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Gravitational wave phenomenology
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❖ First order phase transitions 
can produce gravitational 
waves 

❖ Complementary probe of hidden sectors:

M. Hindmarsh, S. Huber, 
K. Rummukainen, D. Weir, 
arXiv:1504.03291
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• Spontaneous symmetry breaking

Witten (1984) C. Hogan (1986)

J. Jaeckel, V. V. Khoze, 
M. Spannowsky, arXiv:
1602.03901

P. Schwaller, arXiv:1504,07263

D. Croon, V. Sanz, G. White, arXiv:1806.02332

• Confining exotic color sectors
A. J. Helmboldt, J. Kubo, S. van der Woude, arXiv: 1904.07891
Y. Bai, A. J. Long, S. Lu, arXiv:1810.04360
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Future gravitational wave detectors
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NASA illustration of 
LISA (from Wikipedia)

Yagi, 1302.2388

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

❖ Atom interfermeters 
AION and MAGIS

Graham, Hogan, Kasevich, 
Rajendran, arXiv:1606.01860

Buchmueller, “A UK AION for the exploration of ultra-light 
dark matter and mid-frequency gravitational waves” (2018)



Rachel Houtz October, 2019

Gravitational Waves and Confining Sectors
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❖ First order phase transition at 
confinement if

❖ Model building can motivate parameters in the low energy EFT

A. J. Helmboldt, J. Kubo, S. van der 
Woude, arXiv: 1904.07891

Y. Bai, A. J. Long, S. Lu, arXiv:1810.04360

❖ Gravitational waves can probe 
confining exotic color sectors
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❖ Use a low energy effective theory to try and parameterize the 
behavior of the potential at Tc
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- Linear Sigma Model
- Nambu-Jona-Lasinio Model

 

Pisarski, Wilczek (1984)
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The strong CP problem and axions
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❖ Dynamical solution 
employing              
results in the axion 

U(1)PQ
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R. Peccei, H. Quinn (1977)

F. Wilczek (1978) S. Weinberg (1978)
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Dynamical axions

If , then a chiral rotation of     results in a shift

➡     can be removed by 
field redefinition
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G. ’t Hooft (1976)
❖ Massless quark solution to the strong CP problem
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❖ Below confinement, massless quarks will form bound states, 
one of which is the dynamical axion

m = 0
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The axion is a pNGB of a global 
chiral U(1) symmetry with anomalous 
couplings to GG of a confining group
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Invisible axion parameter space
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Invisible axion parameter space
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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="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>

Rubakov (1997)

K. Choi, JE Kim (1985)

A. Hook, arXiv:1411.3325

Gherghetta, Nagata, Shifman, 
arXiv:1604.01127

Dimopoulos, Susskind (1979)

Berezhiani, Gianfagna, Giannotti, 
hep-ph/0009290

Dimopoulos, Hook, Huang, Marques-
Tavares, arXiv:1606.03097

MK Gaillard, B. Gavela, R. Houtz, 
P. Quilez, R. del Rey, arXiv:1805.06465

⇠ ⇤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>

 

Agrawal, Howe, arXiv:1706:04195

Agrawal, Howe, 1712.05803
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Generic properties of dynamical axion models
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❖ N_F = 3atS           confinement

❖ 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

m2(⇡) ⇠ ⇤̃2
<latexit sha1_base64="A+zC8XrTCp+SRVLw84XNury69z4=">AAACB3icbVDLSgMxFM34rPU16lKQYBHqpsyMgi6Lbly4qGAf0JmWTCbThiaZIckIpXTnxl9x40IRt/6CO//GtJ2Fth64cDjn3uTeE6aMKu0439bS8srq2npho7i5tb2za+/tN1SSSUzqOGGJbIVIEUYFqWuqGWmlkiAeMtIMB9cTv/lApKKJuNfDlAQc9QSNKUbaSF37iHe8sp/SU+gryqGvKYsI9G/NCxHqeF275FScKeAicXNSAjlqXfvLjxKccSI0ZkiptuukOhghqSlmZFz0M0VShAeoR9qGCsSJCkbTO8bwxCgRjBNpSmg4VX9PjBBXashD08mR7qt5byL+57UzHV8GIyrSTBOBZx/FGYM6gZNQYEQlwZoNDUFYUrMrxH0kEdYmuqIJwZ0/eZE0vIp7VvHuzkvVqzyOAjgEx6AMXHABquAG1EAdYPAInsEreLOerBfr3fqYtS5Z+cwB+APr8wfKc5f+</latexit>

❖ 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    : Iwasaki, Kanaya, Sakai, Yoshié, hep-lat/9504019NF = 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>
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Plot lifted from: Bai, Long, Lu, arXiv:1810.04360
Nf=6    : Iwasaki, Kanaya, Sakai, Yoshié, hep-lat/9504019

Generic properties of dynamical axion models
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❖ Massless messenger fields

Dynamical 
axion models

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

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

❖ N_F = 3atS           confinement

❖ 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

m2(⇡) ⇠ ⇤̃2
<latexit sha1_base64="A+zC8XrTCp+SRVLw84XNury69z4=">AAACB3icbVDLSgMxFM34rPU16lKQYBHqpsyMgi6Lbly4qGAf0JmWTCbThiaZIckIpXTnxl9x40IRt/6CO//GtJ2Fth64cDjn3uTeE6aMKu0439bS8srq2npho7i5tb2za+/tN1SSSUzqOGGJbIVIEUYFqWuqGWmlkiAeMtIMB9cTv/lApKKJuNfDlAQc9QSNKUbaSF37iHe8sp/SU+gryqGvKYsI9G/NCxHqeF275FScKeAicXNSAjlqXfvLjxKccSI0ZkiptuukOhghqSlmZFz0M0VShAeoR9qGCsSJCkbTO8bwxCgRjBNpSmg4VX9PjBBXashD08mR7qt5byL+57UzHV8GIyrSTBOBZx/FGYM6gZNQYEQlwZoNDUFYUrMrxH0kEdYmuqIJwZ0/eZE0vIp7VvHuzkvVqzyOAjgEx6AMXHABquAG1EAdYPAInsEreLOerBfr3fqYtS5Z+cwB+APr8wfKc5f+</latexit>

