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• Theory overview of Rare Processes & Precision Measurements

• Three “short tales”

• 0νββ and the nature of neutrino mass

• Probing Lepton Flavor Violation with charged leptons

• Probing Cabibbo & lepton universality with light quarks 

Outline
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• 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, Higgs naturalness, Unification,…

Addressing these puzzles requires new physics

X
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vEW

Unexplored

New physics: where?

~ 250 GeV
Standard 

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

1/Coupling 
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Λ

vEW

Energy Frontier
(direct access to UV new physics)

New physics: how?
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• Complementary paths to discovery 
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1/Coupling 

• Complementary paths to discovery 

R&P Frontier
(indirect access to UV new physics)

R&P Frontier
(indirect access to UV new physics)
(direct access to light new physics)

A’ χ

χ

Full theory ← Simplified model  ←  SM-EFT → LEFT→ hadronic EFT,  LQCD,  …
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Λ

1/Coupling 

• Complementary paths to discovery 

R&P Frontier
(indirect access to UV new physics)

R&P Frontier
(indirect access to UV new physics)
(direct access to light new physics)

A’

Portal interactions: 
Vector, Neutrino, Higgs, 

Axion, … 

RF6 Summary

χ

χ
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• Three classes of new physics probes

The “Rare & Precision” frontier

1.  Searches for rare or SM-forbidden processes that probe (accidental) symmetries of the SM 
(B-L, Le,μ,τ) or specific symmetry-violation patterns of the SM (CP,  quark flavor)  

Λ

vEW
A’

R&P Frontier
(indirect access to UV new physics)
(direct access to light new physics)

χ

χ
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3.  Searches for dark sector particles and 
mediators (π+ → aeν, π+ →eN, μ→ea, … )

See Stefania Gori’s Colloquium on 7/20
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• Three classes of new physics probes

The “Rare & Precision” frontier

1.  Searches for rare or SM-forbidden processes that probe (accidental) symmetries of the SM 
(B-L, Le,μ,τ) or specific symmetry-violation patterns of the SM (CP,  quark flavor)  

Λ

vEW
A’

2.  Precision measurements of SM-allowed   
processes (theory input is crucial to claim             
discovery): lepton g-2, CC weak decays,  … 

Strong overlap and synergy of 
HEP,  NP,  AMO

R&P Frontier
(indirect access to UV new physics)
(direct access to light new physics)

χ

χ

3.  Searches for dark sector particles and 
mediators (π+ → aeν, π+ →eN, μ→ea, … )

See Stefania Gori’s Colloquium on 7/20
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Impact of R&P searches

• Discovery potential 

• Look for cracks in the SM in many promising channels:                      
a single deviation from SM expectation → new physics!  

From Hitoshi Murayama’s talk

Power of Expedition

U
ni

fie
d

T
he

or
ie

s

10181016101410121010108106104102
experimental reach [GeV]

(with significant simplifying assumptions)

LHC

quark flavor
lepton flavor

neutrino
proton deay

EDM

Energy, Rare & Precision, Neutrino
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Impact of R&P searches

• Diagnosing power   

• Multiple probes → narrow down BSM scenarios                               

• Shed light on big questions 

• Sensitivity to (1) symmetry breaking required by Sakharov’s 
conditions for baryogengesis (B,L,CP);  (2) origin of neutrino mass;  
(3) TeV-scale physics (EWSB, naturalness);  (4) dark sectors;  …     

• Discovery potential 

• Look for cracks in the SM in many promising channels:                      
a single deviation from SM expectation → new physics!  



Connection to big questions

Neutrino mass
Origin of flavor

New particles near EW scale? 
(EWSB, Higgs naturalness, …)

Nature of dark matter

Dark sector probes with  
meson decays, beam 

dump experiments, …

Searches fo axion, 
ALPs, …

…
Muon g-2

Weak CC decays 
Weak NC 
processes

0νββ

Direct ν mass 
measurements 

Quark and 
lepton FCNC Baryon asymmetry                

(B- , L-,  and CP-violation) 

EDMsp decay 
n-n oscillations

_

R&P probes of new physics cluster around open questions
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 0νββ and the
nature of neutrino mass



Neutrino mass
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• Massive neutrinos = BSM physics.  Yet,  what’s the nature of neutrino mass?

Dirac mass

Violates Le,μ,τ,  conserves L=Le+Lμ+Lτ Violates Le,μ,τ and L  (ΔL=2)

Majorana mass



Neutrino mass
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• Massive neutrinos = BSM physics.  Yet,  what’s the nature of neutrino mass?

Dirac mass

• To learn more, need ΔL=2 processes:  0νββ is the most promising** 

Violates Le,μ,τ,  conserves L=Le+Lμ+Lτ Violates Le,μ,τ and L  (ΔL=2)

Majorana mass



Neutrinoless double beta decay

Potentially observable in 
certain even-even nuclei  
(48Ca, 76Ge,136Xe, …) for 
which single beta decay is 
energetically forbidden

ΔL=2

12

mM
ν(L)

ν(R)

Simplest mechanism:  
Majorana mass term _

But not the only one! 

 Furry 1939 

2νββ

0νββ

(Ee1 + Ee2)/Q
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2νββ

0νββ

(Ee1 + Ee2)/Q

• Observation would have far-reaching implications 

Shechter-Valle 1982

• Demonstrate that neutrinos are 
Majorana fermions 

• Establish LNV,  key ingredient to generate 
baryon asymmetry via leptogenesis

Fukugita-Yanagida  1987
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1/Coupling 

Λ

vEW

0νββ physics reach
• 0νββ searches @ T1/2 >1027-28 yr will have broad sensitivity to LNV mechanisms

?
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1/Coupling 

Λ

vEW

High-scale see-saw

0νββ physics reach

dim5
Majorana 

Mass for light 
ν’s

Only low-E remnant of LNV 
is the neutrino mass

• 0νββ searches @ T1/2 >1027-28 yr will have broad sensitivity to LNV mechanisms
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1/Coupling 

Λ

vEW

High-scale see-saw

0νββ physics reach

Left-Right SM
RPV SUSY

...

• 0νββ searches @ T1/2 >1027-28 yr will have broad sensitivity to LNV mechanisms

These contributions can compete if scale is 
not too high (10-100 TeV) and lead to new 

mechanisms at the nuclear scale 
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1/Coupling 

Λ

vEW

High-scale see-saw

0νββ physics reach

Left-Right SM
RPV SUSY

...

Light sterile ν’s
[neutrino portal] 

• 0νββ searches @ T1/2 >1027-28 yr will have broad sensitivity to LNV mechanisms

 Light (nearly sterile) Majorana 
neutrinos
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1/Coupling 

Λ

vEW

High-scale see-saw

0νββ physics reach

Left-Right SM
RPV SUSY

...

Light sterile ν’s
[neutrino portal] 

• 0νββ searches @ T1/2 >1027-28 yr will have broad sensitivity to LNV mechanisms

Λχ ~ GeV

kF ~ 100 MeV

T1/2  ∝ (mW/Λ)A  (Λχ/mW)B  (kF/Λχ)C

SMEFT LEFT Chiral EFT

• Multi-scale problem best tackled through 
‘end-to-end’ EFT: only chance to achieve 
controllable uncertainty

• Importance of GeV threshold!  

• Synergy of  EFT, Lattice QCD,  and first-
principles nuclear structure  

White paper 2203. 21169 and refs therein
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High-scale seesaw (1) 

• 0νββ can be predicted in terms of  ν mass parameters:  Γ∝|M0ν|2 (mββ)2



Inverted Ordering
Normal 

Ordering

Bands: unknown 
Majorana phases
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Inverted Ordering
Normal 

Ordering

Bands: unknown 
Majorana phases

Assuming current range for matrix elements, discovery @ ton-scale possible for 
inverted spectrum or mlightest > 50 meV

KamLAND-Zen 2203.02139
Assume range for 

nuclear matrix 
elements from 

different nuclear 
calculations  

Ton scale
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High-scale seesaw (1) 

Beyond ton scale target

Natural (but challenging!) beyond ton-scale target is mββ ~ meV

• 0νββ can be predicted in terms of  ν mass parameters:  Γ∝|M0ν|2 (mββ)2



Cosmology 

• High scale seesaw implies falsifiable correlations with other ν mass probes                    

Tritium β decay0νββ decay

15

High-scale seesaw (2)
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Tritium β decay0νββ decay

15

KATRINProject8
Ton scale Ton scale

Planck 
1807.06209

(95% CL limit)

High-scale seesaw (2)



Cosmology 

• High scale seesaw implies falsifiable correlations with other ν mass probes                    

Tritium β decay0νββ decay

15

KATRINProject8
Ton scale Ton scale

Planck 
1807.06209

(95% CL limit)

High-scale seesaw (2)

These tests need improved matrix elements! 



