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Strong CP Puzzle

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Quantum Chromodynamics (QCD): [Gross,Wilczek 73;Politzer 73; Fritzsch,Gell-Mann,Leutwyler 73]

Theta term in Quantum Chromodynamics
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Theta term in Quantum Chromodynamics

<latexit sha1_base64="UV2+NjVmg/vbpwabxtvJXdkEDYA="></latexit>



Page 4

Strong CP Puzzle

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Quantum Chromodynamics (QCD): [Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

Theta term in Quantum Chromodynamics

<latexit sha1_base64="56mMYK4vFoHiqxN30PXnwyydiHY="></latexit>

<latexit sha1_base64="/8jhPZ2sHMiqt6sDkLyrZnO1NDk="></latexit>



Page 5

Strong CP Puzzle

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  ↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]

Theta term in Quantum Chromodynamics

<latexit sha1_base64="UV2+NjVmg/vbpwabxtvJXdkEDYA="></latexit>

<latexit sha1_base64="Vh337IAeXGqBtc20PN4PnPgQ1uI=">AAACDHicbVBNS8MwGE7n15xfU49egkMQ1NGKoMehF48T3Ae0ZaRZuoWlaUneCqPsB3jxr3jxoIhXf4A3/43p1oNuvhDy8HyQvE+QCK7Btr+t0tLyyupaeb2ysbm1vVPd3WvrOFWUtWgsYtUNiGaCS9YCDoJ1E8VIFAjWCUY3ud55YErzWN7DOGF+RAaSh5wSMFSvWvNiI+dpD4YMCPa4xO6Zl3B8ik/yy68Yl123p4MXgVOAGiqm2at+ef2YphGTQAXR2nXsBPyMKOBUsEnFSzVLCB2RAXMNlCRi2s+my0zwkWH6OIyVORLwlP2dyEik9TgKjDMiMNTzWk7+p7kphFd+xmWSApN09lCYCgwxzpvBfa4YBTE2gFDFzV8xHRJFKJj+8hKc+ZUXQfu87th15+6i1rgu6iijA3SIjpGDLlED3aImaiGKHtEzekVv1pP1Yr1bHzNrySoy++jPWJ8/MyCZvg==</latexit>



Page 6

Strong CP Puzzle
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• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
violates T and P, and thus CP 

↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]
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• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
violates T and P, and thus CP 

• Most sensitive probe of T and P violation in flavor
conserving interactions: electric dipole moment of
neutron

↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]
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• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
violates T and P, and thus CP 

• Most sensitive probe of T and P violation in flavor
conserving interactions: electric dipole moment of
neutron; prediction:

↵s

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]
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Theta term in Quantum Chromodynamics
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Strong CP Puzzle

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Quantum Chromodynamics (QCD):

• Parameters: strong coupling , quark masses and theta angle  

• Topological theta term
violates T and P, and thus CP 

• Most sensitive probe of T and P violation in flavor
conserving interactions: electric dipole moment of
neutron; prediction:

• Experiment: 
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Theta term in Quantum Chromodynamics
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Axionic Solution of Strong CP Puzzle

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Add to SM Nambu-Goldstone field,                                              , respecting a non-linearly realized             
symmetry (                                ), broken by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift
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In a nutshell: replace theta parameter by dynamical theta field
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Axionic Solution of Strong CP Puzzle

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Add to SM Nambu-Goldstone field,                                              , respecting a non-linearly realized             
symmetry (                                ), broken by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift

• Effective potential at energies below has absolute minimum at            and thus predicts vanishing vev,                     
No strong CP violation in vacuum
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[Vafa,Witten 84]

In a nutshell: replace theta parameter by dynamical theta field
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[Di Vecchia,Veneziano `80;
Leutwyler,Smilga 92]

<latexit sha1_base64="of35sCfJyPJOXBMsrvZuyHvx3b4="></latexit>
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Axionic Solution of Strong CP Puzzle

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Add to SM Nambu-Goldstone field,                                              , respecting a non-linearly realized             
symmetry (                                ), broken by coupling to gluonic topological charge density:

• Can eliminate QCD    -parameter

by shift

• Effective potential at energies below has absolute minimum at            and thus predicts vanishing vev,                     
No strong CP violation in vacuum

• Particle excitation: pseudo Nambu-Goldstone boson “axion”

