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❖ Complementary probe of hidden sectors:

Hindmarsh, Huber, 
Rummukainen, Weir, 
1504.0329
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• Spontaneous symmetry breaking

Witten (1984) Hogan (1986)

Jaeckel, Khoze, 
Spannowsky, 1602.03901

Schwaller, 1504.07263
Croon, Sanz, White, 1806.02332

• Confining exotic color sectors
Helmboldt, Kubo, van der Woud, 1904.07891
Bai, Long, Lu, 1810.04360

Gravitational Waves and Confining Sectors
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❖ First order phase transitions 
can give a stochastic 
gravitational wave background

Sannino, et al, 2012.11614 Halverson et al, 2012.04071
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❖ First order phase transition at confinement 
if

❖ Use a low energy effective theory to try and parameterize the behavior of 
the potential at 

Gravitational Waves and Confining Sectors
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❖ Model building can motivate parameters in the low energy EFT

❖ Gravitational waves can probe confining 
exotic color sectors

NF � 3
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Pisarski, Wilczek (1984)

Bigazzi, et al, 2011.08757
Tc
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❖ Improve with lattice results for pure YM (or only heavy flavors)
Sannino, et al, 2012.11614 Halverson et al, 2012.04071

Helmboldt, Kubo, van der Woud, 1904.07891

Brower, et al, 2006.16429
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Dynamical Axions
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❖ Solving the Strong CP problem by employing                .            
results in the axion 

U(1)PQ
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Peccei, Quinn (1977)

Wilczek (1978)
Weinberg (1978)

If , under chiral rotation of     

➡    can be removed by field 
redefinition
✓
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L 3 g2
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µ⌫G̃
aµ⌫
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❖ Massless quarks will 

form bound states, one 
of which is the dynamical 
axion

Massless quark solution:
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Motivation for Exotic Confining Groups
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(1) Additional color interactions can alter the              
.             relationship

(2) Hide massless quark in bound states

m = 0
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<latexit sha1_base64="gt3wamdqH9YMH+ysyWXsDRleWHc=">AAACDnicbZC7TsMwFIadcivlFmBksagqMVVJhQRjBQtjkehFatrIcZ3Wqp1YtoOooj4BC6/CwgBCrMxsvA1OmgFajmTr0/+fI/v8gWBUacf5tkpr6xubW+Xtys7u3v6BfXjUUXEiMWnjmMWyFyBFGI1IW1PNSE9IgnjASDeYXmd+955IRePoTs8EGXA0jmhIMdJG8u0a99GwAcP89pAQMn6A3PcEHUKY6Rk1fLvq1J284Cq4BVRBUS3f/vJGMU44iTRmSKm+6wg9SJHUFDMyr3iJIgLhKRqTvsEIcaIGab7OHNaMMoJhLM2JNMzV3xMp4krNeGA6OdITtexl4n9eP9Hh5SClkUg0ifDioTBhUMcwywaOqCRYs5kBhCU1f4V4giTC2iRYMSG4yyuvQqdRd526e3tebV4VcZTBCTgFZ8AFF6AJbkALtAEGj+AZvII368l6sd6tj0VrySpmjsGfsj5/AFgHmmE=</latexit><latexit sha1_base64="gt3wamdqH9YMH+ysyWXsDRleWHc=">AAACDnicbZC7TsMwFIadcivlFmBksagqMVVJhQRjBQtjkehFatrIcZ3Wqp1YtoOooj4BC6/CwgBCrMxsvA1OmgFajmTr0/+fI/v8gWBUacf5tkpr6xubW+Xtys7u3v6BfXjUUXEiMWnjmMWyFyBFGI1IW1PNSE9IgnjASDeYXmd+955IRePoTs8EGXA0jmhIMdJG8u0a99GwAcP89pAQMn6A3PcEHUKY6Rk1fLvq1J284Cq4BVRBUS3f/vJGMU44iTRmSKm+6wg9SJHUFDMyr3iJIgLhKRqTvsEIcaIGab7OHNaMMoJhLM2JNMzV3xMp4krNeGA6OdITtexl4n9eP9Hh5SClkUg0ifDioTBhUMcwywaOqCRYs5kBhCU1f4V4giTC2iRYMSG4yyuvQqdRd526e3tebV4VcZTBCTgFZ8AFF6AJbkALtAEGj+AZvII368l6sd6tj0VrySpmjsGfsj5/AFgHmmE=</latexit><latexit sha1_base64="gt3wamdqH9YMH+ysyWXsDRleWHc=">AAACDnicbZC7TsMwFIadcivlFmBksagqMVVJhQRjBQtjkehFatrIcZ3Wqp1YtoOooj4BC6/CwgBCrMxsvA1OmgFajmTr0/+fI/v8gWBUacf5tkpr6xubW+Xtys7u3v6BfXjUUXEiMWnjmMWyFyBFGI1IW1PNSE9IgnjASDeYXmd+955IRePoTs8EGXA0jmhIMdJG8u0a99GwAcP89pAQMn6A3PcEHUKY6Rk1fLvq1J284Cq4BVRBUS3f/vJGMU44iTRmSKm+6wg9SJHUFDMyr3iJIgLhKRqTvsEIcaIGab7OHNaMMoJhLM2JNMzV3xMp4krNeGA6OdITtexl4n9eP9Hh5SClkUg0ifDioTBhUMcwywaOqCRYs5kBhCU1f4V4giTC2iRYMSG4yyuvQqdRd526e3tebV4VcZTBCTgFZ8AFF6AJbkALtAEGj+AZvII368l6sd6tj0VrySpmjsGfsj5/AFgHmmE=</latexit><latexit sha1_base64="gt3wamdqH9YMH+ysyWXsDRleWHc=">AAACDnicbZC7TsMwFIadcivlFmBksagqMVVJhQRjBQtjkehFatrIcZ3Wqp1YtoOooj4BC6/CwgBCrMxsvA1OmgFajmTr0/+fI/v8gWBUacf5tkpr6xubW+Xtys7u3v6BfXjUUXEiMWnjmMWyFyBFGI1IW1PNSE9IgnjASDeYXmd+955IRePoTs8EGXA0jmhIMdJG8u0a99GwAcP89pAQMn6A3PcEHUKY6Rk1fLvq1J284Cq4BVRBUS3f/vJGMU44iTRmSKm+6wg9SJHUFDMyr3iJIgLhKRqTvsEIcaIGab7OHNaMMoJhLM2JNMzV3xMp4krNeGA6OdITtexl4n9eP9Hh5SClkUg0ifDioTBhUMcwywaOqCRYs5kBhCU1f4V4giTC2iRYMSG4yyuvQqdRd526e3tebV4VcZTBCTgFZ8AFF6AJbkALtAEGj+AZvII368l6sd6tj0VrySpmjsGfsj5/AFgHmmE=</latexit> !
<latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit><latexit sha1_base64="sVBkjs/c+hJlwPgmxP0/MoyXMvk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPSUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdkBouRcJbKFDybqo5jUPJO+H4duZ3Hrk2QiUPOEl5ENNhIiLBKFrJ72kxHCHVWj31qzW37s5BVolXkBoUaParX72BYlnME2SSGuN7bopBTjUKJvm00ssMTykb0yH3LU1ozE2Qz0+ekjOrDEiktK0EyVz9PZHT2JhJHNrOmOLILHsz8T/PzzC6DnKRpBnyhC0WRZkkqMjsfzIQmjOUE0so08LeStiIasrQplSxIXjLL6+S9kXdc+ve/WWtcVPEUYYTOIVz8OAKGnAHTWgBAwXP8ApvDjovzrvzsWgtOcXMMfyB8/kDwruRjQ==</latexit>

+ ⇠ ⇤4
new

<latexit sha1_base64="OKFceo0aX5hrrUVk+cEIisPQPjA=">AAACA3icbVC7SgNBFJ31GeMraqfNYBAEIeyKoKVoY2ERwTwguy6zkxsdnJ1dZu6qYQnY+Cs2ForY+hN2/o2TR6GJBwYO59zDnXuiVAqDrvvtTE3PzM7NFxaKi0vLK6ultfW6STLNocYTmehmxAxIoaCGAiU0Uw0sjiQ0otvTvt+4A21Eoi6xm0IQs2slOoIztFJY2tyjvhGxf24jbRb6CA+YK7jvXR2EpbJbcQegk8QbkTIZoRqWvvx2wrMYFHLJjGl5bopBzjQKLqFX9DMDKeO37BpalioWgwnywQ09umOVNu0k2j6FdKD+TuQsNqYbR3YyZnhjxr2++J/XyrBzFORCpRmC4sNFnUxSTGi/ENoWGjjKriWMa2H/SvkN04yjra1oS/DGT54k9f2K51a8i4Py8cmojgLZIttkl3jkkByTM1IlNcLJI3kmr+TNeXJenHfnYzg65YwyG+QPnM8ftOyXkA==</latexit><latexit sha1_base64="OKFceo0aX5hrrUVk+cEIisPQPjA=">AAACA3icbVC7SgNBFJ31GeMraqfNYBAEIeyKoKVoY2ERwTwguy6zkxsdnJ1dZu6qYQnY+Cs2ForY+hN2/o2TR6GJBwYO59zDnXuiVAqDrvvtTE3PzM7NFxaKi0vLK6ultfW6STLNocYTmehmxAxIoaCGAiU0Uw0sjiQ0otvTvt+4A21Eoi6xm0IQs2slOoIztFJY2tyjvhGxf24jbRb6CA+YK7jvXR2EpbJbcQegk8QbkTIZoRqWvvx2wrMYFHLJjGl5bopBzjQKLqFX9DMDKeO37BpalioWgwnywQ09umOVNu0k2j6FdKD+TuQsNqYbR3YyZnhjxr2++J/XyrBzFORCpRmC4sNFnUxSTGi/ENoWGjjKriWMa2H/SvkN04yjra1oS/DGT54k9f2K51a8i4Py8cmojgLZIttkl3jkkByTM1IlNcLJI3kmr+TNeXJenHfnYzg65YwyG+QPnM8ftOyXkA==</latexit><latexit sha1_base64="OKFceo0aX5hrrUVk+cEIisPQPjA=">AAACA3icbVC7SgNBFJ31GeMraqfNYBAEIeyKoKVoY2ERwTwguy6zkxsdnJ1dZu6qYQnY+Cs2ForY+hN2/o2TR6GJBwYO59zDnXuiVAqDrvvtTE3PzM7NFxaKi0vLK6ultfW6STLNocYTmehmxAxIoaCGAiU0Uw0sjiQ0otvTvt+4A21Eoi6xm0IQs2slOoIztFJY2tyjvhGxf24jbRb6CA+YK7jvXR2EpbJbcQegk8QbkTIZoRqWvvx2wrMYFHLJjGl5bopBzjQKLqFX9DMDKeO37BpalioWgwnywQ09umOVNu0k2j6FdKD+TuQsNqYbR3YyZnhjxr2++J/XyrBzFORCpRmC4sNFnUxSTGi/ENoWGjjKriWMa2H/SvkN04yjra1oS/DGT54k9f2K51a8i4Py8cmojgLZIttkl3jkkByTM1IlNcLJI3kmr+TNeXJenHfnYzg65YwyG+QPnM8ftOyXkA==</latexit><latexit sha1_base64="OKFceo0aX5hrrUVk+cEIisPQPjA=">AAACA3icbVC7SgNBFJ31GeMraqfNYBAEIeyKoKVoY2ERwTwguy6zkxsdnJ1dZu6qYQnY+Cs2ForY+hN2/o2TR6GJBwYO59zDnXuiVAqDrvvtTE3PzM7NFxaKi0vLK6ultfW6STLNocYTmehmxAxIoaCGAiU0Uw0sjiQ0otvTvt+4A21Eoi6xm0IQs2slOoIztFJY2tyjvhGxf24jbRb6CA+YK7jvXR2EpbJbcQegk8QbkTIZoRqWvvx2wrMYFHLJjGl5bopBzjQKLqFX9DMDKeO37BpalioWgwnywQ09umOVNu0k2j6FdKD+TuQsNqYbR3YyZnhjxr2++J/XyrBzFORCpRmC4sNFnUxSTGi/ENoWGjjKriWMa2H/SvkN04yjra1oS/DGT54k9f2K51a8i4Py8cmojgLZIttkl3jkkByTM1IlNcLJI3kmr+TNeXJenHfnYzg65YwyG+QPnM8ftOyXkA==</latexit>

