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• The quest for new physics and the intensity frontier 

• Beyond the Standard Model searches at the intensity frontier:  the landscape        

• Outlook:  the EIC as an intensity frontier machine

Outline
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Many thanks to Krishna Kumar and my collaborators!



• The SM is remarkably successful, but it’s not the whole story           

New physics: why?

No Baryon Asymmetry,  no Dark Matter,  no Dark Energy,  no Neutrino Mass                         
Origin of flavor, Strong CP problem, Unification,…

Addressing these puzzles requires new physics

X
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 Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/
D.Clowe et al.; Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.

 Credit: Fermilab
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Standard 

Model
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• Where is the new physics? Is it Heavy? Is it Light & weakly coupled?

1/Coupling 



1/Coupling 

Λ

vEW

Energy Frontier
(direct access to UV new physics)

New physics: how?
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• Two complementary paths to search for new physics 

See talk by                 
Michael Ramsey-Musolf
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1/Coupling 

Λ

vEW

Intensity Frontier
(indirect access to UV d.o.f)

New physics: how?

A’

(direct access to light d.o.f.)

• Two complementary paths to search for new physics 
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1/Coupling 
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MGUT

20 TeV

1000 TeV

• Three classes,  pushing the boundary in qualitatively different ways and at different mass scales

BSM probes @ the Intensity Frontier
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• Three classes,  pushing the boundary in qualitatively different ways and at different mass scales

1.  Searches for rare or SM-forbidden processes that probe approximate or exact symmetries of the SM 
(L, B, CP, Lα):   0νββ decay, p decay,   EDMs,  LFV (μ→e conversion, ep→τX),                                           

…
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…

2.  Precision tests of SM-allowed processes:                                    
β-decays (mesons, neutron, nuclei), PV electron scattering, muon g-2, 

… 

3.  Searches / characterization of light and weakly coupled particles:  
active ν’s,  sterile ν’s,  dark sector particles and mediators,  axions, 

… 

BSM probes @ the Intensity Frontier

The EIC can play a role in all three classes



• Discovery potential 

• Explore physics that is otherwise difficult / impossible to access:                       
high mass scale;  symmetry breaking;  ultralight particles    

• A single deviation from SM expectation → new physics!                                                       

8

Impact of searches at the Intensity Frontier

Λ:
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Impact of searches at the Intensity Frontier
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Impact of searches at the Intensity Frontier

• Diagnosing power when combining multiple probes   

• Multiple EDM searches →  underlying sources of CP violation  

• 0νββ decay,  absolute ν mass measurements, ν oscillations,  LFV (μ→e,  e →τ, …)                          
→ origin of neutrino mass 

• …
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Impact of searches at the Intensity Frontier

• Diagnosing power when combining multiple probes   

• Multiple EDM searches →  underlying sources of CP violation  

• 0νββ decay,  absolute ν mass measurements, ν oscillations,  LFV (μ→e,  e →τ, …)                          
→ origin of neutrino mass 

• …

• Connection to open questions 
Λ:



Origin of neutrino mass

Are there new forces,                            
weaker than the weak force? 

Nature of dark matter                  
Light & weakly interacting particles

Baryon asymmetry                
(violation of B, L, CP) 

Shedding light on open questions
Intensity Frontier probes cluster around open questions*
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…
Quark FCNC

EDMs,  …, 
n-n oscillations

_

 p-decay

1. Rare / forbidden processes

PV electron scattering, 
Muon g-2,  β-decays,  …

2. Precision tests

Searches for dark 
bosons, axions, ALPs, 

…

Absolute ν mass, 
ν oscillations, ν scattering,,

 sterile ν,…

3. Light & weakly coupled

Intensity Frontier probes cluster around open questions*



The Intensity Frontier in NP and HEP
• IF in the 2023 NSAC Long Range Plan (NP)

• Searches for rare / SM-forbidden processes:  

• LNV: 0νββ  

• EDMs: neutron, nuclei

• Precision measurements of SM-allowed processes:

• Muon g-2   

• Weak charged current (mesons, neutron, nuclei) 

• Weak neutral current (PVES)   

• Search / characterization of light weakly coupled particles 

• Absolute neutrino mass

• Sterile neutrinos 

• Neutrino scattering 

“Fundamental Symmetries, Neutrons, and Neutrinos”
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In the rest of this talk:  selected IF probes (with emphasis on NP and an eye towards the EIC) 

• IF in the 2023 P5 report (HEP)** (my very rough ‘binning’)
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• LFV in muon (Mu2e) and tau decays (Belle-II)
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Interlude: theory framework 

To motivate and analyze intensity frontier searches,  
fairly general EFT-based theory framework(s) have emerged,

 encompassing many underlying models

1/Coupling 

Λ

vEW

Intensity Frontier
(indirect access to UV d.o.f)

A’

(direct access to light d.o.f.)
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Heavy new particles affect low-energy physics through local operators 
suppressed by inverse powers of heavy scale

[ Λ ↔  MBSM ]

Appelquist-Carazzone 1975,  Weinberg 1979,  Wilczek-Zee1979,  Buchmuller-Wyler 1986,  ....  

UV: the Standard Model Effective Field Theory

ΔL=2 ΔB=ΔL=1,  LFV,  
CPV,  qFCNC, 
CC . NC, …

Full theory ← Simplified model  ←  SMEFT → LEFT→ hadronic EFT,  LQCD,  …

See talk by                 
Radja Boughezal
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“Portals”: dominant interactions through which the SM and dark sector couple         
(↔ lowest dimensional SM singlet operators)

Light, weakly coupled new physics:  portals

Leading axion interactions appear at O(1/Λ):
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Rare / forbidden processes

Origin of neutrino mass
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Nature of dark matter                  
Light & weakly interacting particles

Baryon asymmetry                
(violation of B, L, CP) 

0νββ
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n-n oscillations

_
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_
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1. Rare / forbidden processes



Neutrino mass & new physics
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• Massive neutrinos provide the only laboratory-based evidence of physics beyond the Standard Model

Conserves L=Le+Lμ+Lτ 
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The Standard Model

 ΔL=2

 ΔL= 0?