• Insight from EFT:  new NN contact interaction to leading order in  Q/Λχ

(Recent theoretical developments)

16

gν  

νM 

d u

d u

νM    Q~kF~mπ  
Λχ~GeV

  VC, W. Dekens, J. de Vries, M. Graesser,               
 E. Mereghetti,  S. Pastore, U. van Kolck  1802.10097
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(Recent theoretical developments)
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gν  

νM 

d u

d u

νM    Q~kF~mπ  
Λχ~GeV

• gν estimated through dispersive analysis [1] and used  
in first-principles calculation [2] of 48Ca →48Ti: 
contact term enhances n.m.e.  by ~50%  
[1] VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371
[2] Wirth, Yao, Hergert,  2105.05415 
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 E. Mereghetti,  S. Pastore, U. van Kolck  1802.10097
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(Recent theoretical developments)
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gν  

νM 

d u

d u

νM    Q~kF~mπ  
Λχ~GeV

• gν estimated through dispersive analysis [1] and used  
in first-principles calculation [2] of 48Ca →48Ti: 
contact term enhances n.m.e.  by ~50%  
[1] VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371
[2] Wirth, Yao, Hergert,  2105.05415 

  Future progress requires theoretical activity at the interface of 
EFT, lattice QCD, and nuclear structure 

  VC, W. Dekens, J. de Vries, M. Graesser,               
 E. Mereghetti,  S. Pastore, U. van Kolck  1802.10097



TeV-scale LNV (1)

• TeV-scale LNV induces contributions to 0νββ not directly related to the 
exchange of light neutrinos, within reach of planned experiments

17

M2,3 = 1 TeV

Example: left-right symmetric model 
with type-II seesaw

Tello-Nemevesek-
Nesti-Senjanovic-
Vissani 1011.3522

 
Ge-Lindner-Patra  

1508.07286
…
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• May lead to correlated (and possibly precursor!) signal at LHC:  pp →ee jj 

TeV-scale LNV (2)

Keung-Senjanovic ’83
…

Peng,  Ramsey-Musolf,  
Winslow, 1508.0444 

…
Cai, Han, Li, Ruiz 

1711.02180
…

pp →eejj

Simplified model 

Hadronic / nuclear 
uncertainty 

• LHC searches important to unravel origin of LNV and implications for letpogenesis  
Deppisch-Harz-Hirsch 1312.4447,   Deppisch-Graf-Harz-Huang 1711.10432, … 



• Ton-scale experiments with different 
isotopes and technologies under way, 
with sensitivity up to T1/2 ~1028 yr

Experimental landscape

19

2.2.1 CUPID625

The CUORE Upgrade with Particle Identification (CUPID) [100] is a future upgrade to the Cryo-626

genic Underground Observatory for Rare Events (CUORE), a multinational collaborative effort to627

detect lepton number violation through the 0⌫�� of 130Te. Approximately one-third of the insti-628

tutions in CUPID are U.S. universities and national laboratories involving faculty, students, and629

research scientists across the United States, with responsibilities in management, remote monitor-630

ing and operations, detector design and R&D, sensor testing, software development, and modeling631

detector performance.632

The baseline design for CUPID features an array of 1596 scintillating crystal bolometers and 1710633

light detectors, each instrumented with germanium neutron transmutation doped (NTD) sensors,634

and organized into 57 towers. While the current design is based on a full complement of Li2MoO4635

(LMO) crystals, one of the key scientific features of the detector design is the ability to flexibly636

incorporate multiple isotopes. The new detector will be installed in an upgraded cryostat at Gran637

Sasso National Laboratories (LNGS), taking advantage of the existing infrastructure and facilities638

developed for use in CUORE.639

CUPID builds on the success of the CUORE, CUPID-0, CUPID-Mo, and CROSS experiments,640

including years-long, stable operation of the CUORE detector at base temperatures on the order of641

10 mK. In addition to the current work on CUPID, a future, ton-scale version of the CUPID concept,642

Figure 8: Photos of some of the current generation of 0⌫�� experiments described in this report.

22

• Post-discovery  → ‘diagnosing phase’:  isotope dependence [*], single electron 
spectra and angular distribution.   [*] Need improved matrix elements! 

• Continue the ‘search phase’:  T1/2 ~1030 yr well motivated target

• Extending the reach is motivated for either outcome of ton-scale program: 
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• Post-discovery  → ‘diagnosing phase’:  isotope dependence [*], single electron 
spectra and angular distribution.   [*] Need improved matrix elements! 

• Continue the ‘search phase’:  T1/2 ~1030 yr well motivated target

• Extending the reach is motivated for either outcome of ton-scale program: 
0νββ experiments offer significant discovery opportunity:   

we simply don’t know the origin of mν and the scale Λ associated with LNV 

Broader output of these experiments: 
new physics in 2νββ (Majorons, …), dark matter searches, … 
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Probing 
Lepton Flavor Violation               
with charged leptons
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• ν oscillations ⇒ Le,μ,τ  not conserved  

• In SM + massive ν,  Charged-LFV decays suppressed to unobservable level:   

LFV and new physics

νi

γ

• Clean probe of BSM physics

• Related to origin of neutrino mass

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

Ex: Type-II seesaw
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LFV probes across energy scales

• Decays of μ, τ (and mesons) 

22

Modified from 
Calibbi-Signorelli

1709.00294
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Figure 1. – Limit on the branching ratio of flavour violating muon decays as a function of the
year. The three main clusters correspond to the usage of cosmic ray muons (until the 1950s),
stopped pion beams (until the 1970s) and stopped muon beams. Presently the best limit is that
on the µ+

! e+� decay set by the MEG experiment [49].

searching for Charged Lepton Flavour Violation (CLFV) is the aim of the present review.
We first give a theoretical introduction to set the stage and to see in a more formal and
detailed way what we mentioned above, as well as to discuss how and why Lepton Flavour
can be violated in extensions of the Standard Model: what, in other words, makes CLFV
processes so sensitive to new physics.

We will then review the general aspects of the experimental searches and discuss
some of the present and planned experiments with particular emphasis on the transition
between the first and the second family of leptons. To this class, in fact, belong the
three most searched modes – µ+

! e+� (“mu-to-e-gamma”), µ�N ! e�N (“mu-e-
conversion”), and µ+

! e+e�e+ (“mu-to-three-e”) – due to the copious availability of
the parent particle in the cosmic radiation first and at dedicated accelerators afterwards.
The history of the limit on the probability of these processes is shown in Figure 1, which
starts with the first experiment performed by Hinks and Pontecorvo in 1947 [259]. They
stopped cosmic ray muons in a lead absorber and measured the coincidence between
signals from two Geiger-Müller counters: having seen no such coincidence they gave as
a limit essentially the inverse of the number of observed muons. The limits on the three
processes improved as artificial muons were produced, stopping pion beams first (until
the 1970s) and starting directly with muon beams afterwards.

These experiments give the best constraints to date to possible extensions of the Stan-
dard Model inducing CLFV, therefore they play a prominent role in this review. There
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3.1. Phenomenology of Muonium Oscillations
In order to determine experimental observables related to Mµ � Mµ oscillations, we recall

that the treatment of the two-level system that represents muonium and antimuonium is
similar to that of meson-antimeson oscillations [1,19,20]. There are, however, several important
differences. First, both ortho- and para-muonium can oscillate. Second, the SM oscillation
probability is tiny, as it is related to a function of neutrino masses, so any experimental indication
of oscillation would represent a sign of new physics.

In the presence of the interactions coupling Mµ and Mµ, the time development of a
muonium and anti-muonium states would be coupled, so it would be appropriate to consider
their combined evolution,

|y(t)i =
✓

a(t)
b(t)

◆
= a(t)|Mµi+ b(t)|Mµi. (9)

The time evolution of |y(t)i evolution is governed by a Schrödinger-like equation,
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where
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ik
is a 2 ⇥ 2 Hamiltonian (mass matrix) with non-zero off-diagonal terms

originating from the DL = 2 interactions. CPT-invariance dictates that the masses and widths
of the muonium and anti-muonium are the same, so m11 = m22, G11 = G22. In what follows,
we assume CP-invariance of the DLµ = 2 interaction1. Then,

m12 = m⇤

21, G12 = G⇤

21. (11)

The off-diagonal matrix elements in Equation (11) can be related to the matrix elements of
the effective operators introduced in Section 1, as discussed in [1,19],
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To find the propagating states, the mass matrix needs to be diagonalized. The basis in
which the mass matrix is diagonal is represented by the mass eigenstates |Mµ1,2i, which are
related to the flavor eigenstates Mµ and Mµ as

|Mµ1,2i =
1
p

2

⇥
|Mµi ⌥ |Mµi

⇤
, (13)

where we employed a convention where CP|Mµ±i = ⌥|Mµ±i. The mass and the width
differences of the mass eigenstates are

Dm ⌘ M1 � M2, DG ⌘ G2 � G1. (14)

Here, Mi (Gi) are the masses (widths) of the physical mass eigenstates |Mµ1,2i.
It is interesting to see how the Equation (12) defines the mass and the lifetime differences.

