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the goal of  
particle physics

• to answer need to find

• field content (particles)

• interactions
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new physics?
• SM is not complete

• no viable dark matter candidate in the SM

• also other puzzles

• how tuned is the weak scale (hierarchy problem)

• baryogenesis

• any dynamical explanation for flavor structure...
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physics

• direct and indirect probes 
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summary of CLFV
• heavy NP, integrate out

• matches onto SMEFT

• in the examples switched on  
only two sets of ops.*
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the lay of the land
• explored only part of the NP parameter space

• light particles: a window to high UV dynamics
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light new particles

• how generic are light new particles?

• any spontaneously broken global 
symmetry 

•  massless Nambu-Goldstone boson⇒
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example: phonons
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example:  higgs 
mechanism

U(1)

• a global  spontaneously broken by 
a scalar vev

U(1)
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QCD axion

• a celebrated example: QCD axion
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strong cp problem
• Lorentz and gauge invariance allow a CP violating term in 

QCD

• physically observable is the combination 
 

• experimentally : 
 

• why θ̄ so small? 

• very puzzling given large CPV phase in the CKM
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✓̄ ⌘ ✓ + arg det(MuMd)

✓̄ < 10�10
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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 

14

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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portals
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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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upshot

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

K → πX μ → eX τ → μX
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examples

• two examples

• flavor violating QCD axion 

• concrete example: axiflavon

• an axion-like particle (ALP) with 
lepton flavor violating couplings

• gauged FN model of flavor

• light Z'
19
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motivation for  
light ALPs

• any spontaneously broken global symmetry  (p)NGB 

• if "light enough" can be DM

• in general couplings to gluons, photons, SM fermions 
 
 
 
 
 

• in general ALPs will have flavor violating couplings

• do FCNC experiments probe interesting parameter space?

• possible improvements on search strategies? 

⇒
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flavor violating  
QCD axion

• QCD axion with FV couplings to quarks

• solves the strong CP problem

• can be a cold DM candidate

• effectively massless in FV transitions

• general analysis, allowing for FV couplings as well

• first focus on quark FV transitions

22

Martin Camalich, Pospelov, Vuong, Ziegler, JZ, 2002.04623
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the strongest FV 
constraints

23

Martin Camalich, Pospelov, Vuong, Ziegler, JZ, 2002.04623
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supernova bounds

• in neutron star , n, p, e are 
 in equilibrium

•  decays can 
 cool the proto-neutron star

• , n have the same Fermi energy  
 at T=0 Pauli blocking forbids 

  decays

• at finite temperature volume emission 
 rate (in NR limit) 
 
 

• assuming this is below neutrino emission rate 1sec after the collapse of 
SN1987A

• bounds on  and  in the range  GeV 

Λ

Λ → na

Λ
⇒
Λ → na

|FA
sd | |FV

sd | 109 − 1010

24

Λ
n

a

see also Camalich et al, 2012.11632
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standard model 
 flavor puzzle

• are flavor violating couplings of QCD axion motivated?

• could be related to the solution of the standard model 
flavor puzzle

• why SM fermion masses so hierarchical?

• why CKM matrix hierarchical, any pattern in PMNS?

26
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axiflavon

• flavor symmetries that explain Yukawa hierarchies have a QCD anomaly

• example FN models of flavor 
 
 
 
 
 
  

• axiflavon mechanism: identify PQ symmetry with FN U(1)H

• the phase of the flavon is the QCD axion = axiflavon

27

Calibbi, Goertz, Redigolo, Ziegler, JZ, 1612.08040 
Wilczek, PRL 49, 1549 (1982)

Ema, Hamaguchi, Moroi, Nakayama, 1612.05492 

Froggatt, Nielsen, NPB 147, 277 (1979),... 
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searching for axions/ 
axiflavons

• axion searches use

• couplings to photons (haloscopos, helioscopes,...)

• couplings to gluons (CASPEr)

• flavor diagonal couplings to electrons, nucleons 
(astrophysical bounds) 

• axiflavon

• in additon flavor violating couplings to fermions

• in the minimal FN axiflavon model

28
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searching for axions/
axiflavons

29

natural axion  
as DM window

E787 & E949: 
Br(K+→π+a)<7.3 · 10−11 

NA62 future: 
Br(K+→π+a)<10−12 

minimal axiflavon Calibbi, Goertz, Redigolo, Ziegler, JZ, 1612.08040 
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LFV ALPs

• an example of large, quite untapped, 
experimental potential

• consider ALP with flavor violating couplings 
to muons and electrons, 

•  muons available at MEG-II 
( , Mu3e ( ), Mu2e ( )

• compare with present bounds using 
 @ Jodidio et al. (1986), and  

 @ TWIST (2015)

μ → ea
'(1015 − 1017)
μ → eγ) μ → eee μN → eN

2 × 107μ 6 × 108

μ
31

Calibbi, Redigolo, Ziegler, JZ, 2006.04795
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MEGII-fwd
• could repurpose MEG II (  MEGII-fwd)

• with two weeks of running already very stringent constraints possible

→

32

Calibbi, Redigolo, Ziegler, JZ, 2006.04795
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LFV ALP dark matter

• 0-th order condition for ALP to be a DM: be stable 
on Hubble time

• assume  dominates 
 

• if ALP is observed in a LFV process  

• LFV experiments most sensitive for some 

• need other experiments to confirm it is DM

a → γγ

⇒ ma ≲ 10 keV
ma

33
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see also, Linster, Ziegler, 1805.07341 
Calibbi, Redigolo, Ziegler, JZ, 2006.04795 

LFV axiflavon

• the PQ symmetry is part of  
flavor group

• all FV couplings need to go through 3rd 
generation

• for leptons 1-2 and 1-3 mixings are larger 
(in LH sector to reproduce PMNS matrix)

•  unlike minimal axiflavon,  suppr.

• the observation mode is 

SU(2)F × U(1)F

⇒ K → πa
μ → ea

34
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example
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anomaly free  
FN models

• inverted FN mechanism  non-anomalous 

• vector-like fermions all charged under  (no anomaly)

• chiral fields not charged under   (in the middle of the 
chain)

• a concrete realization of the "clockwork" mechanism

•  can be gauged

⇒ U(1)FN

U(1)FN

U(1)FN

U(1)FN
36

Smolkovic, Tammaro, JZ, 1907.10063
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experimental searches

• how to observe experimentally?

• search in FCNCs

• ,  mixing, etc.

• exchanges of flavons, heavy vector-like 
fermions, flavorful  s 

• for  couplings masses

• for small U(1)FN gauge couplings Z' can be light

• can also search for it directly: beam dumps, 
 colliders, astrophysics

K − K̄ B − B̄

Z′ 

'(1) ≳ 107 GeV

e+e−

37

Smolkovic, Tammaro, JZ, 1907.10063
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flavorful Z'

• for U(1)FN benchmark, assuming 
anarching neutrino mass from Weinber op. 

38

beam dumps

e+e- dark photon searches
now

future

SN bounds
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concluding remarks

• FV decays to light new physics give us 
access to physics at very high scales

• shown several examples

• could even discover a QCD axion 
through FV processes
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