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

⇤̃ ⇠ 3 TeV
<latexit sha1_base64="tEafbGIZw8/TSVsBfUMTR8ZDuVc=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SBYhd1E0DJoY2ERIS/IhjA7e5MMmX0wc1cMS2obf8XGQhFbv8DOv3HyKDTxwMDhnHu4c48XS6HRtr+tzMrq2vpGdjO3tb2zu5ffP2joKFEc6jySkWp5TIMUIdRRoIRWrIAFnoSmN7ye+M17UFpEYQ1HMXQC1g9FT3CGRurmj10U0gfq3pqMz6irRUDL1EV4wJTWoDHu5gt20Z6CLhNnTgpkjmo3/+X6EU8CCJFLpnXbsWPspEyh4BLGOTfREDM+ZH1oGxqyAHQnnZ4ypqdG8WkvUuaFSKfq70TKAq1HgWcmA4YDvehNxP+8doK9y04qwjhBCPlsUS+RFCM66YX6QgFHOTKEcSXMXykfMMU4mvZypgRn8eRl0igVnXKxdHdeqFzN68iSI3JCzohDLkiF3JAqqRNOHskzeSVv1pP1Yr1bH7PRjDXPHJI/sD5/ALd+maQ=</latexit>
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Dynamical axions N_F = 3NF = 3
<latexit sha1_base64="jljO+oO+Xoh1ftV+d1cZhwWwEnw="></latexit>

 Massless quark content
❖ Complete       copy of the SMZ2

<latexit sha1_base64="4NDyJTA4GAPRZKFe0OmstYmHCkQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/9iv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDfcY2D</latexit><latexit sha1_base64="4NDyJTA4GAPRZKFe0OmstYmHCkQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/9iv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDfcY2D</latexit><latexit sha1_base64="4NDyJTA4GAPRZKFe0OmstYmHCkQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/9iv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDfcY2D</latexit><latexit sha1_base64="4NDyJTA4GAPRZKFe0OmstYmHCkQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiF48V7Qe2oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3n1BpHssHM0nQj+hQ8pAzaqx0/9iv9csVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqp5b9e4uKvXrPI4inMApnIMHl1CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDfcY2D</latexit>

m = 0
<latexit sha1_base64="seDy4tzTkR7XLrrJ9oa1xa4mcok=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EYI2lhGMDGYHGFvM5cs2d07dveEEPIvbCwUsfXf2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEa3kz9hyfUhifq3o5SDCXtKx5zRq2THmW3kxpOrojfLVf8qj8DWSZBTiqQo94tf3V6CcskKssENaYd+KkNx1RbzgROSp3MYErZkPax7aiiEk04nl08ISdO6ZE40a6UJTP198SYSmNGMnKdktqBWfSm4n9eO7PxZTjmKs0sKjZfFGeC2IRM3yc9rpFZMXKEMs3drYQNqKbMupBKLoRg8eVl0jyrBn41uDuv1K7zOIpwBMdwCgFcQA1uoQ4NYKDgGV7hzTPei/fufcxbC14+cwh/4H3+AEvRj/8=</latexit><latexit sha1_base64="seDy4tzTkR7XLrrJ9oa1xa4mcok=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EYI2lhGMDGYHGFvM5cs2d07dveEEPIvbCwUsfXf2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEa3kz9hyfUhifq3o5SDCXtKx5zRq2THmW3kxpOrojfLVf8qj8DWSZBTiqQo94tf3V6CcskKssENaYd+KkNx1RbzgROSp3MYErZkPax7aiiEk04nl08ISdO6ZE40a6UJTP198SYSmNGMnKdktqBWfSm4n9eO7PxZTjmKs0sKjZfFGeC2IRM3yc9rpFZMXKEMs3drYQNqKbMupBKLoRg8eVl0jyrBn41uDuv1K7zOIpwBMdwCgFcQA1uoQ4NYKDgGV7hzTPei/fufcxbC14+cwh/4H3+AEvRj/8=</latexit><latexit sha1_base64="seDy4tzTkR7XLrrJ9oa1xa4mcok=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EYI2lhGMDGYHGFvM5cs2d07dveEEPIvbCwUsfXf2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEa3kz9hyfUhifq3o5SDCXtKx5zRq2THmW3kxpOrojfLVf8qj8DWSZBTiqQo94tf3V6CcskKssENaYd+KkNx1RbzgROSp3MYErZkPax7aiiEk04nl08ISdO6ZE40a6UJTP198SYSmNGMnKdktqBWfSm4n9eO7PxZTjmKs0sKjZfFGeC2IRM3yc9rpFZMXKEMs3drYQNqKbMupBKLoRg8eVl0jyrBn41uDuv1K7zOIpwBMdwCgFcQA1uoQ4NYKDgGV7hzTPei/fufcxbC14+cwh/4H3+AEvRj/8=</latexit><latexit sha1_base64="seDy4tzTkR7XLrrJ9oa1xa4mcok=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EYI2lhGMDGYHGFvM5cs2d07dveEEPIvbCwUsfXf2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1t7+zulfcPmibJNMMGS0SiWxE1KLjChuVWYCvVSGUk8CEa3kz9hyfUhifq3o5SDCXtKx5zRq2THmW3kxpOrojfLVf8qj8DWSZBTiqQo94tf3V6CcskKssENaYd+KkNx1RbzgROSp3MYErZkPax7aiiEk04nl08ISdO6ZE40a6UJTP198SYSmNGMnKdktqBWfSm4n9eO7PxZTjmKs0sKjZfFGeC2IRM3yc9rpFZMXKEMs3drYQNqKbMupBKLoRg8eVl0jyrBn41uDuv1K7zOIpwBMdwCgFcQA1uoQ4NYKDgGV7hzTPei/fufcxbC14+cwh/4H3+AEvRj/8=</latexit>