ma, fa
<latexit sha1_base64="QKdVvgW5eDIbHAkWOr41q3i+xRs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYGuhDWGy3bRLd5O4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrK6tb5Q3K1vbO7t71f2Dtk4yRVmLJiJRnRA1EzxmLcONYJ1UMZShYA/h6GbqPzwxpXkS35txynyJg5hHnKKxUkcGeEaiAINqza27M5Bl4hWkBgWaQfWr109oJllsqECtu56bGj9HZTgVbFLpZZqlSEc4YF1LY5RM+/ns3gk5sUqfRImyFRsyU39P5Ci1HsvQdko0Q73oTcX/vG5mois/53GaGRbT+aIoE8QkZPo86XPFqBFjS5Aqbm8ldIgKqbERVWwI3uLLy6R9Xvfcund3UWtcF3GU4QiO4RQ8uIQG3EITWkBBwDO8wpvz6Lw4787HvLXkFDOH8AfO5w81W49p</latexit><latexit sha1_base64="QKdVvgW5eDIbHAkWOr41q3i+xRs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYGuhDWGy3bRLd5O4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrK6tb5Q3K1vbO7t71f2Dtk4yRVmLJiJRnRA1EzxmLcONYJ1UMZShYA/h6GbqPzwxpXkS35txynyJg5hHnKKxUkcGeEaiAINqza27M5Bl4hWkBgWaQfWr109oJllsqECtu56bGj9HZTgVbFLpZZqlSEc4YF1LY5RM+/ns3gk5sUqfRImyFRsyU39P5Ci1HsvQdko0Q73oTcX/vG5mois/53GaGRbT+aIoE8QkZPo86XPFqBFjS5Aqbm8ldIgKqbERVWwI3uLLy6R9Xvfcund3UWtcF3GU4QiO4RQ8uIQG3EITWkBBwDO8wpvz6Lw4787HvLXkFDOH8AfO5w81W49p</latexit><latexit sha1_base64="QKdVvgW5eDIbHAkWOr41q3i+xRs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYGuhDWGy3bRLd5O4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrK6tb5Q3K1vbO7t71f2Dtk4yRVmLJiJRnRA1EzxmLcONYJ1UMZShYA/h6GbqPzwxpXkS35txynyJg5hHnKKxUkcGeEaiAINqza27M5Bl4hWkBgWaQfWr109oJllsqECtu56bGj9HZTgVbFLpZZqlSEc4YF1LY5RM+/ns3gk5sUqfRImyFRsyU39P5Ci1HsvQdko0Q73oTcX/vG5mois/53GaGRbT+aIoE8QkZPo86XPFqBFjS5Aqbm8ldIgKqbERVWwI3uLLy6R9Xvfcund3UWtcF3GU4QiO4RQ8uIQG3EITWkBBwDO8wpvz6Lw4787HvLXkFDOH8AfO5w81W49p</latexit><latexit sha1_base64="QKdVvgW5eDIbHAkWOr41q3i+xRs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYGuhDWGy3bRLd5O4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzwlRwbVz32ymtrK6tb5Q3K1vbO7t71f2Dtk4yRVmLJiJRnRA1EzxmLcONYJ1UMZShYA/h6GbqPzwxpXkS35txynyJg5hHnKKxUkcGeEaiAINqza27M5Bl4hWkBgWaQfWr109oJllsqECtu56bGj9HZTgVbFLpZZqlSEc4YF1LY5RM+/ns3gk5sUqfRImyFRsyU39P5Ci1HsvQdko0Q73oTcX/vG5mois/53GaGRbT+aIoE8QkZPo86XPFqBFjS5Aqbm8ldIgKqbERVWwI3uLLy6R9Xvfcund3UWtcF3GU4QiO4RQ8uIQG3EITWkBBwDO8wpvz6Lw4787HvLXkFDOH8AfO5w81W49p</latexit>

Choi, Kim (1985) Hook, 1411.3325

⇠ ⇤new
<latexit sha1_base64="jDWC2ep3pCvdmNPUROt04nQO5+4=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8EgWIVdEbQM2lhYRDAPyIYwO7lJhszOLjN31bBs46/YWChi62fY+TdOHoUmHhg4nHMPd+4JYikMuu63k1taXlldy68XNja3tneKu3t1EyWaQ41HMtLNgBmQQkENBUpoxhpYGEhoBMOrsd+4B21EpO5wFEM7ZH0leoIztFKneOAbEVL/xia6rOMjPGKq4CHrFEtu2Z2ALhJvRkpkhmqn+OV3I56EoJBLZkzLc2Nsp0yj4BKygp8YiBkfsj60LFUsBNNOJwdk9NgqXdqLtH0K6UT9nUhZaMwoDOxkyHBg5r2x+J/XSrB30U6FihMExaeLeomkGNFxG7QrNHCUI0sY18L+lfIB04yj7axgS/DmT14k9dOy55a927NS5XJWR54ckiNyQjxyTirkmlRJjXCSkWfySt6cJ+fFeXc+pqM5Z5bZJ3/gfP4AESKWtQ==</latexit><latexit sha1_base64="jDWC2ep3pCvdmNPUROt04nQO5+4=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8EgWIVdEbQM2lhYRDAPyIYwO7lJhszOLjN31bBs46/YWChi62fY+TdOHoUmHhg4nHMPd+4JYikMuu63k1taXlldy68XNja3tneKu3t1EyWaQ41HMtLNgBmQQkENBUpoxhpYGEhoBMOrsd+4B21EpO5wFEM7ZH0leoIztFKneOAbEVL/xia6rOMjPGKq4CHrFEtu2Z2ALhJvRkpkhmqn+OV3I56EoJBLZkzLc2Nsp0yj4BKygp8YiBkfsj60LFUsBNNOJwdk9NgqXdqLtH0K6UT9nUhZaMwoDOxkyHBg5r2x+J/XSrB30U6FihMExaeLeomkGNFxG7QrNHCUI0sY18L+lfIB04yj7axgS/DmT14k9dOy55a927NS5XJWR54ckiNyQjxyTirkmlRJjXCSkWfySt6cJ+fFeXc+pqM5Z5bZJ3/gfP4AESKWtQ==</latexit><latexit sha1_base64="jDWC2ep3pCvdmNPUROt04nQO5+4=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8EgWIVdEbQM2lhYRDAPyIYwO7lJhszOLjN31bBs46/YWChi62fY+TdOHoUmHhg4nHMPd+4JYikMuu63k1taXlldy68XNja3tneKu3t1EyWaQ41HMtLNgBmQQkENBUpoxhpYGEhoBMOrsd+4B21EpO5wFEM7ZH0leoIztFKneOAbEVL/xia6rOMjPGKq4CHrFEtu2Z2ALhJvRkpkhmqn+OV3I56EoJBLZkzLc2Nsp0yj4BKygp8YiBkfsj60LFUsBNNOJwdk9NgqXdqLtH0K6UT9nUhZaMwoDOxkyHBg5r2x+J/XSrB30U6FihMExaeLeomkGNFxG7QrNHCUI0sY18L+lfIB04yj7axgS/DmT14k9dOy55a927NS5XJWR54ckiNyQjxyTirkmlRJjXCSkWfySt6cJ+fFeXc+pqM5Z5bZJ3/gfP4AESKWtQ==</latexit>
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❖ First order PT at 






















































































































SU(Ñ)
<latexit sha1_base64="xem0pIzTucyXjaqOMz2cTp7OUSo=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF09S0bSFNpTNZtMu3Wzi7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZ5yecKW3b39bK6tr6xmZhq7i9s7u3Xzo4bKo4lYS6JOaxbPtYUc4EdTXTnLYTSXHkc9ryhzdTvzWiUrFYPOpxQr0I9wULGcHaSN6DW+lqxgOK7tBZr1S2q/YMaJk4OSlDjkav9NUNYpJGVGjCsVIdx060l2GpGeF0UuymiiaYDHGfdgwVOKLKy2ZHT9CpUQIUxtKU0Gim/p7IcKTUOPJNZ4T1QC16U/E/r5Pq8MrLmEhSTQWZLwpTjnSMpgmggElKNB8bgolk5lZEBlhiok1ORROCs/jyMmnWqs55tXZ/Ua5f53EU4BhOoAIOXEIdbqEBLhB4gmd4hTdrZL1Y79bHvHXFymeO4A+szx8GqZD1</latexit>

Pisarski, Wilczek (1984)

❖ Quadratically divergent mass 
terms for pions

❖ Massless messenger fields Plot lifted from: Bai, Long, Lu, arXiv:1810.04360

1st
<latexit sha1_base64="TF1X+r/VhJRIr3Ry7dLKOngBuSg="></latexit>

NF � 3
<latexit sha1_base64="PIqM/akXcwRrp5bESudeXBvTfaA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgh6DgniSCOaByRJmJ73JkNnZdWZWCCF/4cWDIl79G2/+jZPHQRMLGoqqbrq7gkRwbVz328msrK6tb2Q3c1vbO7t7+f2Duo5TxbDGYhGrZkA1Ci6xZrgR2EwU0igQ2AgGVxO/8YRK81jem2GCfkR7koecUWOlh9vONWn38JGUO/mCW3SnIMvEm5MCzFHt5L/a3ZilEUrDBNW65bmJ8UdUGc4EjnPtVGNC2YD2sGWppBFqfzS9eExOrNIlYaxsSUOm6u+JEY20HkaB7Yyo6etFbyL+57VSE174Iy6T1KBks0VhKoiJyeR90uUKmRFDSyhT3N5KWJ8qyowNKWdD8BZfXib1UtErF0t3Z4XK5TyOLBzBMZyCB+dQgRuoQg0YSHiGV3hztPPivDsfs9aMM585hD9wPn8AFsKP4Q==</latexit>

NF = 6
<latexit sha1_base64="USg+gXS7G1d+zOUaPCPwgXhAMCM="></latexit>

⇤̃ ⇠ 3 TeV
<latexit sha1_base64="tEafbGIZw8/TSVsBfUMTR8ZDuVc=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SBYhd1E0DJoY2ERIS/IhjA7e5MMmX0wc1cMS2obf8XGQhFbv8DOv3HyKDTxwMDhnHu4c48XS6HRtr+tzMrq2vpGdjO3tb2zu5ffP2joKFEc6jySkWp5TIMUIdRRoIRWrIAFnoSmN7ye+M17UFpEYQ1HMXQC1g9FT3CGRurmj10U0gfq3pqMz6irRUDL1EV4wJTWoDHu5gt20Z6CLhNnTgpkjmo3/+X6EU8CCJFLpnXbsWPspEyh4BLGOTfREDM+ZH1oGxqyAHQnnZ4ypqdG8WkvUuaFSKfq70TKAq1HgWcmA4YDvehNxP+8doK9y04qwjhBCPlsUS+RFCM66YX6QgFHOTKEcSXMXykfMMU4mvZypgRn8eRl0igVnXKxdHdeqFzN68iSI3JCzohDLkiF3JAqqRNOHskzeSVv1pP1Yr1bH7PRjDXPHJI/sD5/ALd+maQ=</latexit>