Since the first term in Equation (12) is defined by a local operator, its matrix element does not
develop an absorptive part, so it contributes to m12, i.e., the mass difference. The second term
contains bi-local contributions connected by physical intermediate states. This term has both
real and imaginary parts and thus contributes to both m12 and G12.
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3.1. Phenomenology of Muonium Oscillations
In order to determine experimental observables related to Mµ � Mµ oscillations, we recall

that the treatment of the two-level system that represents muonium and antimuonium is
similar to that of meson-antimeson oscillations [1,19,20]. There are, however, several important
differences. First, both ortho- and para-muonium can oscillate. Second, the SM oscillation
probability is tiny, as it is related to a function of neutrino masses, so any experimental indication
of oscillation would represent a sign of new physics.

In the presence of the interactions coupling Mµ and Mµ, the time development of a
muonium and anti-muonium states would be coupled, so it would be appropriate to consider
their combined evolution,

|y(t)i =
✓

a(t)
b(t)

◆
= a(t)|Mµi+ b(t)|Mµi. (9)

The time evolution of |y(t)i evolution is governed by a Schrödinger-like equation,
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where
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is a 2 ⇥ 2 Hamiltonian (mass matrix) with non-zero off-diagonal terms

originating from the DL = 2 interactions. CPT-invariance dictates that the masses and widths
of the muonium and anti-muonium are the same, so m11 = m22, G11 = G22. In what follows,
we assume CP-invariance of the DLµ = 2 interaction1. Then,

m12 = m⇤

21, G12 = G⇤

21. (11)

The off-diagonal matrix elements in Equation (11) can be related to the matrix elements of
the effective operators introduced in Section 1, as discussed in [1,19],
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To find the propagating states, the mass matrix needs to be diagonalized. The basis in
which the mass matrix is diagonal is represented by the mass eigenstates |Mµ1,2i, which are
related to the flavor eigenstates Mµ and Mµ as
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where we employed a convention where CP|Mµ±i = ⌥|Mµ±i. The mass and the width
differences of the mass eigenstates are

Dm ⌘ M1 � M2, DG ⌘ G2 � G1. (14)

Here, Mi (Gi) are the masses (widths) of the physical mass eigenstates |Mµ1,2i.
It is interesting to see how the Equation (12) defines the mass and the lifetime differences.

Since the first term in Equation (12) is defined by a local operator, its matrix element does not
develop an absorptive part, so it contributes to m12, i.e., the mass difference. The second term
contains bi-local contributions connected by physical intermediate states. This term has both
real and imaginary parts and thus contributes to both m12 and G12.
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3.1. Phenomenology of Muonium Oscillations
In order to determine experimental observables related to Mµ � Mµ oscillations, we recall

that the treatment of the two-level system that represents muonium and antimuonium is
similar to that of meson-antimeson oscillations [1,19,20]. There are, however, several important
differences. First, both ortho- and para-muonium can oscillate. Second, the SM oscillation
probability is tiny, as it is related to a function of neutrino masses, so any experimental indication
of oscillation would represent a sign of new physics.

In the presence of the interactions coupling Mµ and Mµ, the time development of a
muonium and anti-muonium states would be coupled, so it would be appropriate to consider
their combined evolution,

|y(t)i =
✓

a(t)
b(t)

◆
= a(t)|Mµi+ b(t)|Mµi. (9)

The time evolution of |y(t)i evolution is governed by a Schrödinger-like equation,
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where
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m � i G
2

⌘

ik
is a 2 ⇥ 2 Hamiltonian (mass matrix) with non-zero off-diagonal terms

originating from the DL = 2 interactions. CPT-invariance dictates that the masses and widths
of the muonium and anti-muonium are the same, so m11 = m22, G11 = G22. In what follows,
we assume CP-invariance of the DLµ = 2 interaction1. Then,

m12 = m⇤

21, G12 = G⇤

21. (11)

The off-diagonal matrix elements in Equation (11) can be related to the matrix elements of
the effective operators introduced in Section 1, as discussed in [1,19],
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To find the propagating states, the mass matrix needs to be diagonalized. The basis in
which the mass matrix is diagonal is represented by the mass eigenstates |Mµ1,2i, which are
related to the flavor eigenstates Mµ and Mµ as

|Mµ1,2i =
1
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, (13)

where we employed a convention where CP|Mµ±i = ⌥|Mµ±i. The mass and the width
differences of the mass eigenstates are

Dm ⌘ M1 � M2, DG ⌘ G2 � G1. (14)

Here, Mi (Gi) are the masses (widths) of the physical mass eigenstates |Mµ1,2i.
It is interesting to see how the Equation (12) defines the mass and the lifetime differences.

Since the first term in Equation (12) is defined by a local operator, its matrix element does not
develop an absorptive part, so it contributes to m12, i.e., the mass difference. The second term
contains bi-local contributions connected by physical intermediate states. This term has both
real and imaginary parts and thus contributes to both m12 and G12.
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(Will not discuss the interesting case of ALPs with LFV couplings, see Calibbi et al.  2006.04795)
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What scales are we probing? 

BRα→β ~ (vew/Λ)4∗|(Cn)αβ|2
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EFT framework

𝜿𝜿𝑫𝑫 = 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄(𝜽𝜽𝑫𝑫 − ⁄𝝅𝝅 𝟐𝟐)

κD: relative strength of dipole vs four-
fermion operators (inspired from the 
“κ parameterization” in 1303.0497)

|κD |<< 1 dipole dominant
|κD| >> 1 four-fermion dominant

Reach on NP mass scale of past and future experiments as a function of κD

A systematic way of deriving the reach / complementarity of the main muon reactions

S . Davidson, B E , 2204.00564 

µN→ eN µ → eee µ → eγ

1e-16 (Al)

1e-18 (Al)

1e-15 (Al)

1e-16
1e-14

1e-12

7e-13 (Au)
4e-13

Upcoming experiments will probe 
NP mass scale above 104 TeV

over a large fraction of the 
parameter space

• Very high scale probed!

• Notion of  ‘best probe’ is 
model-dependent

• Discovery opportunities in 
current and planned searches

5

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.
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• Sensitivity is dominated by low-energy muon decay / conversion 
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B(µ → e,Z)
B(µ → eγ)

O(α/π)

Z

Dipole dominance

2

Introduction. Lepton flavor violation (LFV) has
been identified long ago as an excellent probe of physics
beyond the Standard Model (SM) [1]. Several experi-
ments will soon increase the sensitivity in many chan-
nels by orders of magnitude. In the muon sector, the
most promising LFV signatures are µ ! e� (probed
by the MEG II experiment [2]), µ ! eeē (Mu3e [3]),
and µ-to-e conversion in nuclei (DeeMe [4], COMET [5],
and Mu2e [6]). Mu2e in particular aims to reach a
µ� + 27

13Al ! e� + 27
13Al single-event sensitivity of 3 ⇥

10�17, roughly four orders of magnitude beyond existing
bounds [6, 7]. The potential upgrade Mu2e-II at FNAL
aims to improve Mu2e’s sensitivity by yet another order
of magnitude [8, 9].

Theoretical motivations. Theoretical motivation
for LFV is plentiful [10]; most notably, the observation of
neutrino oscillations already proved that lepton flavor is
not conserved! The absence of LFV in the SM is acciden-
tal because of the minimal particle content. Extending
the SM by new particles then often leads to LFV unless
new symmetries are imposed [11]. Such extensions are
well motivated as explanations for neutrino masses or the
hierarchy problem and might even be linked to hints for
new physics in the muon’s magnetic moment [12, 13] or in
leptonic B-meson decays [14, 15]. Correspondingly, the
non-observation of LFV at upcoming experiments would
put strong constraints on many models, including super-
symmetric extensions, and provide critical information
about our fundamental understanding of nature [10].

Mu2e(-II)’s reach makes it indirectly sensitive to very
heavy new particles. In an e↵ective-field-theory approach
heavy particles match onto non-renormalizable operators
that are suppressed by powers of a scale ⇤ that is related
to the large masses. For example, a single dimension-six
LFV operator ē�↵PLµ d̄�↵d/⇤2 would induce a µ-to-e
conversion rate in aluminium of order [16]

�(µ�Al ! e�Al)

�(µ capture)
' 3⇥ 10�18

✓
1.5⇥ 107 GeV

⇤

◆4

,

which means that Mu2e-II is sensitive to new particles as
heavy as 104 TeV, far out of reach of any currently pro-
posed collider! Mu2e-II will of course also be sensitive
to many other operators and models and provide infor-
mation complementary to the results of Mu3e and MEG
II [16, 17]. In the event of an observation of LFV in any
of these experiments the others will help to pin down the
underlying new physics responsible for it.

Stopping target. Mu2e(-II) will use 27
13Al as a stop-

ping target, but can also study conversions in a di↵erent
material in case a signal is observed. This requires ded-
icated studies to analyze not only the ideal experimen-
tal properties a target should have (such as the e↵ective
muon lifetime and capture rate) but also to maximize
complementarity with the aluminium target. Using dif-
ferent target materials opens the possibility to probe the
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FIG. 1: Z dependence of µ ! e conversion rates for some
example scenarios taken from Refs. [18, 20].