❖ Massless quark

❖ Set up one Higgs VEV to 
be very large:

❖  

A. Hook, arXiv:1411.3325

ṽ � v
<latexit sha1_base64="GRhPy4lMv3Uc+dMxE3A565DTSP8=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyWpgi6LblxWsA9oQplMJu3QySTMTAo19EvcuFDErZ/izr9x2mahrQfu5XDOvcydE6ScKe0431ZpY3Nre6e8W9nbPzis2kfHHZVkktA2SXgiewFWlDNB25ppTnuppDgOOO0G47u5351QqVgiHvU0pX6Mh4JFjGBtpIFd9TTjIUUT5A2Hpg/smlN3FkDrxC1IDQq0BvaXFyYki6nQhGOl+q6Taj/HUjPC6aziZYqmmIzxkPYNFTimys8Xh8/QuVFCFCXSlNBoof7eyHGs1DQOzGSM9UitenPxP6+f6ejGz5lIM00FWT4UZRzpBM1TQCGTlGg+NQQTycytiIywxESbrComBHf1y+uk06i7l/XGw1WteVvEUYZTOIMLcOEamnAPLWgDgQye4RXerCfrxXq3PpajJavYOYE/sD5/AG9ukkk=</latexit>

m̃q � mq
<latexit sha1_base64="y+QNwcECmkE7sOk1K6vMlSK4z04=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYXEVCUFCcYKFsYi0YfURpHjOKlV2wm2g6ii/goLAwix8iNs/A1OmwFajnR1j865V74+Qcqo0o7zbVXW1jc2t6rbtZ3dvf0D+7DeU0kmMenihCVyECBFGBWkq6lmZJBKgnjASD+Y3BR+/5FIRRNxr6cp8TiKBY0oRtpIvl0facpCArn/AEdxXHTfbjhNZw64StySNECJjm9/jcIEZ5wIjRlSaug6qfZyJDXFjMxqo0yRFOEJisnQUIE4UV4+v30GT40SwiiRpoSGc/X3Ro64UlMemEmO9Fgte4X4nzfMdHTl5VSkmSYCLx6KMgZ1AosgYEglwZpNDUFYUnMrxGMkEdYmrpoJwV3+8irptZruebN1d9FoX5dxVMExOAFnwAWXoA1uQQd0AQZP4Bm8gjdrZr1Y79bHYrRilTtH4A+szx8bdJPV</latexit>

⇤̃ � ⇤QCD
<latexit sha1_base64="fo5sLd+SEqJwNrXu501z5yVu4Zg=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVZIq6LJYFy5ctGAf0IQwmUzSoZNJmJkIJXTrxl9x40IRt/6BO//GaRtBWw8MHM65hzv3+CmjUlnWl1FaWV1b3yhvVra2d3b3zP2DrkwygUkHJywRfR9JwignHUUVI/1UEBT7jPT8UXPq9+6JkDThd2qcEjdGEachxUhpyTOhoygLCHRudSZA0ImiH+7l7eb1xDOrVs2aAS4TuyBVUKDlmZ9OkOAsJlxhhqQc2Faq3BwJRTEjk4qTSZIiPEIRGWjKUUykm88umcATrQQwTIR+XMGZ+juRo1jKcezryRipoVz0puJ/3iBT4aWbU55minA8XxRmDKoETmuBARUEKzbWBGFB9V8hHiKBsNLlVXQJ9uLJy6Rbr9lntXr7vNq4KuoogyNwDE6BDS5AA9yAFugADB7AE3gBr8aj8Wy8Ge/z0ZJRZA7BHxgf3xf6mVA=</latexit>
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Dynamical axions N_F = 3

➡ Bound states composed of massless quarks live at
Berezhiani, Gianfagna, 
Giannotti, hep-ph/0009290

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

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>

❖ Chiral symmetry breaking pattern at confinement:

A. Hook, arXiv:1411.3325

Massless quark content

➡ Possible light pNGB states
⇤̃

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

 confinement

�14

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 breaksSU(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>

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

m2(⌘0) ⇠ ⇤̃2
<latexit sha1_base64="RM8gUdGdLa63W10kTdE1HF+y+iU=">AAACCXicbVC7SgNBFJ31GeMramkzGERtwm4UtAzaWFhEMA/IrmF29q4OzuwuM3eFENLa+Cs2ForY+gd2/o2TR6HRAxcO59w7c+8JMykMuu6XMzM7N7+wWFgqLq+srq2XNjabJs01hwZPZarbITMgRQINFCihnWlgKpTQCu/Ohn7rHrQRaXKFvQwCxW4SEQvO0ErdElXX1X0fkO0dUN8IRX0UMgLqX9g3InZd7ZbKbsUdgf4l3oSUyQT1bunTj1KeK0iQS2ZMx3MzDPpMo+ASBkU/N5AxfsduoGNpwhSYoD+6ZEB3rRLRONW2EqQj9edEnyljeiq0nYrhrZn2huJ/XifH+CToiyTLERI+/ijOJcWUDmOhkdDAUfYsYVwLuyvlt0wzjja8og3Bmz75L2lWK95hpXp5VK6dTuIokG2yQ/aJR45JjZyTOmkQTh7IE3khr86j8+y8Oe/j1hlnMrNFfsH5+Ab0YJia</latexit>
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Collider phenomenology

�15

❖ Collider accessible states: 
QCD colored “pions”

  

❖ We have a bound on 
color octet scalars

m2(8c) ⇡
9

4⇡
↵QCD⇤

2
diag

<latexit sha1_base64="b/l2YhHXwHpvUYk4r2FtEwDlwSI="></latexit><latexit sha1_base64="b/l2YhHXwHpvUYk4r2FtEwDlwSI="></latexit><latexit sha1_base64="b/l2YhHXwHpvUYk4r2FtEwDlwSI="></latexit><latexit sha1_base64="b/l2YhHXwHpvUYk4r2FtEwDlwSI="></latexit>

