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goals for this talk

• provide an EFT based prediction for 
 conversion

• assumption: heavy new physics 

• open source code MuonBridge

μ → e

Λ ≫ mμ
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overview

• scales in the problem

• tower of EFTs, focus on physics below 

• two NP examples

• some comments about the code

μ = 2 GeV
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kinematics
• initial state:  in 1s orbital

• final state: relativistic  with three momentum 

•  (for  ) 
 

• we limit the discussion to processes where nucleus is in ground state

μ−

e−

Ebind
μ ≪ mμ

27Al Ebind
μ ≃ 0.463 MeV

⇒ | ⃗q | ∼ 𝒪(100 MeV)
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tower of EFTs
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tower of EFTs
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several comments

• the tower of EFTs very reminiscent of wimpy DM direct detection

• instead of nonrelativistic outgoing DM  relativistic 

• instead of  in NRET we have unit vector 

• bound muon is approximately nonrelativistic for Al

• relativistic corrections controlled by 

• included by including  suppressed terms (lower componenst of 
Dirac w.f.)

• nucleons bound inside nucleus are roughly nonrel., with 

• outgoing  is not a pure plane wave, due to potential from nuclear 
charge Z

• at the origin a plane wave with  instead of 

⇒ e−

⃗q/mN ̂q

Zα/2
⃗vμ

vavg ≈ 0.2

e−

qeff q
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for :  
            

27Al q = 104.98 MeV
qeff = 110.81 MeV
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tower of EFTs

• below  a series of EFTs

• Weak Effective Theory (WET): d.o.f.s 
quarks and gluons

• (Covariant EFT with relativistic nucleons)

• NRET: d.o.f.s non-rel nucleons

• (Chiral EFT for nucleus)

• chiral counting shows that leading effect 
from  on single nucleon currents

μ = 2 GeV

μ → e
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WET

• only need to keep WET operators relevant for  
conversion

• work up to and including dimension 7 
 
 

• 2 dim 5 operators

• magnetic (CP-even) and electric (CP-odd) dipole op.

μ → e
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WET

• 10 dimension 6 ops 
 
 
 
 
 
 
 

• note: we use operator basis with well defined parity

• more convenient for 

• taking nonrel. limit for muons

• writing down hadronic matrix elements of quark and gluon currents

• related to other WET bases used in the literature by linear transf.

• note: tensor currents appear already at dimension 6
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WET
• 16 operators at dimension 7

• 8 couple leptonic  
currents to gauge  
bosons 

• 8 couple leptonic  
currents to quark  
currents 
 

• note: all derivatives moved to leptonic currents by EOM

• convenient basis for calculating hadronic matrix elements
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NRET

• a hierarchy of small parameters 
 
 
 
 

•   nuclear scales are being probed

• Chiral EFT: NP interactions with single nucleon current dominate

• NRET: can expand in  and 

•   leading effect captured from  NRET basis with ops. of 

• this gives 16 operators (primed operators have structure that differs 
from NRET for DM)

•  are also included in the predictions in the MuonBridge code: 
additional 10 operators 

y ∼ 0.2 − 0.5 ⇒

vN vμ

vN > vμ ⇒
𝒪(vN, v0

μ)

𝒪(vμ)

11

nuclear  
size

b ∼   
average  

nucleon velocity

⃗vN = ( ⃗k1 + ⃗k2)/2 bound muon 
velocity

velocity of  
outgoing target

nucleus
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matching onto NRET

• NRET effective Lagrangian 

• low energy coefficients are functions of  in general

• for  this is a constant

• their values from nonperturbative matching of WET to 
NRET

• follow from nucleon matrix elements

• for instance

⃗q2
eff

μ → e
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conversion rate
• matrix elements squared of NRET operators leads to nuclear response 

functions 

• the  conversion rate thus 
 
 
 
 
 
 

• particle physics is in products of Wilson coefficients 

• for instance the terms not vanishing in  limit

Wi

μ → e

Ri

vN → 0
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Γ(μ → e)

Haxton, McElvain, Ramsey-Mussolf, Rule, 2208.07945



Muons@Minneapolis, Dec 7, 2023J. Zupan  MuonBridge...

nuclear response 
functions

• WM(q) : from vector operator 

• in q→0 limit counts nucleons ⇒ spin-indep. (coherent) scattering

• WΣ′′ and WΣ′ : longit. and transverse axial ops.

• related to conventional spin form factors 
 

• measure the nucleon spin content of the nucleus

• W∆ , , : come from couplings to velocities of nucleons

• reflect the composite structure of the nucleus

• coherence over half-filled shells for  

• rough scaling  
for Al (isocalars):

• six more response functions + 2 interf. terms at 

WΦ̃′￼ WΦ̃′￼′￼

WΦ̃′￼′￼

𝒪(vμ)
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WM ∼ 𝒪(A2) ≫ {WΣ′￼, WΣ′￼′￼,
q2

eff

m2
N

WΦ̃′￼′￼} ≫ { q2
eff

m2
N

WΔ,
q2

eff

m2
N

WΦ̃′￼}
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comments

• since  changes by only ~5% from C to W

•  are basically constants

•  from  can measure only a few linear combinations of 
Wilson coeffs 

• 3 combinations at 

• vector/scalar, axial, psedoscalar currents

• + 5 combinations at 

• this is for isoscalar-isocalar W's, since also isovector-
isoscalar, isovector-isovector, 3x those nos. in total

• to understand UV physics important to measure both  on 
different targets and  ( )

qeff

cN
i (qeff)

⇒ μ → e

𝒪(v0
N, v0

μ)

𝒪(vN, v0
μ)

μ → e
μ → eγ μ → 3e
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muonbridge
• the code/repository MuonBridge consists of 

three modules

• MuonConverter: matches WET to NRET

• can interface with RG running codes


• Mu2e_NRET: calculates the  rate 
 
 

• particle physics input from MuonConverter, i.e., WET 
Wilson coeffs. 

• Elastic: a database of shell model density matrices for 
calculating nuclear form factors

• comes in both Python and Mathematica versions

μ → e

Ci
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new physics examples

• two examples

• leptoquarks

• light ALP
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μ q

eq

R2

leptoquark example

• scalar  leptoquark  in the (3, 2, 7/6)  
of the SM gauge group 
 
 

• integrating out  at  all 10 of the dim 6 operators 
in WET basis are generated

• in particular operators with quark tensor currents are 
generated

• these have coherently enhanced contribs. at subleading 
powers in  ,   required to be kept in  MuonBridge

R2

R2 μ = mR2

vN vμ ⇒

18
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light alp

• the same formalism trivially extends to light 
mediators

• example light ALP coupling to  and gluons

• strictly speaking WET no longer an appropriate EFT

• but trivial fix, allow Wilson coeffs to be   
dependent, 

• since  only weakly couples to gluons: corrections 
to QCD can be neglected, i.e., just an external probe

• in  the  is fixed, so  are even constants

μe

q2

Ci ∝ 1/(m2
a − q2)

a

μ → e q Ci

19

μ e

gg

a
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conclusions

• EFT approach well suited for predicting 
the  conversion rates

• presented results that include up to 
dim-7 ops in WET, subleading effects in 
NRET

• results will be available in the form of a 
public code MuonBridge

μ → e
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comparison

22
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