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✤ Classically: 

Strong CP Problem

✤ Why is neutron electric dipole moment so small?

✤ Quantum mechanically: LCP =
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Expectation Reality

so small is the Strong CP ProblemWhy
Hook 2018

(small      limit)✓
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Standard QCD Axion 

✤ One of most popular solutions: promote    to a field    ✓
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✤ Below                          , axion acquires a potential from strong dynamics  ⇤QCD ⇠ 150MeV
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Axion Quality Problem

✤            symmetry not gauged       expected to be broken by higher-dim operatorsU(1)PQ
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✤ For PQ breaking field � = (fa + s)eia/fa
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For axion to still solve
 Strong CP Problem(                     )

Shifts minimum of axion potentialV��PQ = �n
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Origin of Heavy QCD Axions

✤ Heavy QCD axions can arise from:

✤ SU(3) or embeddings of SU(3) becoming confined at high energies

✤ 5D instantons (see Tony Gherghetta’s talk from Tuesday) 

✤ Mirror QCD theories

Dimopolous 1979, Tye 1981, Holdom & Peskin 1982, Holdom 1985, Flynn and Randall 1987, Agrawal and Howe 2018

Gherghetta et al 2020

Rubakov 1997, Berezhiani 2001



Cosmological Signals of Heavy QCD Axion

✤ For much of this parameter space, axion can decay around or after neutrino decoupling

✤ Axion decays heat up photons relative to neutrinos            negative

✤ Accurate calculation requires momentum-space Boltzmann equation         because of:

✤  Danger of some fraction of axions decaying late (high momentum, time dilation)

✤ Precision CMB measurements 

f(p)
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Important Effects for Heavy QCD Axions

✤ Previous work calculated        for heavy Axion Like Particles (ALPs), not QCD axionsNe↵
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✤ We must incorporate the following key effects:
✤ Axion-pion scattering

✤ Axion-meson mixing in photon coupling

✤ Proper axion lifetime (QCD decay channels)

✤ Enhanced frozen-out abundance from gluons

✤ QCD contributions to the background energy density 

Aloni et al 2019

Aloni et al 2019

Salvio et al 2013,  D’Eramo et al 2021

Saikawa and Shirai 2018

Cadamuro & Redondo 2012, Millea et al 2015, Depta et al 2020 



Differences Between Heavy QCD Axions and Heavy ALPs



Cosmological History of Heavy QCD Axion



          Results: Boltzmann CalculationNe↵
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✤ Note slight decrease in slope in                
plane

High        regionma
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✤ For                      , axion decays 
dominantly to gluons

✤ For fixed,    , axion energy density at decay 
increases with increasing mass 

✤

⌧
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✤ Axion must lie on further tail of exponential 
suppression

✤

ma > 2GeV

<latexit sha1_base64="Bp966sZvOR0VVfMUgjE2zE7E7Ig=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCylJqehKii50WcE+oAlhMp20Q2cmYWYi1FD8FTcuFHHrf7jzb5y2WWjrgQuHc+7l3nvChFGlHefbKiwtr6yuFddLG5tb2zv27l5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4PfHbD0QqGot7PUqIz1Ff0IhipI0U2Ac8QPASVmHmnUJPcnhDWuPALjsVZwq4SNyclEGORmB/eb0Yp5wIjRlSqus6ifYzJDXFjIxLXqpIgvAQ9UnXUIE4UX42vX4Mj43Sg1EsTQkNp+rviQxxpUY8NJ0c6YGa9ybif1431dGFn1GRpJoIPFsUpQzqGE6igD0qCdZsZAjCkppbIR4gibA2gZVMCO78y4ukVa24tcrZXa1cv8rjKIJDcAROgAvOQR3cggZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+wPn8ArvSTdQ==</latexit>

ma � ⌧

<latexit sha1_base64="F3G2frShgiUBXUfZ/sVqNZq05as=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRS0WPRi8cK9gPaUDbbTbt0N4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUkS8gQIlbyeaUxVI3gpGt1O/9cS1EXH0gOOE+4oOIhEKRtFKbdWj512kaa9UdivuDGSZeDkpQ456r/TV7ccsVTxCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LI6q48bPZvRNyapU+CWNtK0IyU39PZFQZM1aB7VQUh2bRm4r/eZ0Uw2s/E1GSIo/YfFGYSoIxmT5P+kJzhnJsCWVa2FsJG1JNGdqIijYEb/HlZdK8qHjVyuV9tVy7yeMowDGcwBl4cAU1uIM6NICBhGd4hTfn0Xlx3p2PeeuKk88cwR84nz/LzY/S</latexit>



Low        region: Hot Dark Matter and ma

<latexit sha1_base64="59UAj2QNNZcFur8orQg+ukZRg2E=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4Giad1tpd0Y3LirYW2qFk0kwbmmSGJCOUoZ/gxoUibv0id/6N6UNQ0QMXDufcy733hAln2njeh5NbWV1b38hvFra2d3b3ivsHbR2nitAWiXmsOiHWlDNJW4YZTjuJoliEnN6F48uZf3dPlWaxvDWThAYCDyWLGMHGSjeij/vFkueiKqojH3puGZ3VvLolPkK+jyByvTlKYIlmv/jeG8QkFVQawrHWXeQlJsiwMoxwOi30Uk0TTMZ4SLuWSiyoDrL5qVN4YpUBjGJlSxo4V79PZFhoPRGh7RTYjPRvbyb+5XVTE50HGZNJaqgki0VRyqGJ4exvOGCKEsMnlmCimL0VkhFWmBibTsGG8PUp/J+0yy6quNXrSqlxsYwjD47AMTgFCNRAA1yBJmgBAobgATyBZ4c7j86L87pozTnLmUPwA87bJ5j6jgY=</latexit>

Ne↵

<latexit sha1_base64="v7663jSNWIhoijibCVhwqgpUlAs=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GiZ9WLsrunElFWwtTIeSSTNtaDIZkoxQhn6GGxeKuPVr3Pk3pg9BRQ9cOJxzL/feEyacaeN5H05uZXVtfSO/Wdja3tndK+4fdLRMFaFtIrlU3RBryllM24YZTruJoliEnN6F48uZf3dPlWYyvjWThAYCD2MWMYKNlfzrftZTAtIomvaLJc9FNdRAFei5ZXRW9xqWVBCqVBBErjdHCSzR6hffewNJUkFjQzjW2kdeYoIMK8MIp9NCL9U0wWSMh9S3NMaC6iCbnzyFJ1YZwEgqW7GBc/X7RIaF1hMR2k6BzUj/9mbiX56fmug8yFicpIbGZLEoSjk0Es7+hwOmKDF8YgkmitlbIRlhhYmxKRVsCF+fwv9Jp+yiqlu7qZaaF8s48uAIHINTgEAdNMEVaIE2IECCB/AEnh3jPDovzuuiNecsZw7BDzhvn2YQkVo=</latexit>

Hot dark matter bounds
Reinterpreted from 
Xu et al 2021



Summary
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E/N = 8/3



Incorporation of Mirror Photon