⇤̃ . 2.9 TeV
<latexit sha1_base64="K3dfzL10sg8vKYhCZEr5Wo9vS/4=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCwCrtRULugjYVFhLwgG8Ls7E0yZPbBzF0xLPkCG3/FxkIRW2s7/8bJo9DEAwOHc+7hzj1eLIVG2/62Miura+sb2c3c1vbO7l5+/6Cho0RxqPNIRqrlMQ1ShFBHgRJasQIWeBKa3vB64jfvQWkRhTUcxdAJWD8UPcEZGqmbL7oopA/urYn4zJWgtRYBLZcuqYvwgCmtQWPczRfskj0FXSbOnBTIHNVu/sv1I54EECKXTOu2Y8fYSZlCwSWMc26iIWZ8yPrQNjRkAehOOj1nTItG8WkvUuaFSKfq70TKAq1HgWcmA4YDvehNxP+8doK9i04qwjhBCPlsUS+RFCM66Yb6QgFHOTKEcSXMXykfMMU4mgZzpgRn8eRl0iiXnNNS+e6sULma15ElR+SYnBCHnJMKuSFVUiecPJJn8krerCfrxXq3PmajGWueOSR/YH3+AF55m6k=</latexit>
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Dynamical axions N_F = 3
Massless quark content

❖ Add an exotic confining gauge 
group, not related to QCD by 
a symmetry

❖ Require two massless 
quarks to independently 
rotate away both:

 K. Choi, J. E. Kim (1985)

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

⇤̃ � ⇤QCD
<latexit sha1_base64="fo5sLd+SEqJwNrXu501z5yVu4Zg=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVZIq6LJYFy5ctGAf0IQwmUzSoZNJmJkIJXTrxl9x40IRt/6BO//GaRtBWw8MHM65hzv3+CmjUlnWl1FaWV1b3yhvVra2d3b3zP2DrkwygUkHJywRfR9JwignHUUVI/1UEBT7jPT8UXPq9+6JkDThd2qcEjdGEachxUhpyTOhoygLCHRudSZA0ImiH+7l7eb1xDOrVs2aAS4TuyBVUKDlmZ9OkOAsJlxhhqQc2Faq3BwJRTEjk4qTSZIiPEIRGWjKUUykm88umcATrQQwTIR+XMGZ+juRo1jKcezryRipoVz0puJ/3iBT4aWbU55minA8XxRmDKoETmuBARUEKzbWBGFB9V8hHiKBsNLlVXQJ9uLJy6Rbr9lntXr7vNq4KuoogyNwDE6BDS5AA9yAFugADB7AE3gBr8aj8Wy8Ge/z0ZJRZA7BHxgf3xf6mVA=</latexit>

✓QCD & ✓̃
<latexit sha1_base64="ECu1XZm8ne45KTsQPyv3tN5moDU=">AAACCnicbVA9TwJBEN3DL8Qv1NJmlWisyB2aaEnEwhIS+Ug4QvaWATbsfWR3zoRcqG38KzYWGmPrL7Dz37jAFQq+ZJKX92YyM8+LpNBo299WZmV1bX0ju5nb2t7Z3cvvHzR0GCsOdR7KULU8pkGKAOooUEIrUsB8T0LTG1WmfvMBlBZhcI/jCDo+GwSiLzhDI3Xzxy4OAVk3qVVuJ9Sl7plLqYtC9oCmVr5gF+0Z6DJxUlIgKard/JfbC3nsQ4BcMq3bjh1hJ2EKBZcwybmxhojxERtA29CA+aA7yeyVCT01So/2Q2UqQDpTf08kzNd67Hum02c41IveVPzPa8fYv+4kIohihIDPF/VjSTGk01xoTyjgKMeGMK6EuZXyIVOMo0kvZ0JwFl9eJo1S0bkolmqXhfJNGkeWHJETck4cckXK5I5USZ1w8kieySt5s56sF+vd+pi3Zqx05pD8gfX5AzlhmVQ=</latexit>

&✓QCD & ✓̃
<latexit sha1_base64="ECu1XZm8ne45KTsQPyv3tN5moDU=">AAACCnicbVA9TwJBEN3DL8Qv1NJmlWisyB2aaEnEwhIS+Ug4QvaWATbsfWR3zoRcqG38KzYWGmPrL7Dz37jAFQq+ZJKX92YyM8+LpNBo299WZmV1bX0ju5nb2t7Z3cvvHzR0GCsOdR7KULU8pkGKAOooUEIrUsB8T0LTG1WmfvMBlBZhcI/jCDo+GwSiLzhDI3Xzxy4OAVk3qVVuJ9Sl7plLqYtC9oCmVr5gF+0Z6DJxUlIgKard/JfbC3nsQ4BcMq3bjh1hJ2EKBZcwybmxhojxERtA29CA+aA7yeyVCT01So/2Q2UqQDpTf08kzNd67Hum02c41IveVPzPa8fYv+4kIohihIDPF/VjSTGk01xoTyjgKMeGMK6EuZXyIVOMo0kvZ0JwFl9eJo1S0bkolmqXhfJNGkeWHJETck4cckXK5I5USZ1w8kieySt5s56sF+vd+pi3Zqx05pD8gfX5AzlhmVQ=</latexit>
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Dynamical axions N_F = 3

❖ Chiral symmetry breaking pattern at confinement:

Massless quark content 
K. Choi, J. E. Kim (1985)