• Lorentz invariance ⇒  two options for massive neutrinos: Dirac or Majorana



Neutrino mass & new physics
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• Massive neutrinos provide the only laboratory-based evidence of physics beyond the Standard Model

• Lorentz invariance ⇒  two options for massive neutrinos: Dirac or Majorana

+ …

• In both cases ν mass requires introducing new degrees of freedom & interactions 

Neutrino mass and new physics
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• ν mass requires introducing new degrees of freedom 

• Violates Le,μ,τ,  conserves L 
L = Le + Lμ +  Lτ 

Dirac mass

x

• Violates Le,μ,τ  and L  (ΔL=2)    

Majorana mass

…
x x

MR-1

x
Higgs 
triplet

x

…
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• ν mass requires introducing new degrees of freedom 

• Violates Le,μ,τ,  conserves L 
L = Le + Lμ +  Lτ 

Dirac mass

x

• Violates Le,μ,τ  and L  (ΔL=2)    

Majorana mass

…
x x

MR-1

x
Higgs 
triplet

x

…
Is Lepton Number 

violated?
What are the sources and mediators 

of lepton family violation?
→ 0νββ

→ Charged Lepton Flavor Violation

Dirac

Majorana



0νββ decay: significance
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Potentially observable only 
in certain even-even nuclei  
(76Ge, 100Mo,136Xe, …) for 
which single beta decay is 
energetically forbidden

ΔL=2

2νββ

0νββ

(Ee1 + Ee2)/Q
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Potentially observable only 
in certain even-even nuclei  
(76Ge, 100Mo,136Xe, …) for 
which single beta decay is 
energetically forbidden

ΔL=2

2νββ

0νββ

(Ee1 + Ee2)/Q

Observation ⇒  BSM physics

This ‘matter-creating’ process points to elegant 
mechanisms for generating the matter-antimatter 

asymmetry in the universe (leptogenesis) 

Shed light on the physics responsible for    
tiny but non-zero neutrino mass                                   

&                                                               
Demonstrate Majorana nature of neutrinos 

(neutrino=antineutrino)                                                                   

  (B-L conserved in the the SM)



0νββ decay:  discovery potential
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?

• Ton-scale 0νββ searches [T1/2 ~1027-28 yr] can discover LNV from a broad variety of mechanisms and mass scales 

1/Coupling 

Λ

vEW

High-scale see-saw

Left-Right SM
RPV SUSY

...

Light sterile ν’s 
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• Ton-scale 0νββ searches [T1/2 ~1027-28 yr] can discover LNV from a broad variety of mechanisms and mass scales 
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FIG. 4 Maximally allowed parameter space for m�� as a function of mlight, m� , and ⌃, assuming the central value of the
neutrino oscillation parameters (Zyla et al., 2020). The orange and green areas show the parameter space allowed assuming
normal and inverted ordering, respectively. The shaded areas indicate the regions already excluded by 0⌫��-decay experiments
(Gando et al., 2016) and cosmological observations (Aghanim et al., 2020); the vertical lines in the middle panel correspond to
the KATRIN limit (Aker et al., 2022) and sensitivity (Aker et al., 2019).

a value testable by the coming 0⌫��-decay experiments
assuming favorable NME calculations.

We close this section with an important remark con-
cerning the normal mass ordering parameter space. Al-
though vanishing m�� values are possible from a math-
ematical and empirical point of view, the question of
whether this is plausible or not is much more subtle. Fig-
ure 4 shows the maximum allowed parameter space on
bilogarithmic scales. This choice under-emphasizes the
value of the observational progress and stresses somewhat
artificially the role of the lowest values of the masses. In
the future, a linear or even bilinear scale might be ap-
propriate; indeed some experiments have begun to plot
their results in this way (Abe et al., 2022; Arnquist et al.,
2022).

Recent Bayesian analyses have tried to build a prob-
ability distribution for m�� , at the price of making as-
sumptions on the (prior) probability distribution for the
Majorana phases and the additional free mass scale pa-
rameter, be it mlight, m� or ⌃. If one invokes “natural-
ness” arguments and parameterize the ignorance on the
Majorana phases with a flat prior, vanishing m�� values
get strongly disfavored as first pointed out by Benato
(2015), Agostini et al. (2017), and Caldwell et al. (2017).
One could also try to consider the less favorable value of
the Majorana phases and quantify the minimal discovery
probabilities (Agostini et al., 2021a). Finally, flavor sym-
metry can also be invoked to constrain at the same time
the phases and, e.g, mlight, bringing a large part of the
parameter space for normal ordering within the reach
of the forthcoming experiments (Agostini et al., 2016).
These analyses identified several scenarios in which the
discovery power for future experiments is significant, even
considering normal-ordered neutrino masses. The more
the priors disfavor vanishing values for the lightest neu-
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FIG. 5 Posterior probability distribution of the lower bound
on m�� as a function of the true value of ⌃, assuming normal
ordering. The distribution is constructed by random sampling
of the oscillation parameters within their Gaussian uncertain-
ties (Zyla et al., 2020) and assuming that ⌃ will be measured
with 20meV accuracy. The solid black line shows the median
lower bound, while the green, orange and yellow color bands
show the 68%, 95% and 99% probability central interval of
the distribution. Note that the median limit does not go to
zero, not even around 65meV when m�� can vanish, as the
limit is averaged over an extended ⌃ range accounting for the
measurement uncertainty. The lower bound for the inverted
ordering scenario is always larger than that for normal order-
ing.

trino mass and cancelling Majorana phases, the higher
the discovery power. The dependence on the prior on the
lightest neutrino mass will significantly weaken in the fu-
ture should the value of ⌃ be measured by cosmological
surveys (Ettengruber et al., 2022).
Although we have already warned the reader against

making predictions onm�� using purely theoretical argu-

Ton scale

Beyond ton 
scale

Inverted spectrum

Normal spectrum

~ (v2/Λ)2 For example heavy νR exchange

Only low-E remnant of LNV 
is the neutrino mass

Falsifiable correlations with other neutrino mass probes

1/Coupling 

Λ

vEW

High-scale see-saw

Left-Right SM
RPV SUSY

...