<latexit sha1_base64="D7BXNcNsLlLqZhmBPbB2bA/VBQU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6rFYDx5bsB/QhLLZbtqlm03YnYgl9G948aCIV/+MN/+N2zYHrT4YeLw3w8y8IBFco+N8WYWV1bX1jeJmaWt7Z3evvH/Q1nGqKGvRWMSqGxDNBJeshRwF6yaKkSgQrBOM6zO/88CU5rG8x0nC/IgMJQ85JWgkb9j3kD1i1qzfTvvlilN15rD/EjcnFcjR6Jc/vUFM04hJpIJo3XOdBP2MKORUsGnJSzVLCB2TIesZKknEtJ/Nb57aJ0YZ2GGsTEm05+rPiYxEWk+iwHRGBEd62ZuJ/3m9FMNrP+MySZFJulgUpsLG2J4FYA+4YhTFxBBCFTe32nREFKFoYiqZENzll/+S9lnVvayeNy8qtZs8jiIcwTGcggtXUIM7aEALKCTwBC/waqXWs/VmvS9aC1Y+cwi/YH18AwmRkbE=</latexit>gQCD
<latexit sha1_base64="lEU8ob0BaaxyYWUjoiC+O8TxHko=">AAACFXicbVA9SwNBEN3zM8avqKXNYhAUJNxFUcugFhYWCsYIuSTs7U3ikt27Y3dODEf+hI1/xcZCEVvBzn/jJqbQ6IOBx3szuzMvSKQw6LqfzsTk1PTMbG4uP7+wuLRcWFm9MnGqOVR5LGN9HTADUkRQRYESrhMNTAUSakH3eODXbkEbEUeX2EugoVgnEm3BGVqpVdhRzfKWn4ht6huhaKflI9xhdnF80m+WqY9ChuCf2fdC1iy3CkW35A5B/xJvRIpkhPNW4cMPY54qiJBLZkzdcxNsZEyj4BL6eT81kDDeZR2oWxoxBaaRDa/q002rhLQda1sR0qH6cyJjypieCmynYnhjxr2B+J9XT7F92MhElKQIEf/+qJ1KijEdRERDoYGj7FnCuBZ2V8pvmGYcbZB5G4I3fvJfclUueful3Yu9YuVoFEeOrJMNskU8ckAq5JSckyrh5J48kmfy4jw4T86r8/bdOuGMZtbILzjvX4rLndU=</latexit>

m2(⇡) ⇠ g2QCD⇤̃
2

Nf=6    : Iwasaki, Kanaya, Sakai, Yoshié, hep-lat/9504019
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❖ N_F = 3atS           confinement

Generic Properties of Dynamical Axion Models
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❖ First order PT at 






















































































































SU(Ñ)
<latexit sha1_base64="xem0pIzTucyXjaqOMz2cTp7OUSo=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeiF09S0bSFNpTNZtMu3Wzi7qZQQn+HFw+KePXHePPfuG1z0NYHA4/3ZpiZ5yecKW3b39bK6tr6xmZhq7i9s7u3Xzo4bKo4lYS6JOaxbPtYUc4EdTXTnLYTSXHkc9ryhzdTvzWiUrFYPOpxQr0I9wULGcHaSN6DW+lqxgOK7tBZr1S2q/YMaJk4OSlDjkav9NUNYpJGVGjCsVIdx060l2GpGeF0UuymiiaYDHGfdgwVOKLKy2ZHT9CpUQIUxtKU0Gim/p7IcKTUOPJNZ4T1QC16U/E/r5Pq8MrLmEhSTQWZLwpTjnSMpgmggElKNB8bgolk5lZEBlhiok1ORROCs/jyMmnWqs55tXZ/Ua5f53EU4BhOoAIOXEIdbqEBLhB4gmd4hTdrZL1Y79bHvHXFymeO4A+szx8GqZD1</latexit>

Pisarski, Wilczek (1984)

❖ Quadratically divergent mass 
terms for pions

❖ Massless messenger fields Plot lifted from: Bai, Long, Lu, arXiv:1810.04360

1st
<latexit sha1_base64="TF1X+r/VhJRIr3Ry7dLKOngBuSg="></latexit>

NF � 3
<latexit sha1_base64="PIqM/akXcwRrp5bESudeXBvTfaA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgh6DgniSCOaByRJmJ73JkNnZdWZWCCF/4cWDIl79G2/+jZPHQRMLGoqqbrq7gkRwbVz328msrK6tb2Q3c1vbO7t7+f2Duo5TxbDGYhGrZkA1Ci6xZrgR2EwU0igQ2AgGVxO/8YRK81jem2GCfkR7koecUWOlh9vONWn38JGUO/mCW3SnIMvEm5MCzFHt5L/a3ZilEUrDBNW65bmJ8UdUGc4EjnPtVGNC2YD2sGWppBFqfzS9eExOrNIlYaxsSUOm6u+JEY20HkaB7Yyo6etFbyL+57VSE174Iy6T1KBks0VhKoiJyeR90uUKmRFDSyhT3N5KWJ8qyowNKWdD8BZfXib1UtErF0t3Z4XK5TyOLBzBMZyCB+dQgRuoQg0YSHiGV3hztPPivDsfs9aMM585hD9wPn8AFsKP4Q==</latexit>

NF = 6
<latexit sha1_base64="USg+gXS7G1d+zOUaPCPwgXhAMCM="></latexit>

⇤̃ ⇠ 3 TeV
<latexit sha1_base64="tEafbGIZw8/TSVsBfUMTR8ZDuVc=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SBYhd1E0DJoY2ERIS/IhjA7e5MMmX0wc1cMS2obf8XGQhFbv8DOv3HyKDTxwMDhnHu4c48XS6HRtr+tzMrq2vpGdjO3tb2zu5ffP2joKFEc6jySkWp5TIMUIdRRoIRWrIAFnoSmN7ye+M17UFpEYQ1HMXQC1g9FT3CGRurmj10U0gfq3pqMz6irRUDL1EV4wJTWoDHu5gt20Z6CLhNnTgpkjmo3/+X6EU8CCJFLpnXbsWPspEyh4BLGOTfREDM+ZH1oGxqyAHQnnZ4ypqdG8WkvUuaFSKfq70TKAq1HgWcmA4YDvehNxP+8doK9y04qwjhBCPlsUS+RFCM66YX6QgFHOTKEcSXMXykfMMU4mvZypgRn8eRl0igVnXKxdHdeqFzN68iSI3JCzohDLkiF3JAqqRNOHskzeSVv1pP1Yr1bH7PRjDXPHJI/sD5/ALd+maQ=</latexit>

<latexit sha1_base64="D7BXNcNsLlLqZhmBPbB2bA/VBQU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6rFYDx5bsB/QhLLZbtqlm03YnYgl9G948aCIV/+MN/+N2zYHrT4YeLw3w8y8IBFco+N8WYWV1bX1jeJmaWt7Z3evvH/Q1nGqKGvRWMSqGxDNBJeshRwF6yaKkSgQrBOM6zO/88CU5rG8x0nC/IgMJQ85JWgkb9j3kD1i1qzfTvvlilN15rD/EjcnFcjR6Jc/vUFM04hJpIJo3XOdBP2MKORUsGnJSzVLCB2TIesZKknEtJ/Nb57aJ0YZ2GGsTEm05+rPiYxEWk+iwHRGBEd62ZuJ/3m9FMNrP+MySZFJulgUpsLG2J4FYA+4YhTFxBBCFTe32nREFKFoYiqZENzll/+S9lnVvayeNy8qtZs8jiIcwTGcggtXUIM7aEALKCTwBC/waqXWs/VmvS9aC1Y+cwi/YH18AwmRkbE=</latexit>gQCD
<latexit sha1_base64="lEU8ob0BaaxyYWUjoiC+O8TxHko=">AAACFXicbVA9SwNBEN3zM8avqKXNYhAUJNxFUcugFhYWCsYIuSTs7U3ikt27Y3dODEf+hI1/xcZCEVvBzn/jJqbQ6IOBx3szuzMvSKQw6LqfzsTk1PTMbG4uP7+wuLRcWFm9MnGqOVR5LGN9HTADUkRQRYESrhMNTAUSakH3eODXbkEbEUeX2EugoVgnEm3BGVqpVdhRzfKWn4ht6huhaKflI9xhdnF80m+WqY9ChuCf2fdC1iy3CkW35A5B/xJvRIpkhPNW4cMPY54qiJBLZkzdcxNsZEyj4BL6eT81kDDeZR2oWxoxBaaRDa/q002rhLQda1sR0qH6cyJjypieCmynYnhjxr2B+J9XT7F92MhElKQIEf/+qJ1KijEdRERDoYGj7FnCuBZ2V8pvmGYcbZB5G4I3fvJfclUueful3Yu9YuVoFEeOrJMNskU8ckAq5JSckyrh5J48kmfy4jw4T86r8/bdOuGMZtbILzjvX4rLndU=</latexit>

m2(⇡) ⇠ g2QCD⇤̃
2

Dynamical 
axion models

Nf=6    : Iwasaki, Kanaya, Sakai, Yoshié, hep-lat/9504019
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Dynamical Axion Models

 

NF = 3
<latexit sha1_base64="jljO+oO+Xoh1ftV+d1cZhwWwEnw="></latexit>

NF = 4
<latexit sha1_base64="p4ixQy5nEPvLf0w82flXEomOWQU="></latexit>

  

 

Choi, Kim (1985)Hook, 1411.3325
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Dynamical Axion Models
NF = 3

<latexit sha1_base64="jljO+oO+Xoh1ftV+d1cZhwWwEnw="></latexit>

NF = 4
<latexit sha1_base64="p4ixQy5nEPvLf0w82flXEomOWQU="></latexit>

  

<latexit sha1_base64="kiI2SZDOvGXRUcoesP8SvWFb9Zk=">AAACEnicbVDLSsNAFJ34rPUVdelmsAjtpiQq6rIoiAuR+ugD2hAm00k7dDIJMxOhhH6DG3/FjQtF3Lpy5984aaNo64GBc8+5lzv3eBGjUlnWpzEzOze/sJhbyi+vrK6tmxubdRnGApMaDlkomh6ShFFOaooqRpqRICjwGGl4/dPUb9wRIWnIb9UgIk6Aupz6FCOlJdcs3dSKl+5Zyb2AbUUDIuG3cK2F8Keq512zYJWtEeA0sTNSABmqrvnR7oQ4DghXmCEpW7YVKSdBQlHMyDDfjiWJEO6jLmlpypHe7iSjk4ZwVysd6IdCP67gSP09kaBAykHg6c4AqZ6c9FLxP68VK//YSSiPYkU4Hi/yYwb1rWk+sEMFwYoNNEFYUP1XiHtIIKx0imkI9uTJ06S+V7YPy/tXB4XKSRZHDmyDHVAENjgCFXAOqqAGMLgHj+AZvBgPxpPxaryNW2eMbGYL/IHx/gXMaJpp</latexit>