(A,Z) and nuclear-spin dependence of the µ-to-e conver-
sion rate and thus distinguish underlying models.

Calculations of the Z-dependence of di↵erent operators
have been performed, e.g. in Refs. [18, 19]. Dedicated
studies on how to distinguish new physics operators with
di↵erent targets can be found in Refs. [17, 20], concluding
that it is best to study one light (e.g. Al) and one heavy
nucleus (e.g. Pb or Au), as shown in Fig. 1. In Mu2e(-
II) such heavy nuclei are di�cult because the muon life-
time goes down drastically (from 864 ns in Al to 75 ns in
Pb [21]) and thus worsens the pion background. Using
two light nuclei still allows to distinguish operators but
requires better precision [20]. Ref. [17] points out that
Lithium 7

3Li as a second target still has good discrimina-
tory power despite being light, making it a worthwhile
target candidate to study in better detail.

Most studies focus on coherent spin-independent (SI)
µ ! e conversion, featuring a welcome ⇠ A2 enhance-
ment in the rate. However, there exist µeqq operators
that lead to spin-dependent (SD) conversion [22, 23]. In-
cluding higher-order corrections these operator will al-
ways also induce SI µ ! e conversion that can then often
dominate due to the A2 enhancement. Still, it is in prin-
ciple possible that SD dominates over SI, a possibility
that can be studied using target nuclei of di↵erent spin.
Aluminium carries spin J = 5/2 and is thus sensitive to
both SI and SD processes. In case of a positive signal on
Al one would then need to measure µ ! e on a light nu-
cleus with di↵erent spin in order to distinguish SD from
SI [23]; heavy nuclei are unlikely to be sensitive to SD
because the higher-order—but A2-enhanced—SI e↵ects
should dominate. Titanium is a good choice here because
it is light and comes in isotopes of di↵erent spin. 48

22Ti
has spin 0 and a natural abundance of 74%; SI operators
would induce roughly the same rate as in Al, whereas
SD would lead to a vanishing rate. In the latter case,
one could enrich the target with 47

22Ti or
49
22Ti, both of

Z

https://www.snowmass21.org/docs/files/
summaries/RF/ SNOWMASS21-
RF5_RF0-TF6_TF0_Heeck-043.pdf 

Kitano-Koike-Okada hep-ph/0203110,    VC-Kitano-Okada-Tuzon 0904.0957,   Heek-Szafron-Uesaka 2203.00702, …  

https://arxiv.org/abs/hep-ph/0203110
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μ-e sector:  h vs μ decays
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VC, Fuyuto, Ramsey-Musolf, Rule 2203.09547 

BR(μ→e, Al) / BR(μ→eγ) = 8.7(3) 10-3

BR(μ→e,Ti) / BR(μ→e,Al) = 1.5(1)

• Example: Higgs-mediated LFV

• μ→eγ is currently probing |Yμe |~ 10-6                          

(BR(h→μe) < 10-9) 

• Correlated signals in μ→e transitions 

Harnik-Kopp-Zupan  1209.1397, … 
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• For certain operators, Higgs decay and LFV Drell-Yan compete 

VC-Fuyuto-Lee-Mereghetti-Yan  2102.06176

(Similar pattern for τ-μ,  without EIC)

Figure 12. Upper limits on �e
�,Z , Y 0

e , c(1,3)L' and ce' from the EIC (light green, left), LHC (blue,
middle) and low-energy observables (pink, right). The rightmost vertical axis depicts the lower
limit on the scale of new physics. The darker green bar overlaid on the light green one is the
expected sensitivity in hadronic ⌧ decays at the EIC assuming the e�ciency is 100% with no SM
backgrounds.

sensitive to this operator, leading to weak limits from the LHC. The EIC can in

principle provide better constraints, but, even in the most optimistic scenario, they

would be three orders of magnitude weaker than from ⌧ ! e�.

• Similarly, the Z dipole �e

Z
is most strongly constrained by ⌧ ! e�, via RGE running.

The second best limit is currently from Z ! e⌧ at the LHC. To be competitive with

⌧ ! e�, however, the branching ratio BR(Z ! e⌧) needs to reach the prohibitive

level of 2 · 10�11.

• The most severe limit on non-standard Yukawa couplings [Y 0
e ]⌧e originates from the

ATLAS search for h ! ⌧e [59]. The strongest low-energy limit on [Y 0
e ]⌧e comes from

⌧ ! e�, which is roughly a factor of five weaker than the LHC. The EIC can at best

probe Yukawa couplings of order one.

• The constraints on the Z couplings c(1)
L'

+ c(3)
L'

and ce' are dominated by ⌧ ! e⇡+⇡�,

which limits these couplings to be less than 4 · 10�4, corresponding to a new physics

scale of 10 TeV. High-invariant mass Drell-Yan is not sensitive to these couplings,

since the cross section shows the same dependence on
p
S as the SM. The best LHC

limit therefore comes from Z ! e⌧ . A measurement of the Z ! e⌧ branching ratio

– 57 –

Figure 13. Upper limit on CLd (leftmost axis) and lower limit on new physics scale ⇤ (rightmost
axis) from the EIC (left), LHC (middle) and low-energy observables (right). The symbol “ ⇤ ”
indicates indirect bounds discussed in Sec. 8. For the EIC expected sensitivity, the light green bar
corresponds to the result in Table 7, while the dark green one represents the case in hadronic tau
decay mode assuming ✏nb = 1 with nb = 0 in Tables 3 – 5.

Figure 14. Upper limit on CLu (leftmost axis) and lower limit on new physics scale ⇤ (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in Table 7,
while the dark green one represents the case in hadronic tau decay mode assuming ✏nb = 1 with
nb = 0 in Tables. 3 – 5.
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Single operator analysis

μ, τ

What is the EIC discovery potential?

• Address question within the model-independent SM-EFT,  given √S< vew  

• Need to compare sensitivity of EIC and other probes (μ, τ decays,…)

The EIC is an 
intensity frontier 

machine!
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D D V,L V,R

h→τe
Z→τe Z→τe Z→τe

pp→τe +X

Z→τe

Figure 2. The DIS process induced by CLFV SMEFT operators. The gray blob represents
arbitrary CLFV interactions mediating ep ! ⌧X.

which will let us do the qT integral (using also azimuthal symmetry). In the end, our

formula Eq. (4.3) becomes

d�

dx dy
=

y

32⇡2

X

X

��M(`p ! `0X)
��2 (2⇡)4�4(P + q � pX) , (4.6)

where the value of q has been fixed by the above delta function integrals, e.g. in frames

where P takes the form in Eq. (4.4), we have

q =
yS

n̄z ·P

n̄z

2
� xyn̄z ·P

nz

2
+Q

p
1� y n̂T , (4.7)

where n̂T is a unit vector in any direction transverse to nz (azimuthally symmetric).

Eq. (4.6) is our basic starting formula for a DIS cross section.

The bulk of our calculations will come in evaluating the squared amplitudes |M|
2 in

the presence of arbitrary SMEFT operators that can mediate the process `P ! `0X, where

primarily we shall be interested in ` = e and `0 = ⌧ as in Fig. 2. All of the operators or

channels we consider give amplitudes that can be expressed in a form,

M(`p ! `0X) =
X

I

CI

⌦
`0(k0)

��OI

lep |`(k)i hX| O
I

had |p(P )i , (4.8)

where each operator is factored into a leptonic and hadronic part, the two parts containing

the relevant leptonic and hadronic fields:

Olep ⇠ ¯̀0�I

l
` , Ohad ⇠ q̄f 0�I

h
q̄f , G↵�Gµ⌫ , (4.9)

and in general we will lump constant prefactors into Olep. Here �l,h are any allowed Dirac

matrix structures, and the gluon field indices may be contracted in di↵erent ways, e.g.

GG,G eG. These e↵ective operators may also arise from contractions of other operators, in

which case relevant propagators or other factors are lumped into the coe�cients. In the

sum over operator structures I, any appropriate contractions over Dirac or flavor indices

are understood.

With amplitudes of the form Eq. (4.8), the cross section Eq. (4.6) also factors into

leptonic and hadronic structures,

d�

dx dy
=

X

IJ

LIJ ⌦WIJ , (4.10)

– 12 –

LFV DIS @ EIC
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• For many other operators, bounds dominated by τ (and B) decays 

(Similar pattern for τ-μ,  without EIC)
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machine!
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bounds from Belle II in Table 1, the projected luminosity of the HL-LHC, and a more
realistic estimate of the EIC sensitivity, along the lines discussed in Section 5.3.