Light sterile ν’s 

SMEFT @ dim5:
Majorana mass 

for light ν’s

1/Coupling 

vEW

0νββ physics reach

Unexplored

1/Coupling 

Λ

vEW

dim5
Majorana 

Mass for light 
ν’s

High-scale seesaw

19

• Ton-scale 0νββ searches (T1/2 >1027-28 yr) will probe at 
unprecedented levels LNV from a broad range of mechanisms



0νββ decay:  discovery potential
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Contributions to 0νββ not directly related to the exchange of light neutrinos, 
within reach of planned experiments & possibly correlated with signal at LHC in pp → ee jj

Example:  LRSM  with type-II seesaw

SMEFT @ dim 7, 9 

Tello-Nemevesek-Nesti-Senjanovic-Vissani 1011.3522
Ge-Lindner-Patra  1508.07286

Li, Ramsey-Musolf, Vasquez 2009.01257
…

• Ton-scale 0νββ searches [T1/2 ~1027-28 yr] can discover LNV from a broad variety of mechanisms and mass scales 

1/Coupling 

Λ

vEW

High-scale see-saw

Left-Right SM
RPV SUSY

...

Light sterile ν’s 
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• Ton-scale 0νββ searches [T1/2 ~1027-28 yr] can discover LNV from a broad variety of mechanisms and mass scales 

1/Coupling 

Λ

vEW

High-scale see-saw

Left-Right SM
RPV SUSY

...

Light sterile ν’s 

Λχ ~ GeV

kF ~ 100 MeV T1/2  ∝ (mW/Λ)A  (Λχ/mW)B  (kF/Λχ)C

SMEFT LEFT Chiral EFT

• Connecting sources of LNV to nuclei is a multi-scale problem!                           
Best tackled through EFT to achieve controlled uncertainty

• Theory advances require synergy of phenomenology,  EFT,  Lattice 
QCD, and first-principles nuclear structure  

White paper 2203. 21169 and refs therein

• Exciting prospects due to planned ton-scale experiments 
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• ν oscillations ⇒ Le,μ,τ  not conserved.  However,  in SM + massive ν,  Charged-LFV decays are 

suppressed to unobservable level    

Charged LFV and new physics

νi

γ

• Observation of CLFV processes would 
unambiguously indicate new physics, 
related to the origin of  leptonic ‘flavor’ 
& possibly neutrino mass

Petcov ’77,   Marciano-Sanda ’77,  Shrock ’77…

Ex: Type-I seesaw
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• ν oscillations ⇒ Le,μ,τ  not conserved.  However,  in SM + massive ν,  Charged-LFV decays are 

suppressed to unobservable level    

Charged LFV and new physics

νi

γ

• Observation of CLFV processes would 
unambiguously indicate new physics, 
related to the origin of  leptonic ‘flavor’ 
& possibly neutrino mass

Petcov ’77,   Marciano-Sanda ’77,  Shrock ’77…

Ex: Type-II seesaw
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• LFV processes are sensitive  to broad spectrum of new physics:  both heavy and light + weakly coupled

1/Coupling 

M

vEW

CLFV physics reach

UV physics
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• LFV processes are sensitive  to broad spectrum of new physics:  both heavy and light + weakly coupled

1/Coupling 

M

vEW

CLFV physics reach

 We can probe LFV dynamics through a combination of low-energy and collider searches 

UV physics
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LFV probes across energy scales

• Decays of μ, τ (and mesons) 

24

     (K →πμe;     B → Kμτ, Kμe;   Bs → μτ, μe,  quarkonia , … )

• Collider processes:

LHC

HERA, 
EIC 

/

BR~ 10-13

BR~ 10-8

μ → e a (BR~ 10-6)
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• Decays of μ, τ (and mesons) 

24

     (K →πμe;     B → Kμτ, Kμe;   Bs → μτ, μe,  quarkonia , … )

• Collider processes:

LHC

HERA, 
EIC 

/

BR~ 10-13

BR~ 10-8

τ-μ sector:  h vs τ decays
Dipole (D),  Scalar 4-fermion (S), Gluon (G) operators 

li

lj
h

li

lj

h

li lj

q,l q,l

τ→μππ is the decay mode most closely related to the LHC process

Higgs decay

τ-μ sector:  h vs τ decays
Dipole (D),  Scalar 4-fermion (S), Gluon (G) operators 

li

lj
h

li

lj

h

li lj

q,l q,l

τ→μππ is the decay mode most closely related to the LHC process

Higgs decay

e
τ

Given the relatively low energy,  the discovery potential and diagnosing power       
of the EIC can be studied in the context of the SMEFT** & portals ** See talk by                 

Emanuele 
Mereghetti

Same operators

μ → e a (BR~ 10-6)
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CLFV phenomenology

Each model generates a specific pattern of operators 
→ multiple CLFV measurements needed to extract the underlying physics 
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CLFV phenomenology

Λ/√C ~ 104-5 TeV
Λ/√C ~ 102 TeV

μ-e sector: 

τ-μ(e) sector: 

(Muon decays)
(Tau decays)

BRα→β ~ (vew/Λ)4∗|(Cn)αβ|2 

• New physics mass scale probed through any process

Each model generates a specific pattern of operators 
→ multiple CLFV measurements needed to extract the underlying physics 
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CLFV phenomenology

• New physics mass scale probed through any process

Each model generates a specific pattern of operators 
→ multiple CLFV measurements needed to extract the underlying physics 
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Figure 3. Current bounds and future projections for di↵erent couplings Fi of an e↵ectively massless
ALP, also reported in Table 1. On the lower axis we indicate the corresponding values for the
e↵ective axion mass defined by mi,e↵ = 4.7 eV ⇥ 106 GeV/Fi.

on fa are several order of magnitude below the ranges shown in Figs. 1 and 2,5 they are

stringent enough to e↵ectively rule out the LFV ALP explanations of possible deviations

in (g � 2)e and (g � 2)µ [54, 55, 60].

In the numerical analyses throughout the paper all the axion couplings are assumed

to be real to simplify the discussion. The interpretations of the present LFV experimen-

tal results and future projections in terms of bounds on F`i`j are summarized in Fig. 1,

assuming all the lepton couplings in Eq. (2.1) to be O(1). Fig. 2 shows instead the same

constraints for the case when only a single LFV coupling is taken to be nonzero. In Figs. 1

and 2 we also show the typical reach of astrophysical bounds on the ALP decay constant

coming from star cooling and SN1987A observations (see Sec. 6.1 for details). In Table 1

and Fig. 3 we summarize the current best bounds and future projections for an e↵ectively

massless ma, i.e. lighter than the typical mass resolution of the experiments considered

here. This is the ALP mass range that applies to most of the concrete models discussed in

Sec. 7. In the subsequent sections we discuss in detail the observables and the experiments

from which these constraints were derived.
5For heavier ALPs, ma & mµ, we can integrate out the ALP to generate the muonium-antimuonium

oscillation EFT operators. Translating the results of Ref. [59] to our notation gives

1
1.9 TeV

>

����
1

FA
µe

± 1
FV
µe

����

✓
mµ

ma

◆
,

1
3.8 TeV

>

����
1

(FA
µe)2

� 1
(FV

µe)2

����
1/2 ✓mµ

ma

◆
. (2.11)

The constraints for light ALP, ma . mµ, are obtained by taking mµ/ma ! 1 in the two expressions above

(see also similar results for heavy meson mixings in the limit of light ALP in Ref. [23]). In the future these

bounds could be improved for ma few GeV at Belle II by searching for e+e� ! eeµµ events [60].