SU(NF )L ⇥ SU(NF )R ! SU(NF )V

➡ Bound states composed of massless quarks live at

❖ Chiral symmetry breaking pattern at confinement:

➡ Possible light pNGB states
⇤̃

<latexit sha1_base64="8HIK6hrQU0McCl+54JkfgBQ9KcE=">AAAB9XicbVC7SgNBFJ2NrxhfUUubwSBYhd0oaBm0sbCIYB6QXcPs7E0yZPbBzF0lLPkPGwtFbP0XO//GSbKFJh4YOJxzD/fO8RMpNNr2t1VYWV1b3yhulra2d3b3yvsHLR2nikOTxzJWHZ9pkCKCJgqU0EkUsNCX0PZH11O//QhKizi6x3ECXsgGkegLztBIDy4KGQB1b00iYL1yxa7aM9Bl4uSkQnI0euUvN4h5GkKEXDKtu46doJcxhYJLmJTcVEPC+IgNoGtoxELQXja7ekJPjBLQfqzMi5DO1N+JjIVaj0PfTIYMh3rRm4r/ed0U+5deJqIkRYj4fFE/lRRjOq2ABkIBRzk2hHElzK2UD5liHE1RJVOCs/jlZdKqVZ2zau3uvFK/yusokiNyTE6JQy5IndyQBmkSThR5Jq/kzXqyXqx362M+WrDyzCH5A+vzBwmTkjU=</latexit>

Choi, Kim (1985)Hook, 1411.3325
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(2)         explicitly breaks

 Confinement, 

10

SU(3)L ⇥ SU(3)R ⇥ U(1)L ⇥ U(1)R ! SU(3)V ⇥ U(1)V
<latexit sha1_base64="nKfP81g9NCsFuQU+s0NTr8O3gLU=">AAACNXicbVBJS8NAFJ641rpFPXoZLEK9lKQV9Fj04qGHuiQttCFMptN26GRhZiKU0D/lxf/hSQ8eFPHqX3CSRujig4FveY837/MiRoU0jDdtZXVtfWOzsFXc3tnd29cPDm0RxhwTC4cs5G0PCcJoQCxJJSPtiBPke4y0vNF16rceCRc0DB7kOCKOjwYB7VOMpJJcvXFvlWtnbgN2JfWJgFN690etsjljZiz1wrzPnnNsVy8ZFSMruAzMHJRAXk1Xf+n2Qhz7JJCYISE6phFJJ0FcUszIpNiNBYkQHqEB6SgYILXLSbKrJ/BUKT3YD7l6gYSZOjuRIF+Ise+pTh/JoVj0UvE/rxPL/qWT0CCKJQnwdFE/ZlCdnUYIe5QTLNlYAYQ5VX+FeIg4wlIFXVQhmIsnLwO7WjFrlerteal+lcdRAMfgBJSBCS5AHdyAJrAABk/gFXyAT+1Ze9e+tO9p64qWzxyBudJ+fgE4maZJ</latexit>

❖ Spontaneous chiral symmetry breaking: 

❖ Resulting Goldstone Bosons:

Explicit symmetry breaking effects:

9 ! 8c + 1c = ⇡8 + ⌘0
<latexit sha1_base64="Bb066hHZ7BzOkdsrdw3vyfSJ7zM=">AAACCXicbVDLSgMxFM3UV62vUZdugkUUhDJTBetCKLpxWcE+oDMMmTTThmYeJHeEMnTrxl9x40IRt/6BO//GtJ2Ftl5IODnnXm7O8RPBFVjWt1FYWl5ZXSuulzY2t7Z3zN29lopTSVmTxiKWHZ8oJnjEmsBBsE4iGQl9wdr+8Gaitx+YVDyO7mGUMDck/YgHnBLQlGfiS+xAjGsexafY1je+wk7CvZp+OgzIsWeWrYo1LbwI7ByUUV4Nz/xyejFNQxYBFUSprm0l4GZEAqeCjUtOqlhC6JD0WVfDiIRMudnUyRgfaaaHg1jqEwGesr8nMhIqNQp93RkSGKh5bUL+p3VTCGpuxqMkBRbR2aIgFVh7n8SCe1wyCmKkAaGS679iOiCSUNDhlXQI9rzlRdCqVuyzSvXuvFy/zuMoogN0iE6QjS5QHd2iBmoiih7RM3pFb8aT8WK8Gx+z1oKRz+yjP2V8/gC+9JaQ</latexit>

(1) QCD explicitly breaks SU(3)V
<latexit sha1_base64="2B+fHyQgYrb969DSoKpGbi6hYWw=">AAAB7nicbVBNTwIxEJ31E/EL9eilkZjgheyCiR6JXjxidIEENqRbutDQbTdt14Rs+BFePGiMV3+PN/+NBfag4EsmeXlvJjPzwoQzbVz321lb39jc2i7sFHf39g8OS0fHLS1TRahPJJeqE2JNORPUN8xw2kkUxXHIaTsc38789hNVmknxaCYJDWI8FCxiBBsrtR/8Sv2i3+qXym7VnQOtEi8nZcjR7Je+egNJ0pgKQzjWuuu5iQkyrAwjnE6LvVTTBJMxHtKupQLHVAfZ/NwpOrfKAEVS2RIGzdXfExmOtZ7Eoe2MsRnpZW8m/ud1UxNdBxkTSWqoIItFUcqRkWj2OxowRYnhE0swUczeisgIK0yMTahoQ/CWX14lrVrVq1dr95flxk0eRwFO4Qwq4MEVNOAOmuADgTE8wyu8OYnz4rw7H4vWNSefOYE/cD5/AO3TjqU=</latexit>

GG̃
<latexit sha1_base64="swlTuzigjxLPIBr3UjgFeaPoq8k=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY9FD/VYwX5Iu5RsdrYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nikKLxjxW3YBo4ExCyzDDoZsoICLg0AnGtzO/8wRKs1g+mEkCviBDySJGibHSY6NvGA8BNwblilt158CrxMtJBeVoDspf/TCmqQBpKCda9zw3MX5GlGGUw7TUTzUkhI7JEHqWSiJA+9n84Ck+s0qIo1jZkgbP1d8TGRFaT0RgOwUxI73szcT/vF5qoms/YzJJDUi6WBSlHJsYz77HIVNADZ9YQqhi9lZMR0QRamxGJRuCt/zyKmnXqt5FtXZ/Wanf5HEU0Qk6RefIQ1eoju5QE7UQRQI9o1f05ijnxXl3PhatBSefOUZ/4Hz+AB0Qj/Q=</latexit>

U(1)A
<latexit sha1_base64="e/dvoHc70Kr52dTdfp8plauVlxo=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KrJnpEvXjExAUS2JBu6UKl227argnZ8B+8eNAYr/4fb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNORPUN8xw2k4UxXHIaSsc3U791hNVmknxYMYJDWI8ECxiBBsrNf2qd9q77pUrbs2dAS0TLycVyNHolb+6fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6sUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10FGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZfXibNs5p3Xju7v6jUb/I4inAEx1AFDy6hDnfQAB8IPMIzvMKbI50X5935mLcWnHzmEP7A+fwBJkWOMQ==</latexit>

SU(3̃)
<latexit sha1_base64="52Tp2DEtti4sdM6ByUx+S1vi4uI="></latexit>

➡ The et  is a visible 
dynamical axion

⌘0
<latexit sha1_base64="SArE1G79zJZXGFFstlSXTRrqhOk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0mqoMeiF48VTFtoQ9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wju5nfeuLaiEQ94jjlQUwHSkSCUbSS3+VIz3vlilt15yCrxMtJBXI0euWvbj9hWcwVMkmN6XhuisGEahRM8mmpmxmeUjaiA96xVNGYm2AyP3ZKzqzSJ1GibSkkc/X3xITGxozj0HbGFIdm2ZuJ/3mdDKObYCJUmiFXbLEoyiTBhMw+J32hOUM5toQyLeythA2ppgxtPiUbgrf88ipp1qreZbX2cFWp3+ZxFOEETuECPLiGOtxDA3xgIOAZXuHNUc6L8+58LFoLTj5zDH/gfP4Aa8yObQ==</latexit>

 

<latexit sha1_base64="D7BXNcNsLlLqZhmBPbB2bA/VBQU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6rFYDx5bsB/QhLLZbtqlm03YnYgl9G948aCIV/+MN/+N2zYHrT4YeLw3w8y8IBFco+N8WYWV1bX1jeJmaWt7Z3evvH/Q1nGqKGvRWMSqGxDNBJeshRwF6yaKkSgQrBOM6zO/88CU5rG8x0nC/IgMJQ85JWgkb9j3kD1i1qzfTvvlilN15rD/EjcnFcjR6Jc/vUFM04hJpIJo3XOdBP2MKORUsGnJSzVLCB2TIesZKknEtJ/Nb57aJ0YZ2GGsTEm05+rPiYxEWk+iwHRGBEd62ZuJ/3m9FMNrP+MySZFJulgUpsLG2J4FYA+4YhTFxBBCFTe32nREFKFoYiqZENzll/+S9lnVvayeNy8qtZs8jiIcwTGcggtXUIM7aEALKCTwBC/waqXWs/VmvS9aC1Y+cwi/YH18AwmRkbE=</latexit>gQCD

<latexit sha1_base64="XGjRgMVRSORW+/L/3S627ob/puQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkpiRT0WvXisaNpCG8Jms2mXbj7YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPz/FRwBZb1bZTW1jc2t8rblZ3dvf0D8/CorZJMUubQRCSy6xPFBI+ZAxwE66aSkcgXrOOP7mZ+Z8yk4kn8BJOUuREZxDzklICWPNMcePmjU+sDFwHDjfOpZ1atujUHXiV2QaqoQMszv/pBQrOIxUAFUapnWym4OZHAqWDTSj9TLCV0RAasp2lMIqbcfH75FJ9pJcBhInXFgOfq74mcREpNIl93RgSGatmbif95vQzCGzfncZoBi+liUZgJDAmexYADLhkFMdGEUMn1rZgOiSQUdFgVHYK9/PIqaV/U7at64+Gy2rwt4iijE3SKashG16iJ7lELOYiiMXpGr+jNyI0X4934WLSWjGLmGP2B8fkDSsuSyw==</latexit>gSU(3̃)

<latexit sha1_base64="XGjRgMVRSORW+/L/3S627ob/puQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahXkpiRT0WvXisaNpCG8Jms2mXbj7YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPz/FRwBZb1bZTW1jc2t8rblZ3dvf0D8/CorZJMUubQRCSy6xPFBI+ZAxwE66aSkcgXrOOP7mZ+Z8yk4kn8BJOUuREZxDzklICWPNMcePmjU+sDFwHDjfOpZ1atujUHXiV2QaqoQMszv/pBQrOIxUAFUapnWym4OZHAqWDTSj9TLCV0RAasp2lMIqbcfH75FJ9pJcBhInXFgOfq74mcREpNIl93RgSGatmbif95vQzCGzfncZoBi+liUZgJDAmexYADLhkFMdGEUMn1rZgOiSQUdFgVHYK9/PIqaV/U7at64+Gy2rwt4iijE3SKashG16iJ7lELOYiiMXpGr+jNyI0X4934WLSWjGLmGP2B8fkDSsuSyw==</latexit>gSU(3̃)