As an example, in Figure 4 we show the limits on a down-type four-fermion operator,
CLd, which couples left-handed leptons to right-handed quarks, and on the photon dipole
operator �e

�
. These operators are defined as

Le↵ � [CLd]ijOLd = [CLd]ij
4GF
p
2
¯̀
⌧�

µ`ed̄i�µdj, Le↵ � �e

�
Oe

�
= �e

�

e

2v
⌧̄L�

µ⌫eRFµ⌫ , (2)

where [CLd]ij is an arbitrary matrix in quark-flavor space, and the factors of GF and v
are inserted to make the Wilson coe�cients dimensionless. To obtain the bounds in Fig.
4, we assume that a single operator at a time is turned on at the high scale ⇤ ⇠ 1 TeV,
we consider its renormalization group evolution (RGE) to the scales probed at the LHC
and EIC and then further evolve it down to a low-energy scale µ ⇠ 2 GeV. In this way,
operators with heavy quarks such as [CLd]bb generate contributions to light-quark operators
that can be probed in ⌧ decays, e.g. via ⌧ ! e⇡⇡.

The leftmost and rightmost vertical axes in Fig. 4 depict the upper bounds on the
LFV operator and lower bounds on the scale ⇤ obtained by taking 4GFC/

p
2 = 1/⇤2.

While the green (left) bars correspond to the EIC-expected sensitivity, the blue (middle)
and pink (right) bars represent the limits from the LHC and low-energy LFV ⌧ and B
meson decays. We next discuss in details how the limits were obtained.

The light pink bars denote existing low-energy bounds, and are labeled by the decay
mode that gives the strongest limit. The relevant ⌧ decay channels are listed in Table
1, and are dominated by Belle and BaBar. Operators that are both LFV and quark-
flavor-changing, such as [CLd]bd and [CLd]bs, are constrained by B ! ⌧e, B ! ⇡⌧e and
B ! K⌧e [114]. These channels are currently dominated by BaBar [111, 115], but will be
further studied at Belle II and LHCb. Heavy quark operators ( [CLd]bb) can also be probed
via ⌥(nS) ! e⌧ . The limits that can be inferred from Refs. [112, 116] are however weaker
than ⌧ decays. Bounds on selected lepton flavor violating decays of heavy particles decaying
into ⌧ are shown in Table 2. Finally, the asterisk mark in orange represents bounds from
charged current processes (e.g. ⇡ ! e⌫⌧ ), or meson decays to two neutrinos (K ! ⇡⌫̄e⌫⌧
and B ! K⌫̄e⌫⌧ ). For certain SMEFT operators, these processes are correlated to ⌧ -e
transitions by gauge invariance. Since the flavor of the neutrino is not resolved and these
processes have SM background, we dub the resulting bounds as “indirect”. In the case of
the CLd operator, [CLd]ds and [CLd]sd would induce large corrections to K ! ⇡⌫̄⌫ and are
constrained to be less that 10�5 by the NA62 and KOTO experiments [117,118]. This limit
is stronger than the direct limit from ⌧ ! eK⇡. [CLd]bd, db and [CLd]bs, sb are constrained to
be O(10�3) by B ! ⇡⌫⌫ and B ! K⌫⌫, with the strongest limit coming from Belle [119]
and BaBar [120].

The dark pink bars are obtained using the projected sensitivity of Belle II, shown
in Table 1. With 50 ab�1, Belle II will probe the BRs of ⌧ ! e decays at the O(10�9)-
O(10�10) level, improving the current limits on SMEFT coe�cients by a factor of 5 to 10.
While we have referred here to the projected sensitivity of Belle II, STCF and FCC-ee
could also give competitive limits as discussed in previous sections.
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7 Multi-probe analysis of ⌧ CLFV

7.1 ⌧ ! e transitions

Figure 4: Upper limits on [CLd]⌧e and �e

�
operators from the EIC (green, left), LHC

(blue, middle) and low-energy ⌧ and B meson decays (pink, right). The rightmost vertical
axis depicts the lower limit on the scale of new physics ⇤. The light pink and blue bars
denote existing limits from ⌧ and B decays from the B-factories and other low energy
experiments, and from LFV Drell Yan at the LHC, respectively. The darker blue and pink
bars overlaid on the lighter ones are the expected sensitivity at the HL-LHC and Belle II.
Indirect bounds originating from charged-current decays and meson decays to neutrinos
are indicated by an asterisk in orange.

We present here constraints on CLFV e-⌧ operators from low- and high-energy experi-
ments based on the SMEFT analysis in [29], which we updated to include the projected
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• Smaller samples of taus compared to muons ⇒ BRτ ~10-8 while BRμ ~10-13  

Probing the flavor-breaking pattern: μ vs τ
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• Well motivated flavor-breaking patterns (leptonic MFV, GUTs, U(2) 
symmetries, …) suppress μ → e compared to τ → μ:  

Leptonic MFV:            BR(μ → eγ) / BR(τ → μγ) ~ s132 ~ 10-2

GUT models:             BR(μ → eγ) / BR(τ → μγ)  ~  |Vus|6  ~ 10-4
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• Interesting case:  U1 (3,1,2/3) vector leptoquark accounts for B ‘anomalies’

• Fitting low-energy data sets the scale ⇒  preferred ranges for LFV tau (and B) 
decays not far from current limits

• Also testable at the LHC through U1 pair production and pp → ττ + X

Connection with LFU in B decays
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Figure 4.1: Preferred 1� and 2� regions for LFV processes resulting from the low-energy fit in the
U1 simplified model for �b⌧

R = 0 (orange) and �b⌧
R = �1 (purple). The gray bands show the 95% CL

experimental exclusion limits. In the x�axis of the left plot only the more stringent exclusion band
from Bs ! ⌧�µ+ is shown.

Bs ! ⌧�µ+, ⌧ ! µ� and ⌧ ! µ� (Figure 4.1), and the rare B(s) decays into di-tau final states
B(s) ! ⌧+⌧� and B ! K⌧+⌧� (see Figure 4.2). With the exception of ⌧ ! µ�, all these observables
are dominated by the tree-level contribution from the U1 exchange. The radiative decay ⌧ ! µ� is
generated at the loop level, but for �b⌧

R = �1 it is completely dominated by the contribution due to
b-quark running inside the loop (see Section 4.2), and is therefore insensitive to the UV completion
of the model. The explicit expressions of the amplitudes in terms of the U1 couplings are reported in
the Appendix A. It is worth recalling that we used the present bounds on all these observables but
B ! ⌧+⌧� (which does not yield significant constraints on the parameter space) to determine the
best fit points. As a consequence, Figure 4.1 and Figure 4.2 do not show unbiased predictions, but
rather expected ranges for the observables, taking into account all the available information on the
allowed parameter space of the model. As can be seen from these plots, the case with large |�b⌧

R | leads
to predictions for Bs ! ⌧+⌧�, B ! K⌧+⌧�, Bs ! ⌧�µ+, and ⌧ ! µ� close to present bounds. In
the dilepton modes, this is because of the chiral-enhancement of the corresponding hadronic matrix
element while for ⌧ ! µ�, this occurs because of the large loop-induced amplitude. This observable
is not shown for �b⌧

R = 0 since in this case it is well below present bounds and sensitive to the details
of the UV completion, see Section 4.2.

We recall that the two benchmarks we have chosen for �b⌧
R are representative of two extreme

options. In gauge models, the näıve expectation is |�b⌧
R | = 1, but with a suitable mixing with right-

handed vector-like fermions it is possible to achieve smaller values. A possible detection of Bs ! ⌧�µ+

would therefore represent a key ingredient to determine the size of |�b⌧
R |. An important role is also

played by ⌧ ! µ�, which is a very promising LFV observable for the LHC and Belle II experiments,
and which does not lie far from present bounds in the pure left-handed case [110, 111]. In the right
panel of Figure 4.2 we show the predictions of B(B ! ⌧+⌧�) vs. B(Bs ! ⌧+⌧�). The ratio of these
two rates is controlled by �d⌧

L /�s⌧
L , and would therefore be an ideal probe to test the assumption of

minimal breaking of the U(2)5 flavor symmetry in the 1–3 sector, in the scenario with sizable right-
handed couplings. In the pure left-handed case, subleading U(2)5 breaking terms could be tested via
the LFU ratio R⇡ = B(B+

! ⇡+µ+µ�)/B(B+
! ⇡+e+e�) [52, 112], which would allow us to probe
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panel of Figure 4.2 we show the predictions of B(B ! ⌧+⌧�) vs. B(Bs ! ⌧+⌧�). The ratio of these
two rates is controlled by �d⌧

L /�s⌧
L , and would therefore be an ideal probe to test the assumption of

20

Figure 4.1: Preferred 1� and 2� regions for LFV processes resulting from the low-energy fit in the
U1 simplified model for �b⌧

R = 0 (orange) and �b⌧
R = �1 (purple). The gray bands show the 95% CL

experimental exclusion limits. Future projections (rescaled to 95% CL) are denoted by dashed lines.
In the x�axis of the left plot only the more stringent exclusion band from Bs ! ⌧�µ+ is shown.