– 9 –

BR(lα → lβ a) ~ 
((vew)2/(mαFαβ))2 

Calibbi-Redigolo-Ziegler-
Zupan

2006.04795



Each model generates a specific pattern of operators 
→ multiple CLFV measurements needed to extract the underlying physics 
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• Relative strength of operators ([CD]eμ vs [CS]eμ… ) through μ →3e  versus μ →eγ  
versus  μ →e conversion (and similarly for 𝜏→e,μ) ⇒  Mediators,  mechanism  

• Flavor structure of couplings  ([CD]eμ vs [CD]τμ…) through  μ → e versus           
τ → μ  versus  τ → e  ⇒  Sources of flavor breaking

• New physics mass scale probed through any process

CLFV phenomenology
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• New physics mass scale probed through any process

CLFV phenomenology

Plurality of searches is essential. The EIC can play an important role 



• Probe P and T symmetry violation (CP) in flavor diagonal transitions:              

• Highly suppressed in Standard Model (CKM phase) 

• A non-zero EDM would imply new physics or a tiny QCD θ-term (< 10-10).                                      
Multiple measurements (n, p, atoms, molecules) can disentangle the two effects

• Sensitive to broad spectrum of new physics (Higgs sector,  SUSY,  ALPs…) & baryogengesis mechanisms 

1/Coupling 

M

vEW

UV physics, 
up to PeV scale

Dark sectors, ALP’s, 
axion DM, …  

d ~ (v/Λ)2  10-22 e cm →  Λ ~ 103 TeV

EDMs and new sources of CP violation

73

The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

Sidebar 5.2: Matter over Antimatter
Why is there more matter than antimatter in the present 

universe?

This question is one of the most compelling in physics, 

and its answer is vital to explaining the fundamental 

origin, evolution, and structure of the nuclear matter that 

we observe today.

By many accounts, the fireball generated during the 

Big Bang was democratic: it contained the same 

number of electrons and quarks (matter) as positrons 

and antiquarks (antimatter). While it is possible that 

something gave the Big Bang a slight preference for 

more matter than antimatter, the subsequent period 

of cosmic inflation—a brief period of rapid spacetime 

expansion in the early universe—would have rendered 

that imbalance imperceptible today. What happened, 

then, to tip the balance in favor of the matter that makes 

up nuclei, stars, and life itself?

Physicists do not yet have a definitive answer, but we do 

know the ingredients for one. According to physicist and 

Nobel Prize winner Andrei Sakharov, the forces in the 

early universe must have violated certain fundamental 

symmetries in ways not seen in the Standard Model. 

Fundamental symmetry tests in nuclear physics are 

looking for evidence of such violation, while nuclear 

theorists are working to relate the results of these tests 

to the matter-antimatter imbalance.

One of the most powerful probes is the experimental 

search for an as-yet unseen property of neutrons, 

protons, electrons, and atoms known as a permanent 

electric dipole moment, or EDM. As indicated in 

Figure 1, its discovery would indicate a violation of time-

reversal symmetry. In many candidates for the new 

Standard Model, this violation is intimately connected 

with the origin of the matter-antimatter imbalance. For 

example, new supersymmetric, time-reversal-violating 

interactions would have generated this imbalance about 

0.000000001 seconds after the Big Bang, while leaving 

observable “footprints” today in the guise of permanent 

EDMs.

Figure 1: If an EDM is observed, then time-reversal transformation (T) 
is not a symmetry of nature: it takes a particle with EDM parallel to the 
spin and transforms it to the same particle with EDM anti-parallel to the 
spin—a di!erent object that does not exist.

Another powerful probe is the search for the 

neutrinoless double beta decay of atomic nuclei (see 

Figure 2 and Sidebar 5.1). The observation of this nuclear 

decay would immediately imply that neutrinos are their 

own antiparticles and indicate a never-before-seen 

breakdown in the balance between leptons and their 

antiparticles. This symmetry violation would point to the 

existence of very heavy cousins of today’s neutrinos 

whose decays in the early universe—possibly well 

before 10 picoseconds after the Big Bang—generated 

the excess of matter over antimatter.

Figure 2: Neutrinoless double beta involves the radioactive decay of a 
nucleus whereby two electrons are emitted without their usual antineutrino 
partners.

White paper 2203.08103 and refs therein



Theoretical challenges & opportunities

28

Test
Test
Test
Test
Test
Test

LBLV �
C

(5)

⇤
[`H`H] +

X

i

C
(6)
i

⇤2
[qqq`]i +

X

k

C
(7)
k

⇤3
[q̄q``H]k ...+

X

m

C
(9)
m

⇤5
[qqqqqq]m +

X

n

C
(9)
n

⇤5
[q̄qq̄q``]n

LBLV �
C

(5)

⇤
[`H`H] +

X

i

C
(6)
i

⇤2
[qqq`]i +

X

k

C
(7)
k

⇤3
[q̄q``H]k +

X

m

C
(9)
m

⇤5
[q̄qq̄q``]m +

X

n

C
(9)
n

⇤5
[qqqqqq]n + ....

LBLV �
C

(5)

⇤L5
[`H`H] +

X

i

C
(6)
i

⇤2
B6

[qqq`]i +
X

k

C
(7)
k

⇤3
L7

[q̄q``H]k +
X

m

C
(9)
m

⇤5
L9

[q̄qq̄q``]m +
X

n

C
(9)
n

⇤5
B9

[qqqqqq]n + ....

LBLV � C(5)

⇤L5
[`H`H] +

X

k

C(7)
k

⇤3
L7

[q̄q``H]
k
+

X

m

C(9)
m

⇤5
L9

[q̄qq̄q``]
m

+
X

i

C(6)
i

⇤2
B6

[qqq`]
i
+

X

n

C(9)
n

⇤5
B9

[qqqqqq]
n

+ ....