<latexit sha1_base64="UUS7hgkWdX76Cve5GBhcrs+uGnA=">AAACF3icbVA9T8MwEHXKd/kqMLJYVEiwVElB0BEBAwMDSBSQmjZynGtr1U4i+4Koov4LFv4KCwMIscLGv8EtHfh60klP793Zdy9MpTDouh9OYWJyanpmdq44v7C4tFxaWb00SaY51HkiE30dMgNSxFBHgRKuUw1MhRKuwt7R0L+6AW1EEl9gP4WmYp1YtAVnaKWgVFGt6pafiqC2TX0jFO0EPsIt5udHx4NWlfooZAT+qX0xYq1qUCq7FXcE+pd4Y1ImY5wFpXc/SnimIEYumTENz02xmTONgksYFP3MQMp4j3WgYWnMFJhmPrprQDetEtF2om3FSEfq94mcKWP6KrSdimHX/PaG4n9eI8N2rZmLOM0QYv71UTuTFBM6DIlGQgNH2beEcS3srpR3mWYcbZRFG4L3++S/5LJa8fYqO+e75YPDcRyzZJ1skC3ikX1yQE7IGakTTu7IA3kiz8698+i8OK9frQVnPLNGfsB5+wTVUJ6A</latexit>

m2(⇡8) ⇠ g2QCD⇤̃
2

<latexit sha1_base64="2SBgD24iBBUDo8jK69GGS8bUP5A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1Wz+8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBSWY3V</latexit>⇡

<latexit sha1_base64="gisbdjzdrCXYIM+/wDDvtwEv00Q=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhlqZKCgLGChYGhSPQhNWl14zitVTuJbAepqvoBLPwKCwMIsfIBbPwNbpsBWo5k6eicc23f4yecKW3b39bS8srq2npuI7+5tb2zW9jbb6g4lYTWScxj2fJBUc4iWtdMc9pKJAXhc9r0B9cTv/lApWJxdK+HCfUE9CIWMgLaSN1CUXQquISh6yaK4RPsKiawqxkPqHtrrgmgUzEpu2xPgReJk5EiylDrFr7cICapoJEmHJRqO3aivRFIzQin47ybKpoAGUCPtg2NQFDljabLjPGxUQIcxtKcSOOp+ntiBEKpofBNUoDuq3lvIv7ntVMdXnojFiWpphGZPRSmHOsYT5rBAZOUaD40BIhk5q+Y9EEC0aa/vCnBmV95kTQqZee8fHp3VqxeZXXk0CE6QiXkoAtURTeohuqIoEf0jF7Rm/VkvVjv1scsumRlMwfoD6zPH+Lpmac=</latexit>

m2(a ) ⇠ ⇤̃2

<latexit sha1_base64="jWUtZPk25HwIPzrEZ82GyRaeVzM=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpSXrdxPBeueJVvRnwMvFzUoEc9V75q9tXNI2ZtFQQYzq+l9ggI9pyKtik1E0NSwgdkQHrOCpJzEyQza6d4BOn9HGktCtp8Uz9PZGR2JhxHLrOmNihWfSm4n9eJ7XRdZBxmaSWSTpfFKUCW4Wnr+M+14xaMXaEUM3drZgOiSbUuoBKLgR/8eVl0jyr+pfV8/uLSu0mj6MIR3AMp+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeWkD5zCH8Afr8AZchjyY=</latexit>a 

<latexit sha1_base64="X0HONqgbXc4UsaN9MFzzvh2jz9c="></latexit>

NF = 3
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 Confinement, 

SU(4)V
<latexit sha1_base64="irTBc1qJITQlY/S65Ldv1yMLKCo=">AAAB7nicbVBNTwIxEJ31E/EL9eilkZjghewiiR6JXjxidIEENqRbutDQ7TZt14Rs+BFePGiMV3+PN/+NBfag4EsmeXlvJjPzQsmZNq777aytb2xubRd2irt7+weHpaPjlk5SRahPEp6oTog15UxQ3zDDaUcqiuOQ03Y4vp357SeqNEvEo5lIGsR4KFjECDZWaj/4lfpFv9Uvld2qOwdaJV5OypCj2S999QYJSWMqDOFY667nShNkWBlGOJ0We6mmEpMxHtKupQLHVAfZ/NwpOrfKAEWJsiUMmqu/JzIcaz2JQ9sZYzPSy95M/M/rpia6DjImZGqoIItFUcqRSdDsdzRgihLDJ5Zgopi9FZERVpgYm1DRhuAtv7xKWrWqd1mt3dfLjZs8jgKcwhlUwIMraMAdNMEHAmN4hld4c6Tz4rw7H4vWNSefOYE/cD5/AO9ajqY=</latexit>
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Explicit symmetry breaking effects:

(1) QCD explicitly breaks

15 + 1 ! 8c + 3c + 3̄c + 1c + 1c = ⇡8 + ⇡3 + ⇡̄3 + ⌘0 + ⌘0�
<latexit sha1_base64="dsm/k49xFrMVbFxe3tbHciy6QiU="></latexit>

15 + 1 ! 8c + 3c + 3̄c + 1c + 1c = ⇡8 + ⇡3 + ⇡̄3 + ⌘0 + ⌘0�
<latexit sha1_base64="dsm/k49xFrMVbFxe3tbHciy6QiU="></latexit>

❖ Resulting Goldstone Bosons:

U(4)L ⇥ U(4)R ! U(4)V
<latexit sha1_base64="cv7aT2HRe0t61QFzs/mXtag9B+s=">AAACCHicbVC7SgNBFL3rM8bXqqWFg0GITdiNAS2DNhYWUdwkkCzL7GQ2GTL7YGZWCEtKG3/FxkIRWz/Bzr9xkmyhiQcGzj33Xu6c4yecSWVZ38bS8srq2npho7i5tb2za+7tN2WcCkIdEvNYtH0sKWcRdRRTnLYTQXHoc9ryh1eTfuuBCsni6F6NEuqGuB+xgBGstOSZR065durdoK5iIZVoWt3pKp7RpmeWrIo1BVokdk5KkKPhmV/dXkzSkEaKcCxlx7YS5WZYKEY4HRe7qaQJJkPcpx1NI6zPutnUyBidaKWHgljoFyk0VX9vZDiUchT6ejLEaiDnexPxv14nVcGFm7EoSRWNyOxQkHKkfU5SQT0mKFF8pAkmgum/IjLAAhOlsyvqEOx5y4ukWa3YZ5Xqba1Uv8zjKMAhHEMZbDiHOlxDAxwg8AjP8ApvxpPxYrwbH7PRJSPfOYA/MD5/APWXlsE=</latexit>

Spontaneous symmetry breaking:

(2)         explicitly breaks
 

GG̃
<latexit sha1_base64="swlTuzigjxLPIBr3UjgFeaPoq8k=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY9FD/VYwX5Iu5RsdrYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nikKLxjxW3YBo4ExCyzDDoZsoICLg0AnGtzO/8wRKs1g+mEkCviBDySJGibHSY6NvGA8BNwblilt158CrxMtJBeVoDspf/TCmqQBpKCda9zw3MX5GlGGUw7TUTzUkhI7JEHqWSiJA+9n84Ck+s0qIo1jZkgbP1d8TGRFaT0RgOwUxI73szcT/vF5qoms/YzJJDUi6WBSlHJsYz77HIVNADZ9YQqhi9lZMR0QRamxGJRuCt/zyKmnXqt5FtXZ/Wanf5HEU0Qk6RefIQ1eoju5QE7UQRQI9o1f05ijnxXl3PhatBSefOUZ/4Hz+AB0Qj/Q=</latexit>

U(1)A
<latexit sha1_base64="e/dvoHc70Kr52dTdfp8plauVlxo=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KrJnpEvXjExAUS2JBu6UKl227argnZ8B+8eNAYr/4fb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNORPUN8xw2k4UxXHIaSsc3U791hNVmknxYMYJDWI8ECxiBBsrNf2qd9q77pUrbs2dAS0TLycVyNHolb+6fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6sUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10FGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZfXibNs5p3Xju7v6jUb/I4inAEx1AFDy6hDnfQAB8IPMIzvMKbI50X5935mLcWnHzmEP7A+fwBJkWOMQ==</latexit>

❖ The anomaly only gives 
mass to one axion 

❖ The light eta is an invisible 
dynamical axion

<latexit sha1_base64="lIeUsjwR2zMPn9wp6yQ5r5g2ma4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkqioh6LXjxJRdMW2hA2m027dPPB7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZ56ecSWVZ30ZpZXVtfaO8Wdna3tndM/cPWjLJBKEOSXgiOj6WlLOYOoopTjupoDjyOW37w9up3x5RIVkSP6lxSt0I92MWMoKVljzT7Hv5o1PrKcYDiu5PJ55ZterWDGiZ2AWpQoGmZ371goRkEY0V4VjKrm2lys2xUIxwOqn0MklTTIa4T7uaxjii0s1nl0/QiVYCFCZCV6zQTP09keNIynHk684Iq4Fc9Kbif143U+G1m7M4zRSNyXxRmHGkEjSNAQVMUKL4WBNMBNO3IjLAAhOlw6roEOzFl5dJ66xuX9bPHy6qjZsijjIcwTHUwIYraMAdNMEBAiN4hld4M3LjxXg3PuatJaOYOYQ/MD5/AHPtkuY=</latexit>gSU(Ñ)

<latexit sha1_base64="lIeUsjwR2zMPn9wp6yQ5r5g2ma4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkqioh6LXjxJRdMW2hA2m027dPPB7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZ56ecSWVZ30ZpZXVtfaO8Wdna3tndM/cPWjLJBKEOSXgiOj6WlLOYOoopTjupoDjyOW37w9up3x5RIVkSP6lxSt0I92MWMoKVljzT7Hv5o1PrKcYDiu5PJ55ZterWDGiZ2AWpQoGmZ371goRkEY0V4VjKrm2lys2xUIxwOqn0MklTTIa4T7uaxjii0s1nl0/QiVYCFCZCV6zQTP09keNIynHk684Iq4Fc9Kbif143U+G1m7M4zRSNyXxRmHGkEjSNAQVMUKL4WBNMBNO3IjLAAhOlw6roEOzFl5dJ66xuX9bPHy6qjZsijjIcwTHUwIYraMAdNMEBAiN4hld4M3LjxXg3PuatJaOYOYQ/MD5/AHPtkuY=</latexit>gSU(Ñ)

<latexit sha1_base64="D7BXNcNsLlLqZhmBPbB2bA/VBQU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6rFYDx5bsB/QhLLZbtqlm03YnYgl9G948aCIV/+MN/+N2zYHrT4YeLw3w8y8IBFco+N8WYWV1bX1jeJmaWt7Z3evvH/Q1nGqKGvRWMSqGxDNBJeshRwF6yaKkSgQrBOM6zO/88CU5rG8x0nC/IgMJQ85JWgkb9j3kD1i1qzfTvvlilN15rD/EjcnFcjR6Jc/vUFM04hJpIJo3XOdBP2MKORUsGnJSzVLCB2TIesZKknEtJ/Nb57aJ0YZ2GGsTEm05+rPiYxEWk+iwHRGBEd62ZuJ/3m9FMNrP+MySZFJulgUpsLG2J4FYA+4YhTFxBBCFTe32nREFKFoYiqZENzll/+S9lnVvayeNy8qtZs8jiIcwTGcggtXUIM7aEALKCTwBC/waqXWs/VmvS9aC1Y+cwi/YH18AwmRkbE=</latexit>gQCD

