted WEP-

violating effects are dominated by couplings to the average light quark mass and the

electromagnetic field strength via the “dilaton coefficients” Dm̂ and De, respectively.

Our 95% CL limits in the Dm̂-De parameter space demonstrate that the effects of a
massless dilaton must be suppressed by a factor of at least ∼ 1010. (The individual

95 %CL constraints on Dm̂ and De are (−0.3± 3.2)× 10−10 and (+1.7± 10.3)× 10−10,

respectively.) This suggests that the dilaton must have a finite mass so that its short-

range force was not detected in WEP experiments. In this case, inverse-square law tests,

which probe the dominant composition-independent coupling to the gluon strength, set a

conservative lower limit of 3.5 meV on the dilaton mass[23, 4]. This lower limit becomes
13 meV in the standard model if the string scale is set to the Planck scale[4].

Torsion-balance tests of the weak equivalence principle 14

Figure 8. 95% CL upper bounds on |∆aHH̄ |/g, the fractional difference in the
freefall accelerations of hydrogen and antihydrogen. The region above the solid line is
excluded for all values of q̃. The region above the dashed line is excluded if we assume
that q̃ = Z. The corresponding constraints for neutrons and antineutrons are almost
the same as those for hydrogen and antihydrogen.

plotted the corresponding constraints on ∆an̄−n/g , a quantity that would be essentially

impossible to measure directly, the results would be essentially the same as the hydrogen-

antihydrogen bounds in figure 8.

It has been argued[26] that the existence of a scalar field could invalidate these

arguments; the scalar field would have no effect on ∆aH̄−H because particles and

antiparticles have the same scalar charge, but it would contribute to the differential
accelerations of the Eöt-Wash test bodies. In fact, because scalar forces between

like particles are attractive, a scalar interaction would tend to cancel a vector force.

But this cancelation must be unreasonably precise to give null results in WEP

tests with 9 different materials (ranging from Be to Pb) falling toward 3 different

attractors[2, 8, 11, 14]. Suppose the scalar charges of the materials used for these

tests differed by merely 0.1% from the vector charges in equation 6; the upper limit on
∆aH̄−H/g from a long-range vector field would still be about 1 part in 106. Reference

[27] gives a detailed discussion of the impossibility of nearly perfect scalar-vector

cancellation. Of course, our arguments rely on the CPT theorem that, to our knowledge,

has not been tested for gravity. But consider how strange it would be if, as is occasionally

suggested, antimatter fell up rather than down. In that case a particle that is its

own antiparticle (such as the photon or π0) would not fall. This is excluded by many
observations.

WEP results also provide a laboratory test of the common assumption that

bounds on  for new vector interaction  
(with ) vs. range

α̃
q̃ = B −L bounds on (g H − g H̄)/g H

[Wagner et al, 1207.2442]



A.M. Teixeira, LPC Clermont

Moriond EW 2023 – 21/03/2023

Status of the GBAR experiment
First results of antihydrogen production

Corentin Roumegou
on behalf of the GBAR collaboration
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Thorough characterisation of antimatter

Explaining a pressing observational problem of the SM:  
the matter-antimatter asymmetry of the Universe 

The SM offers a strikingly simple description of antimatter: Charge-Parity transformation  

Can antimatter couple differently to gravity? Free-fall in Earth's gravitational field 

How to study matter made of anti-constituents? Anti-hydrogen is the best object to consider  

 thorough studies (spectroscopy, ...) with the best available precision!  

  free-fall in Earth's gravitational field and direct measure of !  

Recent results:                     

                                                           

Improve precision to ascertain    GBAR: below 1%! 

A first step in understanding gravity effects in nuclear and elementary interactions: 

Couplings to virtual pairs? Couplings to binding energies? Flavour content of valence ? 

 Aim at precision well below ! 

From antihydrogen to antimatter - a long road ahead! Muonium as a next stop?    

⇒
⇒ H̄ ḡ

ḡ = (0.75 ± 0.13sys+stat ± 0.16sim) g

g = ḡ ⇒

q
⇒ 10−2

[ALPHA Collaboration, 2023]
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Outlook and perspectives

New Physics paths to discovery at three frontiers 
Precision tests of the SM offer uniquely promising prospects 

Explored here several fronts:  

cLFV transitions in the muon sector  muon-electron conversion offers an amazing  
probing power to NP 

EDMs in the quest for new sources of CPV  neutron EDM remarkably competitive  

EW precision tests in beta-decays  so many observables to explore, offering a  
joint probing power of NP sources of CPV and of NP interactions 
strong synergy with direct LHC searches and EDMs! 

Precision tests of WEK - antihydrogen and new gravitational interactions!

⇒

⇒

⇒

Very strong experimental prospects!  
Theory must reduce its uncertainties to be on par with experimental precision! 

EFT is an extremely powerful tool  explore (UV) models of New Physics! ↝
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Outlook and perspectives

New Physics paths to discovery at three frontiers 
Precision tests of the SM offer uniquely promising prospects 

Explored here several fronts:  

cLFV transitions in the muon sector  muon-electron conversion offers an amazing  
probing power to NP 

EDMs in the quest for new sources of CPV  neutron EDM remarkably competitive  

EW precision tests in beta-decays  so many observables to explore, offering a  
joint probing power of NP sources of CPV and of NP interactions 
strong synergy with direct LHC searches and EDMs! 

Precision tests of WEK - antihydrogen and new gravitational interactions!

⇒

⇒

⇒

Very strong experimental prospects!  
Theory must reduce its uncertainties to be on par with experimental precision! 

EFT is an extremely powerful tool  explore (UV) models of New Physics! ↝ Thank you for the attention!
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