SU(4)L ⇥ SU(4)R ⇥ U(1)L ⇥ U(1)R ! SU(4)V ⇥ U(1)V
<latexit sha1_base64="cRq9fj6ModWMKsrIqmJoyVXeC84=">AAACNXicbVBJS8NAFJ641rpFPXoZLEK9lKQW9Fj04qGHuiQttCFMptN26GRhZiKU0D/lxf/hSQ8eFPHqX3CSRujig4FveY837/MiRoU0jDdtZXVtfWOzsFXc3tnd29cPDm0RxhwTC4cs5G0PCcJoQCxJJSPtiBPke4y0vNF16rceCRc0DB7kOCKOjwYB7VOMpJJcvXFvlWtnbgN2JfWJgFN690etsjljZiz1wrzPnnNsVy8ZFSMruAzMHJRAXk1Xf+n2Qhz7JJCYISE6phFJJ0FcUszIpNiNBYkQHqEB6SgYILXLSbKrJ/BUKT3YD7l6gYSZOjuRIF+Ise+pTh/JoVj0UvE/rxPL/qWT0CCKJQnwdFE/ZlCdnUYIe5QTLNlYAYQ5VX+FeIg4wlIFXVQhmIsnLwO7WjHPK9XbWql+lcdRAMfgBJSBCS5AHdyAJrAABk/gFXyAT+1Ze9e+tO9p64qWzxyBudJ+fgE9t6ZM</latexit>

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

➡ Bound states composed of massless quarks live at
➡ Possible light pNGB states Berezhiani, Gianfagna, 

Giannotti, hep-ph/0009290

 

⇤̃
<latexit sha1_base64="8HIK6hrQU0McCl+54JkfgBQ9KcE=">AAAB9XicbVC7SgNBFJ2NrxhfUUubwSBYhd0oaBm0sbCIYB6QXcPs7E0yZPbBzF0lLPkPGwtFbP0XO//GSbKFJh4YOJxzD/fO8RMpNNr2t1VYWV1b3yhulra2d3b3yvsHLR2nikOTxzJWHZ9pkCKCJgqU0EkUsNCX0PZH11O//QhKizi6x3ECXsgGkegLztBIDy4KGQB1b00iYL1yxa7aM9Bl4uSkQnI0euUvN4h5GkKEXDKtu46doJcxhYJLmJTcVEPC+IgNoGtoxELQXja7ekJPjBLQfqzMi5DO1N+JjIVaj0PfTIYMh3rRm4r/ed0U+5deJqIkRYj4fFE/lRRjOq2ABkIBRzk2hHElzK2UD5liHE1RJVOCs/jlZdKqVZ2zau3uvFK/yusokiNyTE6JQy5IndyQBmkSThR5Jq/kzXqyXqx362M+WrDyzCH5A+vzBwmTkjU=</latexit>
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SU(4)V
<latexit sha1_base64="irTBc1qJITQlY/S65Ldv1yMLKCo=">AAAB7nicbVBNTwIxEJ31E/EL9eilkZjghewiiR6JXjxidIEENqRbutDQ7TZt14Rs+BFePGiMV3+PN/+NBfag4EsmeXlvJjPzQsmZNq777aytb2xubRd2irt7+weHpaPjlk5SRahPEp6oTog15UxQ3zDDaUcqiuOQ03Y4vp357SeqNEvEo5lIGsR4KFjECDZWaj/4lfpFv9Uvld2qOwdaJV5OypCj2S999QYJSWMqDOFY667nShNkWBlGOJ0We6mmEpMxHtKupQLHVAfZ/NwpOrfKAEWJsiUMmqu/JzIcaz2JQ9sZYzPSy95M/M/rpia6DjImZGqoIItFUcqRSdDsdzRgihLDJ5Zgopi9FZERVpgYm1DRhuAtv7xKWrWqd1mt3dfLjZs8jgKcwhlUwIMraMAdNMEHAmN4hld4c6Tz4rw7H4vWNSefOYE/cD5/AO9ajqY=</latexit>

 confinement
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Explicit symmetry breaking effects:

 

(1) QCD explicitly breaks

SU(Ñ)
<latexit sha1_base64="QToxNpPuC0gpFd6xI4BOHYucgrE="></latexit>

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>

m(⌘02)f̃ ⇠ m⇡f⇡
<latexit sha1_base64="Pgjk4I85IONjDM6rgyO2iLag7QE=">AAACD3icbVA9SwNBEN3z2/h1ammzGNTYhLsoaBm0sVQwJpALx95mLlmye3fszgkh5B/Y+FdsLBSxtbXz37iJKTTxwQyP92bYnRdlUhj0vC9nbn5hcWl5ZbWwtr6xueVu79yZNNccajyVqW5EzIAUCdRQoIRGpoGpSEI96l2O/Po9aCPS5Bb7GbQU6yQiFpyhlUL3UJVoAMiOwgo9pgEK2QYa08AIRVUYZILGox66Ra/sjUFniT8hRTLBdeh+Bu2U5woS5JIZ0/S9DFsDplFwCcNCkBvIGO+xDjQtTZgC0xqM7xnSA6u0aZxqWwnSsfp7Y8CUMX0V2UnFsGumvZH4n9fMMT5vDUSS5QgJ/3koziXFlI7CoW2hgaPsW8K4FvavlHeZZhxthAUbgj998iy5q5T9k3Ll5rRYvZjEsUL2yD4pEZ+ckSq5ItekRjh5IE/khbw6j86z8+a8/4zOOZOdXfIHzsc3oTaaiw==</latexit>