<latexit sha1_base64="2SBgD24iBBUDo8jK69GGS8bUP5A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1Wz+8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBSWY3V</latexit>⇡

<latexit sha1_base64="Jvu9GFwvR+W0itchBv3C2a7khQU="></latexit>

m2(⇡3,8) ⇠ g2QCD⇤̃
2

<latexit sha1_base64="cNqWNWRmDcmevNSUZhXMISOeeMc=">AAACEHicbVC7TsMwFHXKq5RXgJHligpRlioBBIwVLIxFog+piSLHcVqrdhLZDlJV9RNY+BUWBhBiZWTjb3AfA7Qc6V4dnXOv7HvCjDOlHefbKiwtr6yuFddLG5tb2zv27l5TpbkktEFSnsp2iBXlLKENzTSn7UxSLEJOW2H/Zuy3HqhULE3u9SCjvsDdhMWMYG2kwD4WUAEceKTH4ATA04xHFGLwFBMgAi9jEI97YJedqjMBLBJ3Rspohnpgf3lRSnJBE004VqrjOpn2h1hqRjgdlbxc0QyTPu7SjqEJFlT5w8lBIzgySgRxKk0lGibq740hFkoNRGgmBdY9Ne+Nxf+8Tq7jK3/IkizXNCHTh+Kcg05hnA5ETFKi+cAQTCQzfwXSwxITbTIsmRDc+ZMXSfO06l5Uz+7Oy7XrWRxFdIAOUQW56BLV0C2qowYi6BE9o1f0Zj1ZL9a79TEdLViznX30B9bnDzTomts=</latexit>

m(a�)f̃ ⇠ m⇡f⇡

<latexit sha1_base64="gisbdjzdrCXYIM+/wDDvtwEv00Q=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhlqZKCgLGChYGhSPQhNWl14zitVTuJbAepqvoBLPwKCwMIsfIBbPwNbpsBWo5k6eicc23f4yecKW3b39bS8srq2npuI7+5tb2zW9jbb6g4lYTWScxj2fJBUc4iWtdMc9pKJAXhc9r0B9cTv/lApWJxdK+HCfUE9CIWMgLaSN1CUXQquISh6yaK4RPsKiawqxkPqHtrrgmgUzEpu2xPgReJk5EiylDrFr7cICapoJEmHJRqO3aivRFIzQin47ybKpoAGUCPtg2NQFDljabLjPGxUQIcxtKcSOOp+ntiBEKpofBNUoDuq3lvIv7ntVMdXnojFiWpphGZPRSmHOsYT5rBAZOUaD40BIhk5q+Y9EEC0aa/vCnBmV95kTQqZee8fHp3VqxeZXXk0CE6QiXkoAtURTeohuqIoEf0jF7Rm/VkvVjv1scsumRlMwfoD6zPH+Lpmac=</latexit>

m2(a ) ⇠ ⇤̃2
<latexit sha1_base64="jWUtZPk25HwIPzrEZ82GyRaeVzM=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpSXrdxPBeueJVvRnwMvFzUoEc9V75q9tXNI2ZtFQQYzq+l9ggI9pyKtik1E0NSwgdkQHrOCpJzEyQza6d4BOn9HGktCtp8Uz9PZGR2JhxHLrOmNihWfSm4n9eJ7XRdZBxmaSWSTpfFKUCW4Wnr+M+14xaMXaEUM3drZgOiSbUuoBKLgR/8eVl0jyr+pfV8/uLSu0mj6MIR3AMp+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeWkD5zCH8Afr8AZchjyY=</latexit>a 

<latexit sha1_base64="LiGsIwkTFxehmrKDySDq6AbK9bQ=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyqqMeiF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqpSXpdOuS9csWrejPgZeLnpAI56r3yV7evaBozaakgxnR8L7FBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107wSdO6eNIaVfS4pn6eyIjsTHjOHSdMbFDs+hNxf+8Tmqj6yDjMkktk3S+KEoFtgpPX8d9rhm1YuwIoZq7WzEdEk2odQGVXAj+4svLpHlW9S+r5/cXldpNHkcRjuAYTsGHK6jBHdShARQe4Rle4Q0p9ILe0ce8tYDymUP4A/T5A3Kcjw4=</latexit>a�

<latexit sha1_base64="WDiW/JJehvTlFTGv+92u58jPw5E="></latexit>

NF = 4SU(Ñ)
<latexit sha1_base64="QToxNpPuC0gpFd6xI4BOHYucgrE="></latexit>
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❖ New physics at high energies can 
induce sizable instanton 
corrections to the axion mass

❖ Possible to have a combination of 
anomalous effects raise the mass of the 
lightest 

Gaillard, Gavela, RH, 
Quilez, del Rey, 
1805.06465

Agrawal, Howe, 1710.04213 & 1712.05803

Fuentes-Martin, Reig, Vicente, 1907.02550

 

 

 

 

<latexit sha1_base64="cNqWNWRmDcmevNSUZhXMISOeeMc=">AAACEHicbVC7TsMwFHXKq5RXgJHligpRlioBBIwVLIxFog+piSLHcVqrdhLZDlJV9RNY+BUWBhBiZWTjb3AfA7Qc6V4dnXOv7HvCjDOlHefbKiwtr6yuFddLG5tb2zv27l5TpbkktEFSnsp2iBXlLKENzTSn7UxSLEJOW2H/Zuy3HqhULE3u9SCjvsDdhMWMYG2kwD4WUAEceKTH4ATA04xHFGLwFBMgAi9jEI97YJedqjMBLBJ3Rspohnpgf3lRSnJBE004VqrjOpn2h1hqRjgdlbxc0QyTPu7SjqEJFlT5w8lBIzgySgRxKk0lGibq740hFkoNRGgmBdY9Ne+Nxf+8Tq7jK3/IkizXNCHTh+Kcg05hnA5ETFKi+cAQTCQzfwXSwxITbTIsmRDc+ZMXSfO06l5Uz+7Oy7XrWRxFdIAOUQW56BLV0C2qowYi6BE9o1f0Zj1ZL9a79TEdLViznX30B9bnDzTomts=</latexit>

m(a�)f̃ ⇠ m⇡f⇡

<latexit sha1_base64="gisbdjzdrCXYIM+/wDDvtwEv00Q=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhlqZKCgLGChYGhSPQhNWl14zitVTuJbAepqvoBLPwKCwMIsfIBbPwNbpsBWo5k6eicc23f4yecKW3b39bS8srq2npuI7+5tb2zW9jbb6g4lYTWScxj2fJBUc4iWtdMc9pKJAXhc9r0B9cTv/lApWJxdK+HCfUE9CIWMgLaSN1CUXQquISh6yaK4RPsKiawqxkPqHtrrgmgUzEpu2xPgReJk5EiylDrFr7cICapoJEmHJRqO3aivRFIzQin47ybKpoAGUCPtg2NQFDljabLjPGxUQIcxtKcSOOp+ntiBEKpofBNUoDuq3lvIv7ntVMdXnojFiWpphGZPRSmHOsYT5rBAZOUaD40BIhk5q+Y9EEC0aa/vCnBmV95kTQqZee8fHp3VqxeZXXk0CE6QiXkoAtURTeohuqIoEf0jF7Rm/VkvVjv1scsumRlMwfoD6zPH+Lpmac=</latexit>

m2(a ) ⇠ ⇤̃2
<latexit sha1_base64="gisbdjzdrCXYIM+/wDDvtwEv00Q=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhlqZKCgLGChYGhSPQhNWl14zitVTuJbAepqvoBLPwKCwMIsfIBbPwNbpsBWo5k6eicc23f4yecKW3b39bS8srq2npuI7+5tb2zW9jbb6g4lYTWScxj2fJBUc4iWtdMc9pKJAXhc9r0B9cTv/lApWJxdK+HCfUE9CIWMgLaSN1CUXQquISh6yaK4RPsKiawqxkPqHtrrgmgUzEpu2xPgReJk5EiylDrFr7cICapoJEmHJRqO3aivRFIzQin47ybKpoAGUCPtg2NQFDljabLjPGxUQIcxtKcSOOp+ntiBEKpofBNUoDuq3lvIv7ntVMdXnojFiWpphGZPRSmHOsYT5rBAZOUaD40BIhk5q+Y9EEC0aa/vCnBmV95kTQqZee8fHp3VqxeZXXk0CE6QiXkoAtURTeohuqIoEf0jF7Rm/VkvVjv1scsumRlMwfoD6zPH+Lpmac=</latexit>

m2(a ) ⇠ ⇤̃2

<latexit sha1_base64="xZVuxDclMjajAdsFEiHOlUI4X60=">AAACCXicbVC7TsMwFHXKq5RXgJHFokIqS5UUBIwVLCAxFJU+pCaNHMdtrdpJZDtIVdSVhV9hYQAhVv6Ajb/BbTNAy5EsHZ1zj67v8WNGpbKsbyO3tLyyupZfL2xsbm3vmLt7TRklApMGjlgk2j6ShNGQNBRVjLRjQRD3GWn5w6uJ33ogQtIovFejmLgc9UPaoxgpLXkm5N1KCXkOHtBj6EjKoXOr0wHqVry0Xr8Ze2bRKltTwEViZ6QIMtQ888sJIpxwEirMkJQd24qVmyKhKGZkXHASSWKEh6hPOpqGiBPpptNLxvBIKwHsRUK/UMGp+juRIi7liPt6kiM1kPPeRPzP6ySqd+GmNIwTRUI8W9RLGFQRnNQCAyoIVmykCcKC6r9CPEACYaXLK+gS7PmTF0mzUrbPyid3p8XqZVZHHhyAQ1ACNjgHVXANaqABMHgEz+AVvBlPxovxbnzMRnNGltkHf2B8/gBrOZjp</latexit>

m2(a�) ⇠ ⇤2
SSI

<latexit sha1_base64="dR37sj93kUwqS2mcuxDI7ar9dmo=">AAAB9XicbVBNSwMxEJ3Ur1q/qh69BIvgQcquinosevFYwX5Ady3ZNNuGZrNLklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBYng2jjONyosLa+srhXXSxubW9s75d29po5TRVmDxiJW7YBoJrhkDcONYO1EMRIFgrWC4c3Ebz0ypXks780oYX5E+pKHnBJjpQfSzTw64CfYSzQfd8sVp+pMgReJm5MK5Kh3y19eL6ZpxKShgmjdcZ3E+BlRhlPBxiUv1SwhdEj6rGOpJBHTfja9eoyPrNLDYaxsSYOn6u+JjERaj6LAdkbEDPS8NxH/8zqpCa/8jMskNUzS2aIwFdjEeBIB7nHFqBEjSwhV3N6K6YAoQo0NqmRDcOdfXiTN06p7UT27O6/UrvM4inAAh3AMLlxCDW6hDg2goOAZXuENPaEX9I4+Zq0FlM/swx+gzx8kPpJK</latexit>a�, 

<latexit sha1_base64="WDiW/JJehvTlFTGv+92u58jPw5E="></latexit>

NF = 4
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Phase Transition at Confinement

13

V (⌃) = �m2
⌃ Tr

�
⌃⌃†�+ �

2

⇥
Tr

�
⌃⌃†�⇤2 + 

2

�
⌃⌃†⌃⌃†�� (µ⌃ det⌃+ h.c.)