• Topological susceptibility in QCD,                                   , determines mass in units of decay constant:

• Recent precise determination (ChPT; lattice QCD): 
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[Peccei,Quinn 77]
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[Vafa,Witten 84]
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[Grilli di Cortona et al.  `16;
Borsanyi et al. `16; 
Gorghetto, Villadoro `19]

[Weinberg 78; Wilczek 78]

In a nutshell: replace theta parameter by dynamical theta field
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Peccei-Quinn Extension of Standard Model

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Add singlet complex scalar field   , featuring a 
spontane-ously broken global              symmetry 

• Particle excitations:

• Mass of particle excitation of modulus: 
• Mass of particle excitation of phase:

Simple way to get dynamical theta field

U(1)PQ

<latexit sha1_base64="+46z5yWjntHkQsFl1z1sxnX4s18="></latexit>

[Raffelt]



Page 14

Peccei-Quinn Extension of Standard Model

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Add singlet complex scalar field   , featuring a 
spontane-ously broken global              symmetry 

• Particle excitations:

• Mass of particle excitation of modulus: 
• Mass of particle excitation of phase:

• Coloured fermions carry PQ charges such that             
is broken due to gluonic triangle anomaly:

Simple way to get dynamical theta field

U(1)PQ

<latexit sha1_base64="+46z5yWjntHkQsFl1z1sxnX4s18="></latexit>

U(1)PQ

<latexit sha1_base64="JLT5E5gSivbYYK2a05jN/83jTK0="></latexit>
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Peccei-Quinn Extension of Standard Model

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Add singlet complex scalar field   , featuring a 
spontane-ously broken global              symmetry 

• Particle excitations:

• Mass of particle excitation of modulus: 
• Mass of particle excitation of phase:

• Coloured fermions carry PQ charges such that             
is broken due to gluonic triangle anomaly:

• Low energy effective field theory at energies above                   
but below                  :          

Simple way to get dynamical theta field

U(1)PQ

<latexit sha1_base64="+46z5yWjntHkQsFl1z1sxnX4s18="></latexit>

U(1)PQ

<latexit sha1_base64="JLT5E5gSivbYYK2a05jN/83jTK0="></latexit>

<latexit sha1_base64="+8TKP/2P4BZjGUxjKdVUdmycSz8="></latexit>

[Peccei,Quinn 77; Weinberg 78; Wilczek 78]

[Kim 79;Shifman,Vainshtein,Zakharov 
80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]
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Peccei-Quinn Extension of Standard Model

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Axion couplings to SM at energies below QCD scale

• Couplings to SM suppressed by inverse power of

proportional to mass, since

• EDM coupling: 

• Photon coupling:

• Nucleon couplings:

• Axion-Like Particle (ALP): PNGB from breaking of another approximate global symmetry, e.g. Majoron, 
Familon, etc. 

[Kaplan 85;Srednicki `85; Grilli di Cortona et al. `16]

<latexit sha1_base64="K8l8fNJXrxeWG4EmA7/6Eqkw6Q8="></latexit>

[Pospelov,Ritz `00]
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Constraints on Axion/ALP Couplings

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Coupling to the photon

[AR,Rosenberg,Rybka in: Review of Particle Physics, PTEP 2020 (2020) 8, 083C01] [Axel Lindner]

a a

a a

a a

Laser shining through a wall (LSW) 

Sun shining through a wall (Helioscope) 

DM shining through a wall (Haloscope) 
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Constraints on Axion/ALP Couplings

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Coupling to the photon
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[Brun et al. [MADMAX], 1901.07401]

• Beam dumps

• LEP

• LHC
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Constraints on Axion/ALP Couplings

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Coupling to protons and neutrons

[AR,Rosenberg,Rybka in: Review of Particle Physics, PTEP 2020 (2020) 8, 083C01]
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Constraints on Axion/ALP Couplings

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Coupling to the electron and the neutron EDM    

[AR,Rosenberg,Rybka in: Review of Particle Physics, PTEP 2020 (2020) 8, 083C01]
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Axion Dark Matter

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

[Peking University]
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Axion Dark Matter

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:
[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

[Wantz,Shellard `09]   
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Axion Dark Matter

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Pre-inflationary PQ SSB scenario

• If PQ symmetry broken before or during inflation
(                       )  and not restored afterwards

• Axion CDM density depends on single initial value
in patch which becomes observable universe and

