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outline

• why rare tau decays + light new 
physics?

• light new physics signatures/examples

• LFV QCD axion/ALPs

• multi-lepton final states: , 
,..

• time dependent tau decays

τ → 5ℓ
τ → 7ℓ
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physics beyond the 
standard model

• have we discovered all the forces?

• all the particles?
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light but  
weakly coupled BSM?

heavier BSM?
JZ, 1903.05062
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heavy vs. light
• heavy NP integrated out 

 
 
 
 

• light NP can be  
produced in   
decays

τ
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dim. 5 vs dim. 6

• heavy NP  dim. 6 SMEFT ops

• e.g.,  from 

• or  from 

• light NP  EFT ops start at dim. 5

• e.g.,  from 

• consequence: for same Br(  sensitivity  
 decays to light NP states can probe physics at much 

higher scales

⇒

τ → μγ
1

Λ2
τ̄LσμνμHBμν

τ → 3μ
1

Λ2
(τ̄LγμμL)(μ̄LγμμL)

⇒

τ → μφ
1
Λ

τ̄LμRHφ

τ → …)
⇒
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dim.5 vs dim.6

• another ingredient:  
SM tau decay width is small 

• so even  exotic Br's can probe high scales

•   

• compare with   

• upshot: if there are light NP particles 

• a window to physics far in the UV

Γτ ∝
1

8π
m2

τ

m4
W

≪
1

8π
mτ

𝒪(1)
Br(τ → μφ) < 0.5 ⇒ Λ > 3 ⋅ 107 GeV

Br(τ → 3μ) < 0.5 ⇒ Λ > 𝒪(100 GeV)
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dim 6
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why light new physics

• how likely is light NP?

• any spontaneously broken global 
symmetry

• massless Nambu-Goldstone boson

• explict breaking  small mass

• celebrated example: QCD axion

⇒
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a few examples

• light new physics examples

• LFV QCD axion: 

• multi-lepton final states: , 
,..

• time dependent  decays

τ → μa
τ → 5ℓ

τ → 7ℓ
τ → μφ
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flavor violating 
QCD axion & ALPs
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axion

• if θ̄(x) a dynamical field and couples only to  θ̄GG̃ ⇒ potential 

min. at θ̄(x) = 0

• new ultra-light particle - axion 
 

• obtains mass from QCD anomaly 
 

• viable cold dark matter candidate for (misalignment mech.) 
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Vafa, Witten, PRL 53, 535 (1984)

Peccei, Quinn, PRL 38, 1440 (1977) 
Weinberg, PRL 40, 223, (1978)

Wilczek, PRL 46, 279 (1978)
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Hill, Plestid, JZ, 2310.00043
Calibbi, Redigolo, Ziegler, JZ, 2006.04795

LFV axion

• flavor violating couplings will induce  
decays , , 

•  essentially massless 
on collider scales

• escapes the detector:  

• which of the decays most sensitive depends on flavor structure

• for simplicity assume anarchy: 

• tau decays probe:   

• QCD axion that is also a DM candidate would require 
alternative production mechanisms

• e.g. kinetic misalignment possible for 

τ → μa τ → ea μ → ea
a

τ → ℓ + inv

cℓiℓj
= 1

fa ≪ 1012GeV

fa ∼ 108 GeV

11

Co, Hall, Harigaya, 1910.14152
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long lived ALPs

• if the axion-like particles are heavy enough

• can decade inside detector (including displaced 
vertices)

• have large  : be searched for in beam dumps

• the interplay is between ,  and flavor structures

• three examples

• LFV: flavor anarchy  all couplings similar

• LFV: flavor hierarchy  off diagonal suppressed

• LFC: flavor conservation  only diagonal

cτ
fa ma

⇐
⇐

⇐
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Ema, Fox, Hostert, Menzo, Pospelov, Ray, JZ, 2507.15271
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LFV

relevant for  
LFC
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ALP decays

• which ALP decay channel dominates

•  depends strongly on assumed flavor structure

13

Ema, Fox, Hostert, Menzo, Pospelov, Ray, JZ, 2507.15271
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Ema, Fox, Hostert, Menzo, Pospelov, Ray, JZ, 2507.15271

several benchmark 
examples

• can Belle-II have the leading sensitivity?

• depends on the benchmark

14
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several benchmark 
examples

• can Belle-II have the leading sensitivity?

• depends on the benchmark

14

τ → ℓainv τ → ℓainv
e+e− → τ+τ−ϕ,

ϕ → ℓ+ℓ−



multi-lepton decays
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• FCNC tau decay into dark sector: 

• a shower in the dark sector

• lightest dark particles decay back to the SM

τ → ℓ + Xdark

16

dark sector showers

τ
μ

Xdark
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• FCNC tau decay into dark sector: 

• a shower in the dark sector

• lightest dark particles decay back to the SM

τ → ℓ + Xdark

16

dark sector showers

τ
μ

Xdark

SM SM

SM
SM

SMSM

SM
SM
SM

SM
SM
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many models...