⇤L5 ⇠ 1014 GeV ⇤L7 ⇠ 102�3 TeV ⇤L9 ⇠ 1� 10 TeV

⇤B6 ⇠ 1015 GeV ⇤B9 ⇠ 102 TeV

1

M

vew

Λχ

mπ

Λ
MSSM

MSSM
2HDM

2HDM2HDM

…

CP-odd  πN couplingsElectron and Nucleon EDMs
Short-range 4N and 

2N2e coupling

N N

γ

N N

π

N N

e e

Connecting scales
To connect UV physics to nuclei & atoms, use multiple EFTs

Perturbative

Non-perturbative

Non-perturbative

6

White paper 2203.08103 and refs therein



Theoretical challenges & opportunities

28

Test
Test
Test
Test
Test
Test

LBLV �
C

(5)

⇤
[`H`H] +

X

i

C
(6)
i

⇤2
[qqq`]i +

X

k

C
(7)
k

⇤3
[q̄q``H]k ...+

X

m

C
(9)
m

⇤5
[qqqqqq]m +

X

n

C
(9)
n

⇤5
[q̄qq̄q``]n

LBLV �
C

(5)

⇤
[`H`H] +

X

i

C
(6)
i

⇤2
[qqq`]i +

X

k

C
(7)
k

⇤3
[q̄q``H]k +

X

m

C
(9)
m

⇤5
[q̄qq̄q``]m +

X

n

C
(9)
n

⇤5
[qqqqqq]n + ....

LBLV �
C

(5)

⇤L5
[`H`H] +

X

i

C
(6)
i

⇤2
B6

[qqq`]i +
X

k

C
(7)
k

⇤3
L7

[q̄q``H]k +
X

m

C
(9)
m

⇤5
L9

[q̄qq̄q``]m +
X

n

C
(9)
n

⇤5
B9

[qqqqqq]n + ....

LBLV � C(5)

⇤L5
[`H`H] +

X

k

C(7)
k

⇤3
L7

[q̄q``H]
k
+

X

m

C(9)
m

⇤5
L9

[q̄qq̄q``]
m

+
X

i

C(6)
i

⇤2
B6

[qqq`]
i
+

X

n

C(9)
n

⇤5
B9

[qqqqqq]
n

+ ....

⇤L5 ⇠ 1014 GeV ⇤L7 ⇠ 102�3 TeV ⇤L9 ⇠ 1� 10 TeV

⇤B6 ⇠ 1015 GeV ⇤B9 ⇠ 102 TeV

1

M

vew

Λχ

mπ

Λ
MSSM

MSSM
2HDM

2HDM2HDM

…
12

Shindler [53] for a recent review). The current situation is well exemplified by looking at the status
of the neutron EDM expressed in terms of SM (✓̄) and BSM sources of CP violation (dq and d̃q
denote the quark EDMs and cEDMs, respectively, and d̃G, the gluon cEDM). Working at a renor-
malization scale of µ = 2 GeV in the MS scheme, and putting together input form lattice QCD
and QCD sum rules, we have

dn = �(1.5± 0.7) · 10�3 ✓̄ e fm

�(0.20± 0.01)du + (0.78± 0.03)dd + (0.0027± 0.016)ds

�(0.55± 0.28)ed̃u � (1.1± 0.55)ed̃d + (50± 40)MeVe d̃G . (3)

The coe�cient of the ✓̄ term has been computed in LQCD in Dragos et al. [54], while other lattice
calculations point out that larger systematic e↵ects might be possible [55]. The matrix elements
relating dn to dq have been precisely calculated in LQCD [56, 57]. The quoted matrix elements of
the quark cEDM operators are obtained via QCD sum rules [58–60]. For the Weinberg operator we
quote a range covering the QCD sum rules [61, 62] (lower value) and Naive Dimensional Analysis
(NDA) [49] (higher value). Finally, the neutron EDM dependence on BSM operators whose matrix
elements are even less known (such as four-quark operators) is not included in Eq. (3).

A quick look at Eq. (3) illustrates several lessons: (i) First, a single EDM is not su�cient
to disentangle the many possible sources of CP violation from BSM physics. Even though the
low-energy couplings (dq, d̃q, ...) are correlated in a given underlying model, if we want to probe
the origin of CP violation, the search for EDMs in multiple systems is essential. (ii) Even in
the unrealistic case in which only one source of CPV is active at low-energy, with the exception
of dq the hadronic uncertainties greatly dilute the nominal constraining and diagnosing power of
EDM searches (i.e. the one obtained by using central values for all matrix elements, ignoring their
uncertainty). This of course applies to all hadronic and nuclear EDMs. In a realistic situation
in which multiple CPV operators are relevant at the hadronic scale, the situation is even worse.
For example, Chien et al. [63] studied the case in which the underlying CP violation originates in
the couplings of quarks and gluons to the Higgs boson. The dilution e↵ect comes about because
a given high-energy coupling generates via renormalization evolution and threshold corrections a
number of operators at low-energy, whose contribution can cancel each other due to the poorly
known matrix elements. The study in Chien et al. [63] concluded that once matrix elements are
known at the 10-25% level, room for cancellations is much reduced and one essentially exploits the
full power of experimental constraints. Therefore 25% represents a minimal target uncertainty for
hadronic matrix elements relating the strange quark EDM and quark / gluon cEDMs to nucleon
EDM and CP-violating pion-nucleon couplings. This uncertainty might be within reach in the next
decade, as discussed below.

C. Lattice QCD input at the hadronic scale

As described above, e↵ective field theory allows us to express the low-energy e↵ects of the physics
beyond the standard model in terms of the matrix elements of a series of operators composed
of quark and gluon fields and factors that can be determined reliably in perturbation theory.
The estimation of these matrix elements, themselves, cannot be carried out using perturbation
theory in the strong coupling since the latter is O(1) or larger at the relevant scales. Näıve
dimensional analysis can provide an order of magnitude estimate for them. For many of these
matrix elements, general analyticity arguments can provide ‘sum rules’ involving them, and one can
try to use phenomenological analyses and assumptions about resonance contributions to estimate
them with somewhat greater precision. In many cases, moreover, chiral e↵ective field theory can

Lattice QCD        QCD sum rules
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UNCERTAINTY SCOREBOARD:  
Proton: same as neutron.  Nuclei:  worse.  