4.1 UV-insensitive low-energy observables

Several low-energy observables can be predicted directly using the results of the U1 simplified model
fit. The most interesting ones are the Lepton Flavor Violating (LFV) decays B+

! K+⌧+µ�,
Bs ! ⌧�µ+, ⌧ ! µ� and ⌧ ! µ� (Figure 4.1), and the rare B(s) decays into di-tau final states
B(s) ! ⌧+⌧� and B ! K⌧+⌧� (see Figure 4.2). With the exception of ⌧ ! µ�, all these observables
are dominated by the tree-level contribution from the U1 exchange. The radiative decay ⌧ ! µ� is
generated at the loop level, but for �b⌧

R = �1 it is completely dominated by the contribution due to
b-quark running inside the loop (see Section 4.2), and is therefore insensitive to the UV completion
of the model. The explicit expressions of the amplitudes in terms of the U1 couplings are reported in
the Appendix B. It is worth recalling that we used the present bounds on all these observables but
B ! ⌧+⌧� (which does not yield significant constraints on the parameter space) to determine the
best fit points. As a consequence, Figure 4.1 and Figure 4.2 do not show unbiased predictions, but
rather expected ranges for the observables, taking into account all the available information on the
allowed parameter space of the model. As can be seen from these plots, the case with large |�b⌧

R | leads
to predictions for Bs ! ⌧+⌧�, B ! K⌧+⌧�, Bs ! ⌧�µ+, and ⌧ ! µ� close to present bounds. In
the dilepton modes, this is because of the chiral-enhancement of the corresponding hadronic matrix
element while for ⌧ ! µ�, this occurs because of the large loop-induced amplitude. This observable
is not shown for �b⌧

R = 0 since in this case it is well below present bounds and sensitive to the details
of the UV completion, see Section 4.2.

We recall that the two benchmarks we have chosen for �b⌧
R are representative of two extreme

options. In gauge models, the näıve expectation is |�b⌧
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R | = 1, but with a suitable mixing with right-

handed vector-like fermions it is possible to achieve smaller values. A possible detection of Bs ! ⌧�µ+

would therefore represent a key ingredient to determine the size of |�b⌧
R |. An important role is also

played by ⌧ ! µ�, which is a very promising LFV observable for the LHC and Belle II experiments,
and which does not lie far from present bounds in the pure left-handed case [120, 121]. In the right
panel of Figure 4.2 we show the predictions of B(B ! ⌧+⌧�) vs. B(Bs ! ⌧+⌧�). The ratio of these
two rates is controlled by �d⌧

L /�s⌧
L , and would therefore be an ideal probe to test the assumption of

20

c = Y = 0, while this is not necessarily the case in models in which the U1 arises as a bound state
from a strongly-coupled sector. The interaction of the U1 with the SM fermions involves the currents

JU
µ = �i↵

L (q̄ i
L�µ`

↵
L) + �i↵

R (d̄ i
R�µe

↵
R) , (3.2)

where the couplings �L and �R are complex 3⇥ 3 matrices in flavor space. Following our hypothesis
on the flavor structure of the theory, we can write

�L =

0

BB@

0 0 �d⌧
L

0 �sµ
L �s⌧

L

0 �bµ
L 1

1

CCA , �R =

0

B@

0 0 0

0 0 0

0 0 �b⌧
R

1

CA , (3.3)

with |�d⌧,sµ
L | ⌧ |�s⌧,bµ

L | ⌧ 1 and �b⌧
R = O(1). The normalization of gU is chosen such that �b⌧

L = 1.
The null entries in (3.3) should be understood as small terms which have a negligible impact on
the observables we analyze. It is worth stressing that this structure is a direct consequence of the
hypothesis of a U(2)5 flavor symmetry with sizable breaking only along the U(2)q direction.3 Under
the stronger assumption of a single spurion transforming as doublet of U(2)q 2 U(2)5, we further
expect �d⌧

L /�s⌧
L = V ⇤

td/V
⇤
ts (see Appendix A).

By integrating out the vector leptoquark at tree level, we obtain the following matching conditions
for the e↵ective operators introduced in Section 2.1:

C
ij↵�
LL = CU�

i↵
L (�j�

L )⇤ , C
ij↵�
LR = CU�

i↵
L (�j�

R )⇤ , C
ij↵�
RR = CU�

i↵
R (�j�

R )⇤ , (3.4)

where CU ⌘ g2Uv
2/(4M2

U ).

3.1 Low-energy fit in the simplified model

In this section, we perform a fit to the U1 model parameters described above with the value of �b⌧
R

fixed to one of the two reference values �b⌧
R = 0 and �b⌧

R = �1, corresponding to the two benchmark
scenarios discussed in Section 2.4. We recall that in models with third-family Pati-Salam unification,
and in absence of a mixing of the SM fermions with exotic fermions, one expects |�b⌧

R | = 1 (see
Section 4). A value |�b⌧

R | ⌧ 1 can be obtained, for instance, in models where the U1 is a composite
state. The condition |�b⌧

R | = 1 does not fix the phase of �b⌧
R . In the large-�b⌧

R scenario we set �b⌧
R = �1

in order to maximize the constructive interference of left-handed and right-handed contributions in the
charged-current anomalies [52]. For similar reasons, we assume �s⌧

L to be real (in the down-quark mass
basis). In the absence of observables providing stringent constraints on the corresponding phases, we

also assume �bµ
L and �sµ

L to be real. Note, however, that we treat �d⌧
L as a complex parameter, because

its phase plays an important role in Bd –B̄d mixing. The observables entering the fit (in addition to
those discussed in Section 2 and collected in Tables 2.1 and 2.2), together with their SM predictions
and experimental values, are reported in Table 3.1. These include LFU tests in ⌧ decays, encoded
in the ratios (g⌧/ge,µ)`,⇡,K defined in (B.17), B decays based on the b ! s⌧+⌧� and b ! s⌧±µ⌥

transitions, the LFV tau decays ⌧ ! µ� and ⌧ ! µ�, and �F = 2 amplitudes. The choice of these
observables is motivated by their potential in constraining the fit parameters.

The fit results are shown in Figure 3.1 and summarized in Table 3.2. Such results represent a
refined version of the analysis presented in [95], with updated inputs and a series of relevant di↵erences,
as listed below.

• Contrary to [95], we analyze two scenarios with �b⌧
R = 0 or �b⌧

R = �1. Moreover, in both cases
we analyze the impact of relaxing the minimally-broken U(2)5 relation �d⌧

L /�s⌧
L = V ⇤

td/V
⇤
ts on

the subleading coupling �d⌧
L .

3As far as right-handed mixing is concerned, this symmetry hypothesis alone implies that the natural size of the
largest o↵-diagonal entries is �s⌧

R ⇠ (ms/mb)�
s⌧
L and �bµ

R ⇠ (mµ/m⌧ )�
s⌧
L , well below the corresponding left-handed

entries.
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FIG. 2. Leptoquark loops contribute to τ → eγ decay.

IV. UPDATING τ → eγ LIMITS

As mentioned in the introduction, the BaBar collaboration has published a stronger limit
[13] on the branching fraction for τ → eγ since the time of the ZEUS and H1 analyses
(which did not make use of the weaker contemporaneous τ → eγ limit). The experimental
bound on τ → eγ implies additional constraints on the ratios λ1αλ3β/M2

LQ independent of
the limits from HERA and other rare processes such as τ → 3e, τ → πe, and B and K
decays. However, the τ → eγ bound only applies to those leptoquark ratios where α = β
(“quark flavor-diagonal”) since the τ → eγ process proceeds via a loop with a single quark
and a leptoquark, shown in fig. 2. In this section, we will use the recent limit from BaBar
to calculate new leptoquark limits from τ → eγ.

In general, the amplitude for a τ → eγ∗ process can be written [2, 28]

Mτ→eγ∗ =eε∗νue (p
′)
[(

q2γν − qν/q
) (

AL
1PL + AR

1 PR

)

+imτq
ασνα

(

AL
2PL + AR

2 PR

)]

uτ (p) .
(4.1)

For a real photon (q2 = 0), only the magnetic moment term containing the coefficients AL
2

and AR
2 will contribute to |M|2; the branching ratio for the τ → eγ process is then

Br (τ → eγ) ≡
Γ (τ− → e−γ)

Γ (τ− → e−νeντ )
=

48π3αEM

G2
µ

(

∣

∣AL
2

∣

∣

2
+
∣

∣AR
2

∣

∣

2
)

. (4.2)

In eq. (4.2), Gµ is the Fermi constant obtained from muon decay.
We calculate the contributions to AL

2 and AR
2 for each scalar leptoquark (vector lep-

toquarks will be discussed later) by computing the amplitude for the diagrams in fig. 2

7

U1

τ μ e−

qα

LQ
τ−

qβ

e−

τ−qβ

qα

LQ

e−

qα

LQ
τ−

qβ

e−

τ−qβ

qα

LQ

F = 0 |F | = 2
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FIG. 1. Feynman diagrams for e → τ scattering processes via leptoquarks which depend on the
parameter λ1αλ3β/M2

LQ. The partonic cross section is convoluted with the pdf of the initial state
(anti)quark of each diagram. See eq. (3.1).