17

Ema, Fox, Hostert, Menzo, Pospelov, Ray, JZ, to appear
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dark photon + LFV

• dark photon: extend the SM by gauged U(1)'

• kinetic mixing

•   dark photon 

• couples to QED current 

• U(1)' broken by a vev of 

• extend dark photon model by allowing for LFV interactions 
 
 

• leads to , , , .... decays 
 

ℒ ⊃ −
ε
2

FμνF′￼μν⇐ V

∝ εVμJμ
QED

Φ = (v′￼+ ϕ)/ 2

τ → 5μ τ → 3μ2e τ → e4π
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<latexit sha1_base64="dp+93Pnbol7yrk/U5bOSe7WWMjs="></latexit>

Br(ω → εiϑ) ↑ 10→8 · ϖ2
i3·

(
106 GeV

!

)4

·
(

v↑

10GeV

)2

Ema, Fox, Hostert, Menzo, Pospelov, Ray, JZ, to appear

<latexit sha1_base64="sOjpTJxvhlUGNNqK6N5Tek90hYs="></latexit>

→L ↑ ωij
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multi-lepton and  
multi-hadron decays

19

(π+π−)
(π+π−)(π+π−)
(π+π−)(e+e−)
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gauged Lμ − Lτ

• if SM lepton charged under U(1)' the LFV interactions can start at dim-5 
 
 

• example: 

• two benchmarks:

•   

•   

• Z' decays also  
to neutrinos

• parametrically higher scales probed

U(1)′￼= Lμ − Lτ

[Φ]Lμ−Lτ
= 2 ⇒ τ → μϕ

[Φ]Lμ−Lτ
= 1⇒ τ → eϕ

20

Br(τ → ℓiϕ) ≃ 10−8 ⋅ κ2
i3⋅( 1011 GeV

Λ5 )2

  ν̄

  ν

  ν̄

  ν

Ema, Fox, Hostert, Menzo, Pospelov, Ray, JZ, to appear
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flavor protected scalar

• global   
broken by two spurions

• ,  

• leading couplings to SM leptons 
 
 

• suppressed by only linear powers of spurions 
 

• for  the  and  are parametrically suppressed

• the leading exotic LFV decay is  and not  or 

U(1)3
ℓ ≡ U(1)e × U(1)μ × U(1)τ

[ετ]Lτ
= − 1

3 [εμ]Lμ
= − 1

ετ ≪ mτ /(4πΛ) τ → ℓS τ → ℓ2S
τ → 7ℓ τ → 5ℓ τ → 3ℓ

21

Ema, Fox, Hostert, Menzo, Pospelov, Ray, JZ, to appear
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other comments
• higher dim. FCNC operators may induce other decays not just taus

• depends on the UV theory/flavor structure 

• e.g.: in dark photon +FCNCs 

• both couplings to quarks and leptons allowed by U(1)' 
 
 
 
 

• in principle also , , ... signatures

• in other models, however, only tau decays

• e.g. in flavor protected scalar, only multi lepton decays 

• same for  model

μ → 5e B → K4ℓ D → π4ℓ,

τ →
Lμ − Lτ

22
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→L ↑ ωij
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Greljo, Palavric, Tunja, JZ, 2510.08674

Ema, Fox, Hostert, Menzo, Pospelov, Ray, JZ, to appear



time dependent
τ → ℓϕ
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non-abelian pNGB

• if DM a non-Abelian pNGB the interactions with the SM of the form 
 
 

• an example in the SM:  interacting with electrons/positrons 
via photon exchange

• classical  background induces  
time dependent  decays 
 

• time dep. searches can be more sensitive 
 for systematics dominated searches

• time dep. a smoking gun signal of DM 

π±

ϕ
μ → eϕ

⇔

24

Bigaran, Fox, Gouttenoire, Harnik, Krnjaic, Menzo, JZ, 2503.07722
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Bigaran, Fox, Gouttenoire, Harnik, Krnjaic, Menzo, JZ, 2503.07722

time dependent searches

• coherency over  oscillations

• as an example assume continuous data 
taking and using  test on Asimov test

• in exp. searches could do Lomb-
Scargle periodogram

• examples for Mu3e ( ) and 
Belle-II ( )

𝒪(v−2) ∼ 106

χ2

μ → eϕ
τ → ℓϕ

25
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conclusions

• light new physis in rare tau decays can 
probe very high new physics scales

• presented several models that would 
lead to  and  signatures

• ultra light dark matter can lead to time 
dependent tau and muon decays

τ → 5ℓ τ → 7ℓ
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