<latexit sha1_base64="dBAIXjhrx9+Age/GDNqeSp4v4o8=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBahXmpSBPVSKl7qrYKxhTaEzXbTLt18sLsplNB/4sWDild/ijf/jds2B219MPB4b4aZeX7CmVSW9W0U1tY3NreK26Wd3b39A/Pw6EnGqSDUITGPRcfHknIWUUcxxWknERSHPqdtf3Q389tjKiSLo0c1Sagb4kHEAkaw0pJnmoF3i+qo6d1fVGq9hJ17ZtmqWnOgVWLnpAw5Wp751evHJA1ppAjHUnZtK1FuhoVihNNpqZdKmmAywgPa1TTCIZVuNr98is600kdBLHRFCs3V3xMZDqWchL7uDLEaymVvJv7ndVMVXLsZi5JU0YgsFgUpRypGsxhQnwlKFJ9ogolg+lZEhlhgonRYJR2CvfzyKnFq1Zuq/XBZbtTzNIpwAqdQARuuoAFNaIEDBMbwDK/wZmTGi/FufCxaC0Y+cwx/YHz+APZJkXY=</latexit>

[Tamarit]   
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Axion Dark Matter

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Pre-inflationary PQ SSB scenario

• If PQ symmetry broken before or during inflation
(                       )  and not restored afterwards

• Axion CDM density depends on single initial value
in patch which becomes observable universe and

• VR works also for ALP: 

(if mass independent of decay constant)
• In general, ALP can be 100 % of DM if
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Axion Dark Matter
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Post-inflationary PQ SSB scenario

• Averaging over random initial axion field values

• Does not exceed  observed CDM abundance for
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Axion Dark Matter

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Post-inflationary PQ SSB scenario

• Averaging over random initial axion field values

• Does not exceed  observed CDM abundance for

• Axions also produced by collapse of network of 
topological defects – strings and domain-walls –

• Axion can be 100% of DM for
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Axion Dark Matter

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Worldwide experimental efforts

• Dark-matter axion mass spans a huge range: 
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Axion Dark Matter

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Worldwide experimental efforts

• “Axion revelation“: DM axion mass starts right at border of stellar energy loss exclusion bounds:
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Axion Dark Matter

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Worldwide experimental efforts

• Strong motivation for current und upcoming axion DM experiments: 
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Physics Case for Heavy ALPs

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Heavy ALPs coupling the visible and dark sector attractive for DM 
phenomenology, because they

• easily reproduce the observed DM relic abundance from thermal 
freeze-out,

• predict, at tree-level, a strong suppression of event rates in direct
detection experiments,

• may allow for observable indirect detection signals

• Heavy ALP with relatively large photon coupling may explain
muon g-2 discrepancy [Chang et al. hep-ph/0009292, Marciano et al., 1607.01022]

[Bauer et al., 1704.08207]
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Conclusions

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Axion extensions of SM very attractive:

• Axion solves strong CP puzzle

• Axion is dark matter candidate (for )

• Boom in axion searches!

• Heavy ALPs also very attractive as

• DM mediators

• Solution of muon g-2 puzzle 
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Axion Dark Matter

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:

• QCD input from lattice: 

• Equation of state

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
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Axion Dark Matter

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

Vacuum re-alignment mechanism

• PQ phase transition takes place at

• Axion takes random initial values in causally
connected domains

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:

• QCD input from lattice: 

• Equation of state

• Topological susceptibility

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
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Searches for FCNC Interactions

| Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020

• Introduce right-handed singlet neutrinos       and 
complex scalar field      with flavor-dependent spon-
taneously broken global chiral               Froggatt-
Nielsen (FN)  symmetry

• Explains SM fermionic mass hierarchies and mixings 
by FN mechanism

• Explains neutrino masses and mixing by seesaw
• FN symmetry is at the same time a PQ symmetry

• Nambu-Goldstone boson of FN breaking solves also 
strong CP problem (“axion”): “flaxion” or “axiflavon” 

• Flaxion has flavor changing neutral current (FCNC)  
interactions
• Currently best bound from    

Minimal flavored SMASH 
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• Flaxion properties:

• Decay constant: 

• Typically large domain wall number 
• Viable example:

• Coupling to photon:

• For example above:

• NA62: reach in decay constant increased by order of 
magnitude!
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