Hard to assess relative reach of various EDMs & to 
disentangle underlying physics in case of discovery
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Shindler [53] for a recent review). The current situation is well exemplified by looking at the status
of the neutron EDM expressed in terms of SM (✓̄) and BSM sources of CP violation (dq and d̃q
denote the quark EDMs and cEDMs, respectively, and d̃G, the gluon cEDM). Working at a renor-
malization scale of µ = 2 GeV in the MS scheme, and putting together input form lattice QCD
and QCD sum rules, we have

dn = �(1.5± 0.7) · 10�3 ✓̄ e fm

�(0.20± 0.01)du + (0.78± 0.03)dd + (0.0027± 0.016)ds

�(0.55± 0.28)ed̃u � (1.1± 0.55)ed̃d + (50± 40)MeVe d̃G . (3)

The coe�cient of the ✓̄ term has been computed in LQCD in Dragos et al. [54], while other lattice
calculations point out that larger systematic e↵ects might be possible [55]. The matrix elements
relating dn to dq have been precisely calculated in LQCD [56, 57]. The quoted matrix elements of
the quark cEDM operators are obtained via QCD sum rules [58–60]. For the Weinberg operator we
quote a range covering the QCD sum rules [61, 62] (lower value) and Naive Dimensional Analysis
(NDA) [49] (higher value). Finally, the neutron EDM dependence on BSM operators whose matrix
elements are even less known (such as four-quark operators) is not included in Eq. (3).

A quick look at Eq. (3) illustrates several lessons: (i) First, a single EDM is not su�cient
to disentangle the many possible sources of CP violation from BSM physics. Even though the
low-energy couplings (dq, d̃q, ...) are correlated in a given underlying model, if we want to probe
the origin of CP violation, the search for EDMs in multiple systems is essential. (ii) Even in
the unrealistic case in which only one source of CPV is active at low-energy, with the exception
of dq the hadronic uncertainties greatly dilute the nominal constraining and diagnosing power of
EDM searches (i.e. the one obtained by using central values for all matrix elements, ignoring their
uncertainty). This of course applies to all hadronic and nuclear EDMs. In a realistic situation
in which multiple CPV operators are relevant at the hadronic scale, the situation is even worse.
For example, Chien et al. [63] studied the case in which the underlying CP violation originates in
the couplings of quarks and gluons to the Higgs boson. The dilution e↵ect comes about because
a given high-energy coupling generates via renormalization evolution and threshold corrections a
number of operators at low-energy, whose contribution can cancel each other due to the poorly
known matrix elements. The study in Chien et al. [63] concluded that once matrix elements are
known at the 10-25% level, room for cancellations is much reduced and one essentially exploits the
full power of experimental constraints. Therefore 25% represents a minimal target uncertainty for
hadronic matrix elements relating the strange quark EDM and quark / gluon cEDMs to nucleon
EDM and CP-violating pion-nucleon couplings. This uncertainty might be within reach in the next
decade, as discussed below.

C. Lattice QCD input at the hadronic scale

As described above, e↵ective field theory allows us to express the low-energy e↵ects of the physics
beyond the standard model in terms of the matrix elements of a series of operators composed
of quark and gluon fields and factors that can be determined reliably in perturbation theory.
The estimation of these matrix elements, themselves, cannot be carried out using perturbation
theory in the strong coupling since the latter is O(1) or larger at the relevant scales. Näıve
dimensional analysis can provide an order of magnitude estimate for them. For many of these
matrix elements, general analyticity arguments can provide ‘sum rules’ involving them, and one can
try to use phenomenological analyses and assumptions about resonance contributions to estimate
them with somewhat greater precision. In many cases, moreover, chiral e↵ective field theory can
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Precision tests

Origin of neutrino mass

Are there new forces,                            
weaker than the weak force? 

Nature of dark matter                  
Light & weakly interacting particles

Baryon asymmetry                
(violation of B, L, CP) 

PV electron scattering, 
Muon g-2,  β-decays,  …

2. Precision tests

Precision tests



• Beta decays and parity-violating electron 
scattering (PVES) have played a central role in 
establishing the Standard Model

• Today, with precision approaching the 0.1% 
level or better (together with the muon g-2 at 
the <ppm level!) they probe quantum effects in 
the Standard Model at unprecedented levels 

• “Broad band” sensitivity to new physics, both 
heavy and light 
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Precision probes of weak interactions

Radiative corrections to electron scattering

Representative diagrams for muon g-2

β decay 
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a global strategy to discover signatures of a variety of physics that could escape LHC detection. Examples include
hidden weak scale scenarios such as compressed supersymmetry [20], lepton number violating amplitudes such as those
mediated by doubly charged scalars [21], and light MeV-scale dark matter mediators such as the “dark” Z [22, 23].

If an anomaly is observed at the LHC, then the next generation PVES measurements will have the sensitivity to be
part of a few select measurements that will provide important constraints to choose among possible BSM scenarios to
explain the anomaly. Examples of such BSM scenarios that have been explicitly considered for these measurements
include: new particles predicted by the Minimal Supersymmetric Standard Model observed through radiative loop
e↵ects (R-parity conserving) or tree-level interactions (R-parity violating) [20, 24] and TeV-scale Z 0s [25] which arise
in many BSM theories.

A fairly general and model-independent way of characterizing the BSM physics search potential of an experiment
is to express BSM physics in terms of contact interactions that perturb the SM Lagrangian (1), i.e., by replacements
of the form [13],

GFp
2
gij !