❖ The anomaly only gives 
mass to one ⌘0

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

❖ The light eta is an invisible 
dynamical axion

m2(⇡8,⇡3) ⇠ ⇤̃2
<latexit sha1_base64="PJ4r71pWj2V04V6u86veMZuG2sU=">AAACEHicbVDLSgMxFM3UV62vqks3wSJWkDIzFeyy6MaFiwr2AZ12yGQybWiSGZKMUEo/wY2/4saFIm5duvNvTB8LbT0Qcjjn3pvcEySMKm3b31ZmZXVtfSO7mdva3tndy+8fNFScSkzqOGaxbAVIEUYFqWuqGWklkiAeMNIMBtcTv/lApKKxuNfDhHQ46gkaUYy0kfz8Ke+6RS+hfuUcTq4yPIOeohx6mrKQeLdmVIi6rp8v2CV7CrhMnDkpgDlqfv7LC2OcciI0ZkiptmMnujNCUlPMyDjnpYokCA9Qj7QNFYgT1RlNFxrDE6OEMIqlOULDqfq7Y4S4UkMemEqOdF8tehPxP6+d6qjSGVGRpJoIPHsoShnUMZykA0MqCdZsaAjCkpq/QtxHEmFtMsyZEJzFlZdJwy055ZJ7d1GoXs3jyIIjcAyKwAGXoApuQA3UAQaP4Bm8gjfryXqx3q2PWWnGmvccgj+wPn8AfY+bAg==</latexit>

m2(⌘01) ⇠ ⇤̃2
<latexit sha1_base64="kNT2/TVRSfskYk/L9eNl6BtA5O0=">AAACDXicbVC7TgMxEPTxJrwClDQWAQFNdBeQoETQUFAEiTyk3OXk823Awr472XtIUcQP0PArNBQgREtPx9/gPApIGGml0cyuvTtRJoVB1/12pqZnZufmFxYLS8srq2vF9Y26SXPNocZTmepmxAxIkUANBUpoZhqYiiQ0orvzvt+4B21EmlxjN4NAsZtEdARnaKWwuKPalX3qA7K90KMH1DdCUR+FjIH6l/admLUrYbHklt0B6CTxRqRERqiGxS8/TnmuIEEumTEtz80w6DGNgkt4KPi5gYzxO3YDLUsTpsAEvcE1D3TXKjHtpNpWgnSg/p7oMWVMV0W2UzG8NeNeX/zPa+XYOQl6IslyhIQPP+rkkmJK+9HQWGjgKLuWMK6F3ZXyW6YZRxtgwYbgjZ88SeqVsndYrlwdlU7PRnEskC2yTfaJR47JKbkgVVIjnDySZ/JK3pwn58V5dz6GrVPOaGaT/IHz+QPjOJmS</latexit>
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Collider phenomenology: R-hadron searches
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❖ We have a bound on 
color triplet scalars

m(⇡d) & 890 GeV
<latexit sha1_base64="Aa0Ire0UQK7z5NmvqTdPsk0Ja3w=">AAACCXicbVC7SgNBFJ31GeMramkzGITYhF0RjF3QQssI5gHZEGYnN8mQmd1l5q4YlrQ2/oqNhSK2/oGdf+PkUWjigYHDOedy554glsKg6347S8srq2vrmY3s5tb2zm5ub79mokRzqPJIRroRMANShFBFgRIasQamAgn1YHA19uv3oI2IwjscxtBSrBeKruAMrdTOUVXwY9Hu0BPq99DmFC1duD7CA6b0Gmqjdi7vFt0J6CLxZiRPZqi0c19+J+KJghC5ZMY0PTfGVso0Ci5hlPUTAzHjA9aDpqUhU2Ba6eSSET22Sod2I21fiHSi/p5ImTJmqAKbVAz7Zt4bi/95zQS7pVYqwjhBCPl0UTeRFCM6roV2hAaOcmgJ41rYv1LeZ5pxtOVlbQne/MmLpHZa9Nyid3uWL1/O6siQQ3JECsQj56RMbkiFVAknj+SZvJI358l5cd6dj2l0yZnNHJA/cD5/AEyCmM8=</latexit><latexit sha1_base64="Aa0Ire0UQK7z5NmvqTdPsk0Ja3w=">AAACCXicbVC7SgNBFJ31GeMramkzGITYhF0RjF3QQssI5gHZEGYnN8mQmd1l5q4YlrQ2/oqNhSK2/oGdf+PkUWjigYHDOedy554glsKg6347S8srq2vrmY3s5tb2zm5ub79mokRzqPJIRroRMANShFBFgRIasQamAgn1YHA19uv3oI2IwjscxtBSrBeKruAMrdTOUVXwY9Hu0BPq99DmFC1duD7CA6b0Gmqjdi7vFt0J6CLxZiRPZqi0c19+J+KJghC5ZMY0PTfGVso0Ci5hlPUTAzHjA9aDpqUhU2Ba6eSSET22Sod2I21fiHSi/p5ImTJmqAKbVAz7Zt4bi/95zQS7pVYqwjhBCPl0UTeRFCM6roV2hAaOcmgJ41rYv1LeZ5pxtOVlbQne/MmLpHZa9Nyid3uWL1/O6siQQ3JECsQj56RMbkiFVAknj+SZvJI358l5cd6dj2l0yZnNHJA/cD5/AEyCmM8=</latexit><latexit sha1_base64="Aa0Ire0UQK7z5NmvqTdPsk0Ja3w=">AAACCXicbVC7SgNBFJ31GeMramkzGITYhF0RjF3QQssI5gHZEGYnN8mQmd1l5q4YlrQ2/oqNhSK2/oGdf+PkUWjigYHDOedy554glsKg6347S8srq2vrmY3s5tb2zm5ub79mokRzqPJIRroRMANShFBFgRIasQamAgn1YHA19uv3oI2IwjscxtBSrBeKruAMrdTOUVXwY9Hu0BPq99DmFC1duD7CA6b0Gmqjdi7vFt0J6CLxZiRPZqi0c19+J+KJghC5ZMY0PTfGVso0Ci5hlPUTAzHjA9aDpqUhU2Ba6eSSET22Sod2I21fiHSi/p5ImTJmqAKbVAz7Zt4bi/95zQS7pVYqwjhBCPl0UTeRFCM6roV2hAaOcmgJ41rYv1LeZ5pxtOVlbQne/MmLpHZa9Nyid3uWL1/O6siQQ3JECsQj56RMbkiFVAknj+SZvJI358l5cd6dj2l0yZnNHJA/cD5/AEyCmM8=</latexit><latexit sha1_base64="Aa0Ire0UQK7z5NmvqTdPsk0Ja3w=">AAACCXicbVC7SgNBFJ31GeMramkzGITYhF0RjF3QQssI5gHZEGYnN8mQmd1l5q4YlrQ2/oqNhSK2/oGdf+PkUWjigYHDOedy554glsKg6347S8srq2vrmY3s5tb2zm5ub79mokRzqPJIRroRMANShFBFgRIasQamAgn1YHA19uv3oI2IwjscxtBSrBeKruAMrdTOUVXwY9Hu0BPq99DmFC1duD7CA6b0Gmqjdi7vFt0J6CLxZiRPZqi0c19+J+KJghC5ZMY0PTfGVso0Ci5hlPUTAzHjA9aDpqUhU2Ba6eSSET22Sod2I21fiHSi/p5ImTJmqAKbVAz7Zt4bi/95zQS7pVYqwjhBCPl0UTeRFCM6roV2hAaOcmgJ41rYv1LeZ5pxtOVlbQne/MmLpHZa9Nyid3uWL1/O6siQQ3JECsQj56RMbkiFVAknj+SZvJI358l5cd6dj2l0yZnNHJA/cD5/AEyCmM8=</latexit>

