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dark matter
• overwhelming evidence for DM from gravitational interactions 

 
 
 
 
 
 

• good reasons to believe it couples to visible matter

• relic abundance (freeze-out, freeze-in,...)

• complications/opportunities

• non-minimal dark sector?

• flavor violating couplings?
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outline

• minimal portals to dark sector

• going beyond minimality

• flavor violation

• further exotica

• FCNCs with quarks

• rare muon decays
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minimal portals

• in particular regions of parameter space 
could be DM

• more generally, can be just mediators to 
dark sector: DM a different state χ
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flavor portal
• mediators can have flavor violating couplings

• high sensitivity to NP, can be a discovery channel

• example: dim 5 op.   

• searching for , ,  , ,... decays expect to reach 
very high UV scales

∂αφ(ēγαγ5μ)/fa ⇒ Br(μ → eφ) ∝ (m2
W /famμ)2

K → πX μ → eX π → X B → KX
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searching for  
light new physics

• heavy new physics only part of the NP parameter space

• light particles: a window to high UV dynamics
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next slides

• several examples

• mix of minimal and less minimal dark sectors

• flavorful QCD axion

• ALP

• heavy neutral leptons

• Higgs-mixed scalar

• and beyond it...

• flavorful dark photon
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flavorful  
qcd axion

• if QCD axion has  coupling   decay a very 
sensitive probe

• the reach depends on assumed flavor structure

∂μa(d̄γμγ5s)/fa ⇒ K+ → π+a

8

QCD axion
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flavorful qcd axion

• in the usual 
 plane

•  can be a 
discovery channel 
for anarchic flavor 
ansatz

• for other flavor 
structures , 

,  
can be the 
discovery channels

gaγγ − ma

K → πa

B → πa
B → Ka D → πa
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flavorful axion probes

• a rich set of probes of flavorful axion
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Martin Camalich, Pospelov, Vuong, Ziegler, JZ, 2002.04623
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ALP
• if ALP has flavor conserving couplings

• FCNC transitions ( , ...) still possible due to SM CKM

• ALP decay modes depend on assumed couplings

K → πa
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heavy neutral lepton
• heavy neutral leptons from ,   decays 

 
 
 
 
 
 
 

• note: Mu2e and COMET can have best limits with 
calibration runs

π → ℓN K → ℓN
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• heavy neutral leptons from ,   decays 

 
 
 
 
 
 
 

• note: Mu2e and COMET can have best limits with 
calibration runs

π → ℓN K → ℓN
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higgs mixed 

light scalar

• add a light singlet to the SM 
 

• after EW symmetry breaking S-H mixing

•  coupl. =  coupl.

• just two parameters: 

• with improved kaon program could reach 
the BBN floor

S sin θ × H
sin θ, mS

13
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beyond light 

higgs-mixed scalar

• Higgs-mixed scalar: a strong assumption  
about light fermion Yukawas

• could be easily changed by NP

• masses of the first two gen. fermions  
could have large non-SM contribs.

•  coupling of  could largely deviate  
from the Higgs-mixed scalar limit

• many examples

• SMEFT+

• 2HDM+

• dark dilaton

• +vectorlike quarks

⇒ φ

φ
φ

φ
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2hdm+φ
• 2HDM in Higgs basis 

 

• SM Higgs , heavy Higgs 

• in decoupling limit 

• alignment w/o decoupling 

•  small mixing with  

•  coupling to SM fermions 

•   Higgs-mixed light scalar

•   general light scalar

h H
m2

A + Z5v2 ≫ Z1v2

|Z6 | ≪ 1
φ h, H
h = sin θhφ + ⋯, H = sin θHφ + ⋯
φ

θh ≫ θH ⇒
θh ≪ θH ⇒
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beyond light  
higgs-mixed scalar

• phenomenology drastically different

• example: flavor diagonal leptophobic limit

• only NA62 and KOTO bounds remain

16
Alonso-Alvarez et al, 2201.07805
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beyond light  
higgs-mixed scalar

• example: flavor aligned leptophobic limit 

• search for narrow peak in , 
,  

• similar in , , , 
,..., with ...