<latexit sha1_base64="JP54XFARxn+1t84l5JqXfSglCM4="></latexit>

❖ Model the phase transition using the linear sigma model

❖ Spontaneous chiral symmetry breaking

,

⌃ij =
'+ i⌘0p
2NF

�ij +XaT a
ij + i⇡aT a

ij
<latexit sha1_base64="pIama9LWgCf40HWRO+f7suvYrSY="></latexit>

h'i = 0, T � 0

h'i = f⌃, T = Tc
<latexit sha1_base64="p1C52i7Uo3Pin0+SVMavJKWn/NE="></latexit>

h'i = 0, T � 0

h'i = f⌃, T = Tc
<latexit sha1_base64="p1C52i7Uo3Pin0+SVMavJKWn/NE="></latexit>

h'i = 0, T � 0

h'i = f⌃, T = Tc
<latexit sha1_base64="p1C52i7Uo3Pin0+SVMavJKWn/NE="></latexit>

h'i = 0, T � 0

h'i = f⌃, T  Tc
<latexit sha1_base64="TnDmOqlz9izIaixwgi1AeTKoB2E="></latexit>

Chiral symmetry 
restored

Chiral symmetry0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
-1.0

-0.5

0.0

0.5

1.0

�

V(
�) T>Tc

T=Tc
T=0

⌃ij ⇠ h ̄Rj Lii
<latexit sha1_base64="852eNVVzBc5ioINZTqC6cRO3Gv0=">AAACJHicbVDLSgMxFM34rPVVdekmWARXZaYKCm6Kbly4qI+2QqcMd9K0pk0yQ5IRyjAf48ZfcePCBy7c+C2m7Sx8HQgczjmXm3vCmDNtXPfDmZmdm19YLCwVl1dW19ZLG5tNHSWK0AaJeKRuQtCUM0kbhhlOb2JFQYSctsLh6dhv3VGlWSSvzSimHQF9yXqMgLFSUDr2r1hfQJCyQYZ9zQT2Ocg+p9gPQeHUjzULLrNgkNPzLGDYV5NIUCq7FXcC/Jd4OSmjHPWg9Op3I5IIKg3hoHXbc2PTSUEZRjjNin6iaQxkCH3atlSCoLqTTo7M8K5VurgXKfukwRP1+0QKQuuRCG1SgLnVv72x+J/XTkzvqJMyGSeGSjJd1Es4NhEeN4a7TFFi+MgSIIrZv2JyCwqIsb0WbQne75P/kma14u1XqhcH5dpJXkcBbaMdtIc8dIhq6AzVUQMRdI8e0TN6cR6cJ+fNeZ9GZ5x8Zgv9gPP5BVLnpTs=</latexit>
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V (⌃) = �m2
⌃ Tr

�
⌃⌃†�+ �

2

⇥
Tr

�
⌃⌃†�⇤2 + 

2

�
⌃⌃†⌃⌃†�� (µ⌃ det⌃+ h.c.)

<latexit sha1_base64="JP54XFARxn+1t84l5JqXfSglCM4="></latexit>

❖ Model the phase transition using the linear sigma model

❖ Spontaneous chiral symmetry breaking ⌃ij ⇠ h ̄Rj Lii
<latexit sha1_base64="852eNVVzBc5ioINZTqC6cRO3Gv0=">AAACJHicbVDLSgMxFM34rPVVdekmWARXZaYKCm6Kbly4qI+2QqcMd9K0pk0yQ5IRyjAf48ZfcePCBy7c+C2m7Sx8HQgczjmXm3vCmDNtXPfDmZmdm19YLCwVl1dW19ZLG5tNHSWK0AaJeKRuQtCUM0kbhhlOb2JFQYSctsLh6dhv3VGlWSSvzSimHQF9yXqMgLFSUDr2r1hfQJCyQYZ9zQT2Ocg+p9gPQeHUjzULLrNgkNPzLGDYV5NIUCq7FXcC/Jd4OSmjHPWg9Op3I5IIKg3hoHXbc2PTSUEZRjjNin6iaQxkCH3atlSCoLqTTo7M8K5VurgXKfukwRP1+0QKQuuRCG1SgLnVv72x+J/XTkzvqJMyGSeGSjJd1Es4NhEeN4a7TFFi+MgSIIrZv2JyCwqIsb0WbQne75P/kma14u1XqhcH5dpJXkcBbaMdtIc8dIhq6AzVUQMRdI8e0TN6cR6cJ+fNeZ9GZ5x8Zgv9gPP5BVLnpTs=</latexit>

,

⌃ij =
'+ i⌘0p
2NF

�ij +XaT a
ij + i⇡aT a

ij
<latexit sha1_base64="pIama9LWgCf40HWRO+f7suvYrSY="></latexit>

Heavy fields corresponding to unbroken generators

 

m2(⇡8) ⇠ ⇤̃2
<latexit sha1_base64="dnFkTGYsgUAhV7F7IDocxtiJOJ0=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhlqZKARMcKFgaGItGH1KSR4zitVTuJbAepirqy8CssDCDEyh+w8Te4bQZoOdKVjs651773BCmjUlnWt7Gyura+sVnaKm/v7O7tmweHbZlkApMWTlgiugGShNGYtBRVjHRTQRAPGOkEo+up33kgQtIkvlfjlHgcDWIaUYyUlnwT8r5TdVPq18+gKymHrqIsJNC91W+EqO/4ZsWqWTPAZWIXpAIKNH3zyw0TnHESK8yQlD3bSpWXI6EoZmRSdjNJUoRHaEB6msaIE+nls0sm8FQrIYwSoStWcKb+nsgRl3LMA93JkRrKRW8q/uf1MhXVvZzGaaZIjOcfRRmDKoHTWGBIBcGKjTVBWFC9K8RDJBBWOryyDsFePHmZtJ2afV5z7i4qjasijhI4BiegCmxwCRrgBjRBC2DwCJ7BK3gznowX4934mLeuGMXMEfgD4/MHDI2YqQ==</latexit>

Phase Transition at Confinement



Rachel Houtz July, 202115

V (⌃) = �m2
⌃ Tr

�
⌃⌃†�+ �

2

⇥
Tr

�
⌃⌃†�⇤2 + 

2

�
⌃⌃†⌃⌃†�� (µ⌃ det⌃+ h.c.)

<latexit sha1_base64="JP54XFARxn+1t84l5JqXfSglCM4="></latexit>

❖ Model the phase transition using the linear sigma model

❖ Spontaneous chiral symmetry breaking

,

⌃ij =
'+ i⌘0p
2NF

�ij +XaT a
ij + i⇡aT a

ij
<latexit sha1_base64="pIama9LWgCf40HWRO+f7suvYrSY="></latexit>

(pseudo) Goldstone Boson fields

➡ Masses due explicit symmetry breaking effects

Phase Transition at Confinement

⌃ij ⇠ h ̄Rj Lii
<latexit sha1_base64="852eNVVzBc5ioINZTqC6cRO3Gv0=">AAACJHicbVDLSgMxFM34rPVVdekmWARXZaYKCm6Kbly4qI+2QqcMd9K0pk0yQ5IRyjAf48ZfcePCBy7c+C2m7Sx8HQgczjmXm3vCmDNtXPfDmZmdm19YLCwVl1dW19ZLG5tNHSWK0AaJeKRuQtCUM0kbhhlOb2JFQYSctsLh6dhv3VGlWSSvzSimHQF9yXqMgLFSUDr2r1hfQJCyQYZ9zQT2Ocg+p9gPQeHUjzULLrNgkNPzLGDYV5NIUCq7FXcC/Jd4OSmjHPWg9Op3I5IIKg3hoHXbc2PTSUEZRjjNin6iaQxkCH3atlSCoLqTTo7M8K5VurgXKfukwRP1+0QKQuuRCG1SgLnVv72x+J/XTkzvqJMyGSeGSjJd1Es4NhEeN4a7TFFi+MgSIIrZv2JyCwqIsb0WbQne75P/kma14u1XqhcH5dpJXkcBbaMdtIc8dIhq6AzVUQMRdI8e0TN6cR6cJ+fNeZ9GZ5x8Zgv9gPP5BVLnpTs=</latexit>
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<latexit sha1_base64="lsQID52UfEpUspKoQDzUevN+JHU=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4kJIUUY9FLx4r2A9sQtlsN+3SzSbsToRS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MJXCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaZJMM95giUx0O6SGS6F4AwVK3k41p3EoeSsc3k791hPXRiTqAUcpD2LaVyISjKKVHn02EOfET43olspuxZ2BLBMvJ2XIUe+WvvxewrKYK2SSGtPx3BSDMdUomOSTop8ZnlI2pH3esVTRmJtgPLt4Qk6t0iNRom0pJDP198SYxsaM4tB2xhQHZtGbiv95nQyj62AsVJohV2y+KMokwYRM3yc9oTlDObKEMi3srYQNqKYMbUhFG4K3+PIyaVYr3mWlen9Rrt3kcRTgGE7gDDy4ghrcQR0awEDBM7zCm2OcF+fd+Zi3rjj5zBH8gfP5A+K+kGk=</latexit>

�,
 

<latexit sha1_base64="o6fEjE24AuOStBfG/QYOz/Fe6gs=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdIuqx6MVjBfsB3bVk02wbms2GJKuUpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMCyVn2rjut1NYWV1b3yhulra2d3b3yvsHLZ2kitAmSXiiOiHWlDNBm4YZTjtSURyHnLbD0c3Ubz9SpVki7s1Y0iDGA8EiRrCx0gPuZT4ZsjPkS80mvXLFrbozoGXi5aQCORq98pffT0gaU2EIx1p3PVeaIMPKMMLppOSnmkpMRnhAu5YKHFMdZLOrJ+jEKn0UJcqWMGim/p7IcKz1OA5tZ4zNUC96U/E/r5ua6CrImJCpoYLMF0UpRyZB0whQnylKDB9bgoli9lZEhlhhYmxQJRuCt/jyMmnVqt5FtXZ3Xqlf53EU4QiO4RQ8uIQ63EIDmkBAwTO8wpvz5Lw4787HvLXg5DOH8AfO5w8j7JJJ</latexit>a�, 
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(1) QCD explicitly breaks the flavor symmetry

➡ Add a mass term for the pions 

(2) GGG explicitly breaks the U(1)_A symmetry 

➡ Add a mass term for the a_\psi

(3) Small sized instantons lift the mass of 
the a_\chi

➡ Add a tunable mass term for the

 

<latexit sha1_base64="dNCkwOjapcCsvrqgFjgDd9Gh0h8="></latexit>⇡3,8
<latexit sha1_base64="dNCkwOjapcCsvrqgFjgDd9Gh0h8="></latexit>⇡3,8

<latexit sha1_base64="rOTk47x8Gu37KFeX3IjMEC60o+c=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKewGUY9BD/EYwTwwWcLspDcZMju7zPQKYclfePGgiFf/xpt/4+Rx0MSChqKqm+6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nfqtJ9BGxOoBxwn4ERsoEQrO0EqPNdpFIftAa71iyS27M9BV4i1IiSxQ7xW/uv2YpxEo5JIZ0/HcBP2MaRRcwqTQTQ0kjI/YADqWKhaB8bPZxRN6ZpU+DWNtSyGdqb8nMhYZM44C2xkxHJplbyr+53VSDK/9TKgkRVB8vihMJcWYTt+nfaGBoxxbwrgW9lbKh0wzjjakgg3BW355lTQrZe+yXLm/KFVvFnHkyQk5JefEI1ekSu5InTQIJ4o8k1fy5hjnxXl3PuatOWcxc0z+wPn8AXTHkCE=</latexit>