The parton distribution functions for the quarks and antiquarks are q (x,Q2) and q (x,Q2),
respectively, evaluated at momentum fraction x and energy scale Q2. Also, u = xs (y − 1)
and both x and y are integrated from 0 to 1. The leptoquark couplings λ1α and λ3β are
the couplings g and h which appear in the Lagrangian of eq. (2.1) (additional factors of −1
and/or

√
2 may multiply these couplings, depending on the leptoquark SU(2) representation

— see, e.g., Table 2 of [22] and Table 1 of [23]). The subscripts on the couplings λ are gener-
ation indices: 1 and 3 for the electron and tau, and α and β for the quarks/antiquarks.3 We
refer to ratios with α = β as “quark flavor-diagonal” and those with α $= β as “quark flavor-
off-diagonal”. The ZEUS and H1 collaborations placed upper limits (at 95% confidence
level) on the ratio λ1αλ3β/M2

LQ for each type of BRW leptoquark and for all combinations
of α and β except in cases where the top quark was the only third-generation quark coupled
to the leptoquark [24–27]. To obtain these limits, several assumptions were made: only
one type of leptoquark dominated the cross section, the leptoquark coupled only to left- or
right-handed leptons but not both4, and leptoquarks in SU(2) multiplets are degenerate in
mass. We make these assumptions in our analysis as well.

To determine the sensitivity of an EIC search for LFV(1,3) in e → τ processes, we
calculate an upper bound on the cross sections for the various leptoquarks using eq. (3.1)
and the most stringent limits on λ1αλ3β/M2

LQ from the ZEUS or H1 collaborations (or those
rare process limits cited by the ZEUS and H1 collaborations). We use the MSTW 2008
NLO set for the quark and antiquark proton p.d.f.s.5 From eq. (3.1), there is a one-to-
one correspondence between the partonic sub-process cross section and the leptoquark ratio
λ1αλ3β/M2

LQ. Given a number for the sub-process cross section, we calculate the leptoquark
ratio and then scale (i.e., divide) the leptoquark ratio by the HERA/rare process limit. We
define this scaled leptoquark ratio as the variable z. Thus, for a given cross section there
is a unique value of z. In other words, z is the fractional reduction in the leptoquark ratio
relative to the HERA/rare process limit. Results of these calculations will be presented in
section V after we discuss limits from τ → eγ.

3 Note that α is not always the initial state quark/antiquark; see fig. 1.
4 This assumption was already made in writing the Lagrangian in eq. (2.1). Leptoquarks with identical

quantum numbers, e.g. SL
0 and SR

0 , could have identical couplings to left- and right-handed leptons:

gL0 = gR0 . In the original BRW parameterization [22], leptoquarks coupling to both left- and right-handed

leptons were not differentiated.
5 http://projects.hepforge.org/mstwpdf/
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• Next generation muon experiments at FNAL:

• Mu2e-II, 10x better sensitivity 

• Advanced Muon Facility:  

• PRISM concept: 100x improvement μ-
to-e conversion and  high-Z target     

• Muonium-antimuonium, muon EDM,…                                                                   

Experimental landscape
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• Current / next gen.  experiments 
relevant for CLFV in tau (and mesons) 

1 Executive summary

The discovery of charged lepton flavor violation (CLFV) will be an unambiguous manifes-
tation of physics beyond the Standard Model (SM), with the potential to shed light on
unsolved problems in the SM, first and foremost the origin of neutrino masses. CLFV is
thus an area of intense experimental and theoretical activity.

Focusing on the ⌧ sector, the experimental landscape will undergo tremendous progress
in the next ten years, with Belle II working towards its 50 ab�1 goal, with the LHC
collecting 300 fb�1 of data in Run 3 and starting its high luminosity runs, and with the
EIC coming online. On a longer time scale, the Super ⌧ -Charm Facility (STCF), the
Electron-Ion Collider (EIC) and the Future Circular Collider (FCC) will also play a major
role. A very approximate timeline for data-taking at di↵erent experiments searches for
CLFV in the ⌧ sector is shown in Figure 1.

All these experiments will be sensitive to CLFV predicted in many BSM models, from
supersymmetric scenarios to leptoquarks, and o↵er complementary probes of CLFV at
di↵erent energy scales, crucial to identify the underlying sources of LFV and the underlying
mediation mechanism.

Figure 1: Tentative timeline for data-taking at di↵erent experiments probing CLFV in the
⌧ sector.

2 Introduction

Charged lepton flavor violating (CLFV) processes have long been recognized as very
powerful tools to search for new physics beyond the Standard Model (BSM) for a number
of reasons: (i) the observation of CLFV at experiments in the foreseeable future would
immediately point to new physics beyond the minimal extension of the SM that only
includes neutrino mass (so-called ⌫SM). This is because in the ⌫SM, CLFV amplitudes
are proportional to (m⌫/mW )2 [1–4], where m⌫ and mW are the masses of neutrinos and
W boson, respectively, leading to rates forty orders of magnitude below current sensitivity;
(ii) current and future CLFV experiments probe new mediator particles with masses that
can be well above the scales directly accessible at high-energy colliders (see for example
supersymmetric scenarios [5–8]), in certain cases reaching the PeV scale [9]; (iii) CLFV

1

• Key facilities for muons:  FNAL, J-PARC, PSI

nature of the underlying NP [147].

The Advanced Muon Facility is based on a small fixed-field alternating gradient syn-
chrotron (FFA), used to produce an intense muon beam with well-defined momentum from
the PIP-II accelerator. The PRISM (Phase Rotated Intense Source of Muons) system [159],
shown in Fig. 4, provides a reference concept. Short high intensity proton bunches are
delivered to a production target surrounded by a capture solenoid with a field at about 5T,
well within current capabilities. The muons produced by pion decays are then injected into
the FFA ring by a transport system. The phase rotation decreases the momentum spread of
the muons, trading momentum spread for time spread. During the RF phase rotation, the
remaining pion contamination is reduced to negligible levels. A cold quasi-monochromatic
muon beam is then extracted to the detector system. The feasibility of the FFA approach
was demonstrated with a dedicated prototype at the Research Center of Nuclear Physics
(RCNP) of Osaka University [160].

Figure 4: The PRISM concept, adapted from [159], showing the facility configured for muon
conversion experiments. Not shown are the PIP-II linac, the RF beam splitter and transport
lines, the compressor ring, and the induction linac. The spectrometer and detector solenoids
could be replaced for upgrades or new, di↵erent experiments.

The realization of this concept presents several challenges that must be addressed
through a dedicated R&D program. The design of the proton compressor ring for a 1 MW
facility is very complicated to achieve from the 0.8GeV PIP-II beam with conventional

14

PRISM concept
(Phase Rotated Intense Slow Muon beam)

[Kuno, Mori]
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Probing 
Cabibbo and lepton universality   

with light quark decays 



Semileptonic decays in the SM and beyond

32
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 GF(β) ~ g2Vij/Mw2 ~ GF(μ) Vij  ~1/v2 Vij
Lepton Flavor Universality (LFU)

Cabibbo universality 

• In the SM,  W exchange  ⇒  universality relations



Semileptonic decays in the SM and beyond
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 GF(β) ~ g2Vij/Mw2 ~ GF(μ) Vij  ~1/v2 Vij
Lepton Flavor Universality (LFU)

Cabibbo universality 

• In the SM,  W exchange  ⇒  universality relations

• BSM effects ε~ (v/Λ)2,   can 
spoil  universality.  Precision of 
0.1-0.01% probes Λ > 10 TeV
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Probing Cabibbo universality
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Extract Vud=CosθC and  Vus=SinθC  from various channels

Input from many experiments and theory papers 



Probing Cabibbo universality
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• Neutron and nuclear 
decays compatible

• ~3 sigma problem in 
meson sector (Kl2 vs Kl3) 

• ~4 sigma effect in global fit

• ~3 sigma effect persists if 
one removes nuclear 
decays from the fit

Bryman, VC, Crivellin, Inguglia  2111.05338, … 

χ2/dof = 2.8, S=1.67

• Sub-% studies of β decays have uncovered 3-5σ tension with 
Standard Model (the ‘Cabibbo angle anomaly’) → hot topic                                          
Bottleneck: uncertainty in radiative corrections (ɑ/π~0.2%), 
dominant and likely underestimated (QCD models) 

Project motivation

Bryman, VC, Crivellin, Inguglia  2111.05338

Vud = cos (θC)
Vus = sin (θC)

ΔCKM = |Vud|2 + |Vus|2 - 1



Probing Cabibbo universality
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• Expected experimental 
improvements: 

• neutron decay  (will match 
nominal nuclear uncertainty)

• pion decay (3x to 10x at 
PIONEER phases II, III)

• possibly new K BR 
measurements  at NA62

• Expected theoretical 
improvements:  radiative 
corrections in QCD+QED on 
the lattice for Kl3 and neutron 
decay (currently only for Kμ2)

Bryman, VC, Crivellin, Inguglia  2111.05338, … 

χ2/dof = 2.8, S=1.67

• Sub-% studies of β decays have uncovered 3-5σ tension with 
Standard Model (the ‘Cabibbo angle anomaly’) → hot topic                                          
Bottleneck: uncertainty in radiative corrections (ɑ/π~0.2%), 
dominant and likely underestimated (QCD models) 