m2(3c) ⇡
↵c

⇡
⇤diag

<latexit sha1_base64="ZxnjNi5SiiWRW2GWN744BPrW7E8="></latexit><latexit sha1_base64="ZxnjNi5SiiWRW2GWN744BPrW7E8="></latexit><latexit sha1_base64="ZxnjNi5SiiWRW2GWN744BPrW7E8="></latexit><latexit sha1_base64="ZxnjNi5SiiWRW2GWN744BPrW7E8="></latexit>

⇤diag & 3 TeV
<latexit sha1_base64="o/4AJAA5fijqoDFUq+Zn5PdKqGU=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSBoE3ZV0DJoY2ERIS/IhjA7e5MMmX0wc1cMy36Djb9iY6GIrZWdf+PkUWjigYHDOedy5x4vlkKjbX9buaXlldW1/HphY3Nre6e4u9fQUaI41HkkI9XymAYpQqijQAmtWAELPAlNb3g99pv3oLSIwhqOYugErB+KnuAMjdQtnri3JuyzrovwgKkvWD+jbh/NREDP6FSlNWhk3WLJLtsT0EXizEiJzFDtFr9cP+JJACFyybRuO3aMnZQpFFxCVnATDTHjQ9aHtqEhC0B30slJGT0yik97kTIvRDpRf0+kLNB6FHgmGTAc6HlvLP7ntRPsXXZSEcYJQsini3qJpBjRcT/UFwo4ypEhjCth/kr5gCnG0bRYMCU48ycvksZp2bHLzt15qXI1qyNPDsghOSYOuSAVckOqpE44eSTP5JW8WU/Wi/VufUyjOWs2s0/+wPr8ASGjnbw=</latexit><latexit sha1_base64="o/4AJAA5fijqoDFUq+Zn5PdKqGU=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSBoE3ZV0DJoY2ERIS/IhjA7e5MMmX0wc1cMy36Djb9iY6GIrZWdf+PkUWjigYHDOedy5x4vlkKjbX9buaXlldW1/HphY3Nre6e4u9fQUaI41HkkI9XymAYpQqijQAmtWAELPAlNb3g99pv3oLSIwhqOYugErB+KnuAMjdQtnri3JuyzrovwgKkvWD+jbh/NREDP6FSlNWhk3WLJLtsT0EXizEiJzFDtFr9cP+JJACFyybRuO3aMnZQpFFxCVnATDTHjQ9aHtqEhC0B30slJGT0yik97kTIvRDpRf0+kLNB6FHgmGTAc6HlvLP7ntRPsXXZSEcYJQsini3qJpBjRcT/UFwo4ypEhjCth/kr5gCnG0bRYMCU48ycvksZp2bHLzt15qXI1qyNPDsghOSYOuSAVckOqpE44eSTP5JW8WU/Wi/VufUyjOWs2s0/+wPr8ASGjnbw=</latexit><latexit sha1_base64="o/4AJAA5fijqoDFUq+Zn5PdKqGU=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSBoE3ZV0DJoY2ERIS/IhjA7e5MMmX0wc1cMy36Djb9iY6GIrZWdf+PkUWjigYHDOedy5x4vlkKjbX9buaXlldW1/HphY3Nre6e4u9fQUaI41HkkI9XymAYpQqijQAmtWAELPAlNb3g99pv3oLSIwhqOYugErB+KnuAMjdQtnri3JuyzrovwgKkvWD+jbh/NREDP6FSlNWhk3WLJLtsT0EXizEiJzFDtFr9cP+JJACFyybRuO3aMnZQpFFxCVnATDTHjQ9aHtqEhC0B30slJGT0yik97kTIvRDpRf0+kLNB6FHgmGTAc6HlvLP7ntRPsXXZSEcYJQsini3qJpBjRcT/UFwo4ypEhjCth/kr5gCnG0bRYMCU48ycvksZp2bHLzt15qXI1qyNPDsghOSYOuSAVckOqpE44eSTP5JW8WU/Wi/VufUyjOWs2s0/+wPr8ASGjnbw=</latexit><latexit sha1_base64="o/4AJAA5fijqoDFUq+Zn5PdKqGU=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSBoE3ZV0DJoY2ERIS/IhjA7e5MMmX0wc1cMy36Djb9iY6GIrZWdf+PkUWjigYHDOedy5x4vlkKjbX9buaXlldW1/HphY3Nre6e4u9fQUaI41HkkI9XymAYpQqijQAmtWAELPAlNb3g99pv3oLSIwhqOYugErB+KnuAMjdQtnri3JuyzrovwgKkvWD+jbh/NREDP6FSlNWhk3WLJLtsT0EXizEiJzFDtFr9cP+JJACFyybRuO3aMnZQpFFxCVnATDTHjQ9aHtqEhC0B30slJGT0yik97kTIvRDpRf0+kLNB6FHgmGTAc6HlvLP7ntRPsXXZSEcYJQsini3qJpBjRcT/UFwo4ypEhjCth/kr5gCnG0bRYMCU48ycvksZp2bHLzt15qXI1qyNPDsghOSYOuSAVckOqpE44eSTP5JW8WU/Wi/VufUyjOWs2s0/+wPr8ASGjnbw=</latexit>

arXiv:1606.05129
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Collider Phenomenology: R-Hadron Searches