GG̃
<latexit sha1_base64="7hEguHh7gRa7QzgaO7fnWRez5hc=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrjHpEvXjExAUS2JBu6UKl227argnZ8B+8eNAYr/4fb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNORPUN8xw2k4UxXHIaSsc3U791hNVmknxYMYJDWI8ECxiBBsrNf2qd9q77pUrbs2dAS0TLycVyNHolb+6fUnSmApDONa647mJCTKsDCOcTkrdVNMEkxEe0I6lAsdUB9ns2gk6sUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE10FGRNJaqgg80VRypGRaPo66jNFieFjSzBRzN6KyBArTIwNqGRD8BZfXibNs5p3UTu7P6/Ub/I4inAEx1AFDy6hDnfQAB8IPMIzvMKbI50X5935mLcWnHzmEP7A+fwBJ0GONA==</latexit>

U(1)A
<latexit sha1_base64="CSK6D29AV6C9h2mzHK1ND4DVQ9o="></latexit>

⇡8 + a 

<latexit sha1_base64="IRf/BL+LmRcumudxR3nLUCNYWHo="></latexit>a�

<latexit sha1_base64="IRf/BL+LmRcumudxR3nLUCNYWHo="></latexit>a�

Ingredients of the Potential of the gNGB States

<latexit sha1_base64="D7BXNcNsLlLqZhmBPbB2bA/VBQU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6rFYDx5bsB/QhLLZbtqlm03YnYgl9G948aCIV/+MN/+N2zYHrT4YeLw3w8y8IBFco+N8WYWV1bX1jeJmaWt7Z3evvH/Q1nGqKGvRWMSqGxDNBJeshRwF6yaKkSgQrBOM6zO/88CU5rG8x0nC/IgMJQ85JWgkb9j3kD1i1qzfTvvlilN15rD/EjcnFcjR6Jc/vUFM04hJpIJo3XOdBP2MKORUsGnJSzVLCB2TIesZKknEtJ/Nb57aJ0YZ2GGsTEm05+rPiYxEWk+iwHRGBEd62ZuJ/3m9FMNrP+MySZFJulgUpsLG2J4FYA+4YhTFxBBCFTe32nREFKFoYiqZENzll/+S9lnVvayeNy8qtZs8jiIcwTGcggtXUIM7aEALKCTwBC/waqXWs/VmvS9aC1Y+cwi/YH18AwmRkbE=</latexit>gQCD
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<latexit sha1_base64="o6fEjE24AuOStBfG/QYOz/Fe6gs=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBg5TdIuqx6MVjBfsB3bVk02wbms2GJKuUpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMCyVn2rjut1NYWV1b3yhulra2d3b3yvsHLZ2kitAmSXiiOiHWlDNBm4YZTjtSURyHnLbD0c3Ubz9SpVki7s1Y0iDGA8EiRrCx0gPuZT4ZsjPkS80mvXLFrbozoGXi5aQCORq98pffT0gaU2EIx1p3PVeaIMPKMMLppOSnmkpMRnhAu5YKHFMdZLOrJ+jEKn0UJcqWMGim/p7IcKz1OA5tZ4zNUC96U/E/r5ua6CrImJCpoYLMF0UpRyZB0whQnylKDB9bgoli9lZEhlhhYmxQJRuCt/jyMmnVqt5FtXZ3Xqlf53EU4QiO4RQ8uIQ63EIDmkBAwTO8wpvz5Lw4787HvLXg5DOH8AfO5w8j7JJJ</latexit>a�, 

17

V (⌃) = �m2
⌃ Tr
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�
⌃⌃†⌃⌃†�� (µ⌃ det⌃+ h.c.)

<latexit sha1_base64="JP54XFARxn+1t84l5JqXfSglCM4="></latexit>

V (⌃) = �m2
⌃ Tr

�
⌃⌃†�+ �

2

⇥
Tr

�
⌃⌃†�⇤2 + 

2

�
⌃⌃†⌃⌃†�� (µ⌃ det⌃+ h.c.)

<latexit sha1_base64="JP54XFARxn+1t84l5JqXfSglCM4="></latexit>

�⇠ Tr Qa⌃⌃†Qa†
<latexit sha1_base64="PRouwuViK0OWIQzZmA9BCu97F30=">AAACInicbVDLSgMxFM34tr5GXboJFsGNZUYFdVd041KxL+jUkklvp6GZB8kdaRn6LW78FTcuFHUl+DGmtQW1Hgg5Oedebu7xEyk0Os6HNTM7N7+wuLScW1ldW9+wN7cqOk4VhzKPZaxqPtMgRQRlFCihlihgoS+h6ncvhn71DpQWcVTCfgKNkAWRaAvO0EhN++zA6wmPegg9zEpqQD16fcuodyOCcHLdei0WBKBoZqzB5NW0807BGYFOE3dM8mSMq6b95rVinoYQIZdM67rrJNjImELBJQxyXqohYbzLAqgbGrEQdCMbrTige0Zp0XaszImQjtSfHRkLte6HvqkMGXb0X28o/ufVU2yfNjIRJSlCxL8HtVNJMabDvGhLKOAo+4YwroT5K+UdphhHk2rOhOD+XXmaVA4L7lHh8Po4Xzwfx7FEdsgu2ScuOSFFckmuSJlwck8eyTN5sR6sJ+vVev8unbHGPdvkF6zPL3Cjo6Q=</latexit>

Phase Transition at Confinement
❖ Symmetry breaking parameters      ,u ,           determine the 

masses of the pNGB’s[d and    
⇠

<latexit sha1_base64="Y9AsMRvmdxTQqcE8JuUntKKm/5U=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2lM120i7dbMLuRiyhP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LBjBP0IzqQPOSMGivdd594r1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVITXvkZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gBdM43Z</latexit>

µ⌃
<latexit sha1_base64="jsYQZY32PxKM/V1OlKz95cSNgoY=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisaD+wu5Rsmm1Dk+ySZIWy9F948aCIV/+NN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDPzO09UaRbLBzNJaCDwULKIEWys9OiLtO/fs6HA/XLFrbpzoFXi5aQCOZr98pc/iEkqqDSEY617npuYIMPKMMLptOSnmiaYjPGQ9iyVWFAdZPOLp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7n9VITXQUZk0lqqCSLRVHKkYnR7H00YIoSwyeWYKKYvRWREVaYGBtSyYbgLb+8Stq1qndRrd3VK43rPI4inMApnIMHl9CAW2hCCwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP36jkMw=</latexit>

Include new
mass  contributions from 
small-sized instantons

µSSI
<latexit sha1_base64="fZ2kJisGk8S6Hf8Oe9XQqlEfRUs=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WveitUvuB7VKyabYNTbJLkhXK0n/hxYMiXv033vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9RpVkkH8wkpr7AQ8lCRrCx0iPqiaSfNhp3036x5JbdOdAq8TJSggz1fvGrN4hIIqg0hGOtu54bGz/FyjDC6bTQSzSNMRnjIe1aKrGg2k/nF0/RmVUGKIyULWnQXP09kWKh9UQEtlNgM9LL3kz8z+smJrzyUybjxFBJFovChCMTodn7aMAUJYZPLMFEMXsrIiOsMDE2pIINwVt+eZW0KmXvoly5r5Zq11kceTiBUzgHDy6hBrdQhyYQkPAMr/DmaOfFeXc+Fq05J5s5hj9wPn8AElSQhg==</latexit>
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Weir, “The sound of gravitational waves from a 
[confinement] phase transition,” saoghal.net/slides/ectstar/

❖ Find the bounce solution 
to describe the tunneling 
from the false vacuum 

❖ Calculate the frequency 
and power spectrum of the 
stochastic GW background

http://saoghal.net/slides/ectstar/
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Gravitational Wave Signal
⇤̃ ⇠ 3 TeV
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Croon, RH, Sanz, 1904.10967

NF = 3
<latexit sha1_base64="jljO+oO+Xoh1ftV+d1cZhwWwEnw="></latexit>

NF = 4
<latexit sha1_base64="p4ixQy5nEPvLf0w82flXEomOWQU="></latexit>
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❖ Prospects for gravitational wave signals for dynamical axion 
models with ⇤̃ ⇠ 3 TeV
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❖ The gravitational wave signature is sensitive to the anomalous 
effects that raise the axion mass in the linear sigma model

❖ Features of dynamical axion models:

- Generic parameters in the theory below L , for example the 
exotic pion masses due to gluon interactions

- At least three light flavors and a first order phase transition

-Massless quark messenger between QCD and 

⇤̃
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❖ When T>>T C and g f f f d is perturbative, the dilute instanton gas 
approximation holds

Temperature Dependence of muS
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❖ Explicit U( 1)A breaking comes from instantons

❖ The size of the m  a  a u term is important for the GW signalV (⌃) = �m2
⌃ Tr

�
⌃⌃†�+ �

2

⇥
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�
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2

�
⌃⌃†⌃⌃†�� (µ⌃ det⌃+ h.c.)
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T � Tc
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❖ In DGA, axion mass is lifted by small 
size instanton effects:  

Gross, Pisarski, Yaffe, (1981)

’t Hooft (1976)

Shifman, Vainshtein, Zakharov (1980)
Callan, Dashen, Gross, (1978)
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µ⌃
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❖ In DGA, axion mass is lifted by small 
size instanton effects:  

Croon, RH, Sanz, 1904.10967

❖ Does \m\ contribute significantly 
during the phase transition?

µ⌃
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❖ DGA breaks down near 
confinement



Rachel Houtz July, 2021

��
��

��
��

��
��

�� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

×

×
× × × × × × × × × × × × × × × × × × ×

�

×

10 15 20 25 30
0.70

0.75

0.80

0.85

0.90

23

Strategies for Probing Confining Theories

❖ Nonperturbative methods like the 
quasi-stationary effective action

❖ Using functional renormalization 
group methods to study axion 
couplings near QCD 
confinement Croon, Hall, RH, in progress

❖ Finite Energy Effective Field Theory

❖ Consistent order-by-order scheme 
to improve Hamiltonian truncation 
to probe strongly coupled theories
Cohen, Farnsworth, RH, Luty,  21XX.XXXX
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Plot lifted from Croon, Hall, Murayama, 2104.10687
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❖ Extra color groups allow for visible axions and dynamical axions
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❖ Visible axions

❖ Gravitational waves can probe exotic confining color groups

❖ GW signal favors models where 
high energy effects of extra color 
groups provide another source of 
axion mass

 

 

 

❖ EFT’s break down near the confining PT

❖ Symmetries of UV model inform the low energy EFT



Thank you!
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Future Gravitational Wave Detectors
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NASA illustration of 
LISA

Yagi (2013)

❖ Laser interferometers LISA,    
B-DECIGO, DECIGO and BBO 

❖ Atom interfermeters 
AION and MAGIS

Graham, Hogan, Kasevich, 
Rajendran (2016)

Buchmueller, “A UK AION for the exploration of ultra-light 
dark matter and mid-frequency gravitational waves” (2018)
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❖ Adding fermion effects gives an 
instanton suppression

Small Size Instantons with Fermions
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❖ We have an updated 
bound on color triplet 
scalars

ATLAS (2019)

m (⇡d) & 1345 GeV
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Plausible Range of Dynamical Axion Masses

30



Rachel Houtz July, 2021

Phase Transition in the Early Universe
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Nucleation temperature

    

❖ Dynamics from tunneling to the T=. 0  vacuum give:T = 0
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Weir, “The sound of gravitational waves from a 
[confinement] phase transition,” saoghal.net/slides/ectstar/

http://saoghal.net/slides/ectstar/
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