Project motivation

Bryman, VC, Crivellin, Inguglia  2111.05338

Vud = cos (θC)
Vus = sin (θC)

ΔCKM = |Vud|2 + |Vus|2 - 1



Probing Cabibbo universality
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Bryman, VC, Crivellin, Inguglia  2111.05338, … 

χ2/dof = 2.8, S=1.67

• Sub-% studies of β decays have uncovered 3-5σ tension with 
Standard Model (the ‘Cabibbo angle anomaly’) → hot topic                                          
Bottleneck: uncertainty in radiative corrections (ɑ/π~0.2%), 
dominant and likely underestimated (QCD models) 

Project motivation

Bryman, VC, Crivellin, Inguglia  2111.05338

Vud = cos (θC)
Vus = sin (θC)

ΔCKM = |Vud|2 + |Vus|2 - 1
• Possible BSM explanations: 

• R-handed currents   

• Leptonic vertex corrections: 
connection to LFU tests 

BSM explanations?
• Right-handed currents (in the ‘ud’ and ‘us' sectors)

Relevant for RV

Relevant for RA

Grossman-Passemar-Schacht  
1911.07821 JHEP 

Alioli et al 1703.04751, JHEP

uR

dR

uR

sR

BSM explanations?
• ‘Turn on’ only vertex corrections to leptons 

Relevant for RV

Relevant for RA

• RV and RA unchanged

• Shift the Vud vertical band to the left 

• No resolution of Kl3 vs Kl2 and RV vs RA tension

µ�

νµ
_

Grossman-Passemar-Schacht  1911.07821 
Alioli et al 1703.04751 

VC, Diaz-Calderon, et al, 2112.02087  
Belfatto-Berezhiani 2103.05549

Crivellin-Hoferichter 2002.07184 
Capdevila et al., 2005.13542



Probing LFU with rare pion decays 
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⇒

 π+ 

e+

⇒

νe  
• Re/μ = Γ (π→eν)/Γ(π→μν) 

helicity suppressed the SM (V-A),  
zero if me→ 0.

VC-Rosell  0707.3439

PIENU Coll. 

Physics Case 1: Test LFUV at precision of theory
• Lepton Flavor Universality test in

This just demands to be tested better!  A clean generic way to look 
for new physics.    Theory vs Experiment in high precision test.

Will be (by far) the most precise test of Lepton Flavor Universality

15 x worse than theory

4

Current Expt. Avg.

SM Theory

Goal of PIONEER

exp 4
/

exp
/

Current Result (PDG):  R (1.2327 0.0023) 10  ( 0.19%)

( 0.09%

)

0.9990 0.0009

PEN, PIENU goals ( R

)

0.1%

e

e

e

x

g
g

m

m

m

 

 



 

(dominated by PIENU expt.)

• σexp~15 σth  ⇒                           

pristine test of LFU possible! 

• Current reach:  ge/gμ = 0.9990(9)  ⇒  ΛA > 10 TeV  or  ΛP > 350 TeV (helicity!)

“This just demands to be tested better!
A clean generic way to look for new physics.         
Theory vs Experiment in high precision test.”

David Hertzog
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• σexp~15 σth  ⇒                           

pristine test of LFU possible! 

• The future: new experiment @ PSI

• Phase I:  match th. uncertainty in Re/μ 

• Phase II, III: Pion beta decay (Vud)  

• Along the way,  probe dark sectors!

2203.01981

Physics Case 1: Test LFUV at precision of theory
• Lepton Flavor Universality test in

This just demands to be tested better!  A clean generic way to look 
for new physics.    Theory vs Experiment in high precision test.
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A next-generation rare pion 
decay experiment

David Hertzog
hertzog@uw.edu

University of Washington
SNOWMASS 2021(2)

A Growing Collaboration:  New members very welcome !! Plot by David Hertzog
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Probing dark sectors with rare pion decays

• ALPs:  a-π0 mixing induces the decay 
π+ → aeν.  Affects Ecal distribution in 
PIENU and the γγ opening angle 
distribution in PIBETA 

Altmanshofer-Gori-Robinson 1909.00005

Complementary to 
beam dump 
experiments

• a-π0 mixing induces the decay π+ → aeν
• Would affect Ecal distribution in PIENU and 

the γγ opening angle distribution in PIBETA 

Axion-like particles

Altmanshofer-Gori-Robinson 1909.00005

νe

e
π+ π0

a

Quite complementary 
to beam dump 
experiments

π0

• a-π0 mixing induces the decay π+ → aeν
• Would affect Ecal distribution in PIENU and 

the γγ opening angle distribution in PIBETA 

Axion-like particles

Altmanshofer-Gori-Robinson 1909.00005

νe

e
π+ π0

a

Quite complementary 
to beam dump 
experiments

π0

• Sterile neutrinos: π→eν4 

provides strongest bounds 
for mν4 ~1-140 MeV 

ν4

e
π+ Ue4

10�2 10�1 1
mN [GeV]

10�12

10�10

10�8

10�6

10�4

10�2

1

|U
e4
|2

PIENU

NA62 T2K

C
H

A
R

M

Seesaw Target

Fig. 14: Experimental constraints on electron-coupled (left) and muon-coupled (right) heavy neutral leptons as
functions of their mass and the mixing |U`N |2, along with the naïve seesaw target (grey bands).

Beyond the minimal scenarios, there is also the possibility that N has additional interactions, for
instance, if it is gauged under a new U(1)

0 symmetry [180–183]. This can lead to short-lived N which
decay within the detector into, for instance, a neutrino and a charged lepton pair:

K+ ! µ+N, N ! ⌫e+e�. (34)

With the additional interactions considered, HNL lifetime becomes effectively an additional free param-
eter. Peak searches in this three-track signature (Section 4.15) could constrain neutrino mixing directly
under different HNL lifetime assumptions. More exotic HNL production channels are discussed in Sec-
tion 2.8.4.

2.4 Dark photon
Authors: Dobrescu, Fabbrichesi, Gabrielli, Kvedaraitė, Martin Camalich, Terol-Calvo

The dark photon is a gauge boson of a secluded U(1)d gauge group under which the dark sector
states are charged. If the U(1)d symmetry is exact, the dark photon is massless. If the symmetry on
the other hand is either spontaneously broken by the Higgs mechanism or explicitly broken, as in the
Stueckelberg Lagrangian, the dark photon is massive.

The dark photon interacts with SM particles via kinetic mixing with the photon [184], or via
dipole-like operators [185]. The most general kinetic part of the U(1)em ⇥U(1)d Lagrangian is given by

L0 = �1

4
Fem,µ⌫F

µ⌫

em � 1

4
Fdµ⌫F

µ⌫

d � "

2
Fdµ⌫F

µ⌫

em , (35)

where the term proportional to " introduces the mixing. The gauge boson Aµ

em couples to the ordinary
electromagnetic matter current Jµ, while Aµ

d couples to the dark-sector matter current J 0
µ,

L = e JµAµ

em + e0J 0
µAµ

d , (36)

with e and e0 the respective gauge couplings.
For a massless dark photon, the kinetic terms in Eq.( 35) can be conveniently diagonalized by a

rotation and a field redefinition of the gauge fields such that the interaction Lagrangian takes the following
form [184]

Lint = e0J 0
µA0µ

+
1p

1 � "2

�
�"e0J 0

µ + eJµ

�
Aµ . (37)
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Goudzovski et al., 2201.07805
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Concluding comments

• Rare Processes & Precision Measurements 
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” 

Connection to big questions

Neutrino mass
Origin of flavor

New particles near EW scale? 
(EWSB, Higgs naturalness, …)

Nature of dark matter

Dark sector probes with  
meson decays, beam 

dump experiments, …

Searches fo axion, 
ALPs, …

…
Muon g-2

Weak CC decays 
Weak NC 
processes

0νββ

Direct ν mass 
measurements 

Quark and 
lepton FCNC Baryon asymmetry                

(B- , L-,  and CP-violation) 

EDMsp decay 
n-n oscillations

_

R&P probes of new physics cluster around open questions

9
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Baryon and Lepton Number
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8

Explicit 

Breaking 


Spontaneous 

Breaking 


BLV 


- Proton decay 
- Majorana neutrinos 

- Stable proton 
- Dirac or Majorana neutrinos 
- Low B and/or L Scale 

• In explicit models,  BLV realized through different mechanisms and at different scales:  

- Pati-Salam models: 
  ΔB=2,  ΔL=2. 

- SU(5),  SO(10) GUTs, 
  (RPV) SUSY. 
- Typically high scale 

- B and/or L as gauge   
  symmetries.  Simplest 
  Models have ΔB=3 & 
  dark matter candidate

Pavel Fileviez-Perez

- Low-scale: new 
  particles can be  
  probed at colliders 

• B&L violation tied to the origin of baryon asymmetry and neutrino mass

• Experimental probes include:  proton decay [SK,HK,JUNO, DUNE];  n-n 
oscillations [ORNL, ESS]; neutrinoless double beta decay (0νββ); BLV at colliders  

_