GFp
2
gij + ⌘ij

g2

(⇤ij)2
, (3)

where ij = AV, V A,AA and can be for either ee or eq interaction, g is the coupling and ⇤ is the mass scale of BSM
physics, i.e. the coupling and the mass or interaction scale of the hypothetical BSM particle being exchanged. If the
new physics is strongly coupled, g2 = 4⇡, then the 90% C.L. mass limits reached or to be reached by MOLLER, P2,
and SoLID PVDIS on geeV A, g

eq
AV and geqV A are, respectively:

⇤ee
V A,MOLLER
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�
2geuV A � gedV A

� = 16 TeV; (6)

where the
p
5 for P2 and PVDIS cases are to represent the “best case scenario” where BSM physics a↵ects maximally

the quark flavor combination being measured. The expected uncertainty �
�
2geuV A � gedV A

�
is obtained by combining

SoLID PVDIS with existing world data. If one instead looked for the maximal mass limit expected from PVDIS for
that observable’s combination of geqAV and geqV A then it would be 22 TeV from SoLID alone [13]. Furthermore, the mass

PVES and the weak mixing angle θW 

SM prediction: relating EW 
measurements at          

Q~100 GeV to low-energy

Erler & Ferro-Hernandez, 
1712.09146

and references therein

ep  (Q-Weak, P-2) e-DIS (SoLID)Purely leptonic (MOLLER): 
 will reach level of Z-pole measurements 
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Complementarity with LHC (Λ~10 TeV)  + sensitivity to low-scale new physics (Z’, …)
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Access to 
θW = ArcTan(g1/g2) 
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a global strategy to discover signatures of a variety of physics that could escape LHC detection. Examples include
hidden weak scale scenarios such as compressed supersymmetry [20], lepton number violating amplitudes such as those
mediated by doubly charged scalars [21], and light MeV-scale dark matter mediators such as the “dark” Z [22, 23].

If an anomaly is observed at the LHC, then the next generation PVES measurements will have the sensitivity to be
part of a few select measurements that will provide important constraints to choose among possible BSM scenarios to
explain the anomaly. Examples of such BSM scenarios that have been explicitly considered for these measurements
include: new particles predicted by the Minimal Supersymmetric Standard Model observed through radiative loop
e↵ects (R-parity conserving) or tree-level interactions (R-parity violating) [20, 24] and TeV-scale Z 0s [25] which arise
in many BSM theories.

A fairly general and model-independent way of characterizing the BSM physics search potential of an experiment
is to express BSM physics in terms of contact interactions that perturb the SM Lagrangian (1), i.e., by replacements
of the form [13],
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where ij = AV, V A,AA and can be for either ee or eq interaction, g is the coupling and ⇤ is the mass scale of BSM
physics, i.e. the coupling and the mass or interaction scale of the hypothetical BSM particle being exchanged. If the
new physics is strongly coupled, g2 = 4⇡, then the 90% C.L. mass limits reached or to be reached by MOLLER, P2,
and SoLID PVDIS on geeV A, g
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AV and geqV A are, respectively:
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SoLID PVDIS with existing world data. If one instead looked for the maximal mass limit expected from PVDIS for
that observable’s combination of geqAV and geqV A then it would be 22 TeV from SoLID alone [13]. Furthermore, the mass

PVES and the weak mixing angle θW 

SM prediction: relating EW 
measurements at          

Q~100 GeV to low-energy

Erler & Ferro-Hernandez, 
1712.09146

and references therein

ep  (Q-Weak, P-2) e-DIS (SoLID)Purely leptonic (MOLLER): 
 will reach level of Z-pole measurements 

31
Complementarity with LHC (Λ~10 TeV)  + sensitivity to low-scale new physics (Z’, …)

APV=(σR-σL)/(σR+σL) 

Generated by γ-Z 
interference

Access to 
θW = ArcTan(g1/g2) 



with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

= 0.23108(23)exp(42)FK/F⇡ (16)IB[51]total,

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix
elements, and isospin-breaking corrections, respectively. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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Figure 1: Constraints in the Vud–Vus plane. The partially overlapping vertical
bands correspond to V0+!0+

ud (leftmost, red) and Vn, best
ud (rightmost, violet). The

horizontal band (green) corresponds to VK`3
us . The diagonal band (blue) corre-

sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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β decays and CKM unitarity

• Two ~3σ  ‘anomalies’

• At face value point toward vertex corrections with 
Λ~10 TeV (hard to probe even at the HI-LUMI LHC). 
ΔCKM is a full-fledged precision EW observable and 
should be included in global fits.

• Theory opportunities: rad.  corr. to neutron (lattice 
QCD+QED) and nuclear decays (EFT + ab initio n.s.)

• Experimental opportunities in neutron decay,  0+ → 0+,  
π & K decays,  all with clear target goals. EIC?  

ΔCKM = |Vud|2 + |Vus|2  + |Vub|2 − 1 = - 15(5)⨉10-4

with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

= 0.23108(23)exp(42)FK/F⇡ (16)IB[51]total,

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix
elements, and isospin-breaking corrections, respectively. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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bands correspond to V0+!0+
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sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

= 0.23108(23)exp(42)FK/F⇡ (16)IB[51]total,

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix
elements, and isospin-breaking corrections, respectively. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to
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= 0.23108(23)exp(42)FK/F⇡ (16)IB[51]total,

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix
elements, and isospin-breaking corrections, respectively. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to

Vus

Vud

�����
K`2/⇡`2

= 0.23108(23)exp(42)FK/F⇡ (16)IB[51]total,

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix
elements, and isospin-breaking corrections, respectively. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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sponds to (Vus/Vud)K`2/⇡`2 . The unitarity circle is denoted by the black solid
line. The 68% C.L. ellipse from a fit to all four constraints is depicted in yel-
low (Vud = 0.97378(26), Vus = 0.22422(36), �2/dof = 6.4/2, p-value 4.1%),
it deviates from the unitarity line by 2.8�. Note that the significance tends to
increase in case ⌧ decays are included.

Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-
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with uncertainty entirely dominated by experiment [22]. A
competitive determination requires a dedicated experimental
campaign, as planned at the PIONEER experiment [26].

The best information on Vus comes from kaon decays, K`2 =
K ! `⌫` and K`3 = K ! ⇡`⌫`. The former is typically ana-
lyzed by normalizing to ⇡`2 decays [27], leading to a constraint
on Vus/Vud, while K`3 decays give direct access to Vus when the
corresponding form factor is provided from lattice QCD [28].
Details of the global fit to kaon decays, as well as the input
for decay constants, form factors, and radiative corrections, are
discussed in Sec. 2, leading to
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= 0.23108(23)exp(42)FK/F⇡ (16)IB[51]total,

VK`3
us = 0.22330(35)exp(39) f+ (8)IB[53]total, (7)

where the errors refer to experiment, lattice input for the matrix
elements, and isospin-breaking corrections, respectively. To-
gether with the constraints on Vud, these bands give rise to the
situation depicted in Fig. 1: on the one hand, there is a ten-
sion between the best fit and CKM unitarity, but another ten-
sion, arising entirely from meson decays, is due to the fact that
the K`2 and K`3 constraints intersect away from the unitarity
circle. Additional information on Vus can be derived from ⌧
decays [29, 30], but given the larger errors [31, 32] we will
continue to focus on the kaon sector.