• relative branching ratios depend on 
values of flavor diagonal couplings

D → ππ+π−

D → πK+K− D → πγγ
B → K(*)φ B → πφ B → ρφ

Bs → ϕφ φ → KK, ππ, γγ,

17

Blackstone, Tarrus Castella, Passemar, JZ, 2406.nnnn
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dark photon
• dark photon usually assumed to have only kinetic mixing 

 

• in general also FV couplings

• FV vector interactions (e.g. if from horizontal gauge symmetry) 
 

• FV dipole interactions

18

Eguren et al, 2405.00108 
Smolkovic, Tammaro, JZ, 1907.10063
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Eguren et al, 2405.00108  dipoles → dV′￼

Eguren et al, 2405.00108 



rare muon 
transitions
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experimental progress
• steady experimental progress since 1940s

20

cosmic 
rays

stopped  
beams

π stopped  
beams

μ



FPCP, May 31 2024J. Zupan   Flavorful dark sector

see also talk by Michael Schmidt on Monday

μ → 5e
• if  coupling  mediates 

• if  QCD axion  escapes the detector 

• MEG-II, Mu3e, Mu2e-X, COMET-X can search 
for it

• if  can decay  sensitivity to even higher scales

• example:  can probe GeV

mμ

Λ
ϕ(ēμ) ⇒ μ → eφ

φ ⇒ μ → e + inv

φ ⇒
μ → 5e fa ≳ 1013

21

Hostert, Menzo, Pospelov, JZ, 2306.15631
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baryon number 
violation in μ → e

• one can also search for more exotic signatures

• BNV transition  annihilation 
 
 
 
 
 
 

• baryon no. violation only apparent, dark sector states carry baryon 
no.

• many constraints: proton decay, neutron star stability,....

• possible to have transitions with electrons above the  endpoint

μ−p → e−X

μ → e
22

Fox, Hostert, Menzo, Pospelov, JZ, 2406.nnnnn 
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conclusions

• flavor physics a sensitive probe of UV 
physics

• parametrically enhanced sensitivity, if 
decays to light states

• can probe QCD axion + many more

23
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light new physics  
probe of high scales

⇒

• rare decays into a light state, X, e.g., K → πX or μ → eX, 

• exquisite probes of UV physics 

• parametric gains compared to probing NP through dim-6 ops

• the reason is that the SM decay widths are power 
suppressed 

• if light NP couples through dim 4 op with mixing angle  

• if through dim 5 op. suppressed by   

• no such  or  enhancement for dimension 6 couplings 

Γℓ ∝ m5
ℓ /m4

W

θ ⇒
Γ(K → πφ) ∝ θ2mK⇒Br(K → πφ) ∝ θ2(mW /mK)4

1/fa ⇒
Br(μ → eφ) ∝ (m2

W /famμ)2

1/mμ 1/mK
Br(μ → 3e) ∝ (mW /Λ)4
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tower of EFTs for μ → e
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complementary probes

• complete list of dim 6 CLFV operators

28

probed by  
μ → eγ
μ → 3e
μ → e



FPCP, May 31 2024J. Zupan   Flavorful dark sector

Haxton, McElvain, Menzo, Rule, JZ, 2406.nnnn

 conversionμ → e

• initial state:  in 1s orbital  
 
 
 
 
 

• a theory challenge: predictions require nuclear physics

•  there is a small parameter

• can use EFT techniques (non-relativistic EFT/chiral EFT)

• MuonBridge code

μ−

| ⃗q | ∼ 𝒪(100 MeV) ≪ mN

29

Al Al
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⃗qe
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LFV QCD axion

• DFSZ-like model: 2HDM+S:  

• flavor universal  charges in quark sector, non-
universal in leptonic 
 

,   

 

,   

• hierarchy of entries external input

XS = 1,XH2
= 2 + XH1

U(1)PQ

ye = (
0 x x
x 0 0
x 0 0) y′￼e = (

0 0 0
0 x x
0 x x)

yu = (
x x x
x x x
x x x) yd = (

x x x
x x x
x x x)

30

Yukawa coupl. to H1 Yukawa coupl. to H2

       gives lepton FV  
coupl.s of axion 

⇒

 axion-quark couplings  
flavor diagonal

⇒