The main point of this Letter is that given the various ten-
sions in the Vud–Vus plane, there is urgent need for additional
information on the compatibility of K`2 and K`3 data, especially
when it comes to interpreting either of the tensions (CKM uni-
tarity and K`2 versus K`3) in terms of physics beyond the SM
(BSM). In particular, the data base for K`2 is completely dom-
inated by a single experiment [33], and at the same time the
global fit to all kaon data displays a relatively poor fit quality.
All these points could be scrutinized by a new measurement of
the Kµ3/Kµ2 branching fraction at the level of a few permil, as
possible at the NA62 experiment. Further, once the experimen-
tal situation is clarified, more robust interpretations of the en-
suing tensions will be possible, especially regarding the role of
right-handed currents both in the strange and non-strange sec-
tor. To make the case for the proposed measurement of the
Kµ3/Kµ2 branching fraction, we first discuss in detail its impact
on the global fit to kaon data and the implications for CKM uni-
tarity in Sec. 2. The consequences for physics beyond the SM
are addressed in Sec. 3, before we conclude in Sec. 4.

2. Global fit to kaon data and implications for CKM uni-
tarity

The current values for Vus and Vus/Vud given in Eq. (7) are
obtained from a global fit to kaon decays [34–37], updated
to include the latest measurements, radiative corrections, and
hadronic matrix elements. In particular, the fit includes data on
KS decays from Refs. [38–44], on KL decays from Refs. [45–
56], and on charged-kaon decays from Refs. [33, 57–70]. Since
we focus on the impact of a new Kµ3/Kµ2 measurement, e.g.,
at NA62, we reproduce the details of the charged kaon fit in
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Table 1, where, however, the value for Vus from K`3 decays in-
cludes all charge channels, accounting for correlations among
them. The extraction of Vus from K`3 decays requires further in-
put on the respective form factors, which are taken in the disper-
sive parameterization from Ref. [71], constrained by data from
Refs. [72–78]. This leaves form-factor normalizations, decay
constants, and isospin-breaking corrections in both K`2 and K`3
decays.

For K`2 we follow the established convention to consider the
ratio to ⇡`2 decays [27] (pion lifetime [62, 79–83] and branch-
ing fraction [84–87] are taken from Ref. [12]), since in this ratio
certain structure-dependent radiative corrections [88, 89] cancel
and only the ratio of decay constants FK/F⇡ needs to be pro-
vided. We use the isospin-breaking corrections from Ref. [90]
together with the Nf = 2 + 1 + 1 isospin-limit ratio of de-
cay constants FK/F⇡ = 1.1978(22) [91–94], where this aver-
age accounts for statistical and systematic correlations between
the results, some of which make use of the same lattice en-
sembles. For K`3 decays we use the radiative corrections from
Refs. [95–97] (in line with the earlier calculations [98, 99]), the
strong isospin-breaking correction �SU(2) = 0.0252(11) from
Refs. [98, 100] evaluated with the Nf = 2 + 1 + 1 quark-mass
double ratio Q = 22.5(5) and ratio ms/mud = 27.23(10), both
from Ref. [28] (the value of Q is consistent with Q = 22.1(7)
from ⌘ ! 3⇡ [101] and Q = 22.4(3) from the Cottingham
approach [102]), and the form-factor normalization f+(0) =
0.9698(17) [103, 104]. This global fit then defines the cur-

2

Vus

Vud

 K→
 μν 

/ π→
 μν 

 

(0.22%)

K→ πlν (0.25%)

unitarity0+ → 0+ (0.031%)
Neutron (0.043%)
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VC-Crivellin-Hoferichter-Moulson  2208.11707 
and references therein

β decays and CKM unitarity

• Two ‘anomalies’

• At face value point toward vertex 
corrections with Λ~10 TeV (hard to 
probe even at the HI-LUMI LHC)

dj
uig Vij

g

W e−

νe
_

ΔCKM = |Vud|2 + |Vus|2  + |Vub|2 − 1 = - 15(5)⨉10-4

VC, Dekens, de Vries, Mereghetti, Tong, 2311.00021



• IF in the 2023 NSAC Long Range Plan (NP)

• Searches for rare / SM-forbidden processes:  

• LNV: 0νββ  

• EDMs: neutron, nuclei

• Precision measurements of SM-allowed processes:

• Muon g-2   

• Weak charged current (mesons, neutron, nuclei) 

• Weak neutral current (PVES)   

• Search / characterization of light weakly coupled particles 

• Absolute neutrino mass

• Sterile neutrinos 

• Neutrino scattering 

• IF in the 2023 P5 report (HEP)** (my very rough ‘binning’)

• Searches for rare / SM-forbidden processes:  

• LFV in muon (Mu2e) and tau decays (Belle-II)

• Flavor physics:  Belle-II, LHCb

• EDMs: proton

• Precision measurements of SM-allowed processes:

• High-Luminosity LHC  (ATLAS, CMS)

• Higgs factory

• …

• Search / characterization of light weakly coupled particles 

• Neutrino oscillations 

• Forward physics facility at LHC

• …

The Intensity Frontier and the EIC

The EIC not on the map yet.
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e➖p →μ+X e➖p →𝜏+X   ?

But can directly or indirectly lead to advances in several areas. 
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Concluding comments

• Experiments at the Intensity Frontier are exploring 
uncharted territory in the search for new physics,  in 
a complementary way to other frontiers

1/Coupling 

M

vEW

• Vibrant experimental program probes 
BSM physics related to “big  questions” 

• The EIC can and should play a role in 
this exciting area 

Origin of neutrino mass

Are there new forces,                            
weaker than the weak force? 

Nature of dark matter                  
Light & weakly interacting particles

Baryon asymmetry                
(violation of B, L, CP) 

Shedding light on open questions

0νββ
Charged LFV
(μ→e, e ↔τ)

…
Quark FCNC

EDMs,  …, 
n-n oscillations

_

 p-decay

1. Rare / forbidden processes

PV electron scattering, 
Muon g-2,  β-decays,  …

2. Precision tests

Searches for dark 
bosons, axions, ALPs, 

…

Absolute ν mass, 
ν oscillations, ν scattering,,

 sterile ν,…

3. Light & weakly coupled

Intensity Frontier probes cluster around open questions*