�20

❖ We have an updated 
bound on color triplet 
scalars

ATLAS, arXiv:1902.01636

m (⇡d) & 1345 GeV
<latexit sha1_base64="7pvPBPY2u3CSRpH5RtwUTbcp0Uc=">AAACGHicbVC7SgNBFJ31GeMramkzGARt4q5GtAxaaBnBPCAbwuzkbjI4s7vM3BXDks+w8VdsLBSxTeffOHkUvg4MHM65hzv3BIkUBl3305mbX1hcWs6t5FfX1jc2C1vbdROnmkONxzLWzYAZkCKCGgqU0Ew0MBVIaAR3l2O/cQ/aiDi6xUECbcV6kQgFZ2ilTuFIUV9CiAfUT0SnS30ten08pH4PbUhR76R8Sn2EB8zoFdSHnULRLbkT0L/Em5EimaHaKYz8bsxTBRFyyYxpeW6C7YxpFFzCMO+nBhLG71gPWpZGTIFpZ5PDhnTfKl0axtq+COlE/Z7ImDJmoAI7qRj2zW9vLP7ntVIMz9uZiJIUIeLTRWEqKcZ03BLtCg0c5cASxrWwf6W8zzTjaLvM2xK83yf/JfXjkndSOr4pFysXszpyZJfskQPikTNSIdekSmqEk0fyTF7Jm/PkvDjvzsd0dM6ZZXbIDzijL+9WnnY=</latexit>

m2 (3c) ⇡
↵c

⇡
⇤2
diag

<latexit sha1_base64="QbN3axIbrd5IaXWNeCaIGY0nvVg="></latexit>

⇤diag & 7 TeV
<latexit sha1_base64="GFq0tEwcfrlxVu9JK3faPKS6aM4=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSBoE3ajEMugjYVFhLwgG8Ls7E0yZPbBzF0xLPkGG3/FxkIRWys7/8bJo9DEAwOHc87lzj1eLIVG2/62Miura+sb2c3c1vbO7l5+/6Cho0RxqPNIRqrlMQ1ShFBHgRJasQIWeBKa3vB64jfvQWkRhTUcxdAJWD8UPcEZGqmbP3NvTdhnXRfhAVNfsP6Yun00EwEt05lKa9AYd/MFu2hPQZeJMycFMke1m/9y/YgnAYTIJdO67dgxdlKmUHAJ45ybaIgZH7I+tA0NWQC6k05PGtMTo/i0FynzQqRT9fdEygKtR4FnkgHDgV70JuJ/XjvB3mUnFWGcIIR8tqiXSIoRnfRDfaGAoxwZwrgS5q+UD5hiHE2LOVOCs3jyMmmUis55sXR3UahczevIkiNyTE6JQ8qkQm5IldQJJ4/kmbySN+vJerHerY9ZNGPNZw7JH1ifPykxncQ=</latexit>
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Visible axion models N_F = 4

�21

❖ 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 

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

 

MK Gaillard, B. Gavela, RH, 
P. Quilez, R. del Rey, arXiv:1805.06465

m2(⌘02) ⇠ ⇤̃2
<latexit sha1_base64="FqQmtjs0iJmcTD0xcxDse40L1tg=">AAACDnicbVC7SgNBFJ31GeMramkzGILahN1V0DJoY2ERwSRCNgmzszfJ4MzuMnNXCCFfYOOv2FgoYmtt5984eRS+Dlw4nHPvzL0nTKUw6Lqfztz8wuLScm4lv7q2vrFZ2NqumyTTHGo8kYm+CZkBKWKooUAJN6kGpkIJjfD2fOw37kAbkcTXOEihpVgvFl3BGVqpUyiptk8PaADIOv4+PaSBEYoGKGQENLi0D0Ws7XcKRbfsTkD/Em9GimSGaqfwEUQJzxTEyCUzpum5KbaGTKPgEkb5IDOQMn7LetC0NGYKTGs4OWdES1aJaDfRtmKkE/X7xJApYwYqtJ2KYd/89sbif14zw+5payjiNEOI+fSjbiYpJnScDY2EBo5yYAnjWthdKe8zzTjaBPM2BO/3yX9J3S97R2X/6rhYOZvFkSO7ZI8cEI+ckAq5IFVSI5zck0fyTF6cB+fJeXXepq1zzmxmh/yA8/4FQAyZvQ==</latexit>

m2(⌘01) ⇠ ⇤2
SSI

<latexit sha1_base64="x/4warL5diICKNdESoIRLI14Lqk=">AAACDXicbVC7TsMwFHV4lvIqMLJYFERZqqQgwVjBAhJDUelDatrIcZzWqu1EtoNURf0BFn6FhQGEWNnZ+BvcxwAtR7rS0Tn32vceP2ZUadv+thYWl5ZXVjNr2fWNza3t3M5uXUWJxKSGIxbJpo8UYVSQmqaakWYsCeI+Iw2/fzXyGw9EKhqJez2ISZujrqAhxUgbycsd8k4JFqBLNPKcY3gCXUU5dG/NCwHy0mr1Ztgpebm8XbTHgPPEmZI8mKLi5b7cIMIJJ0JjhpRqOXas2ymSmmJGhlk3USRGuI+6pGWoQJyodjq+ZgiPjBLAMJKmhIZj9fdEirhSA+6bTo50T816I/E/r5Xo8KKdUhEnmgg8+ShMGNQRHEUDAyoJ1mxgCMKSml0h7iGJsDYBZk0IzuzJ86ReKjqnxdLdWb58OY0jA/bBASgAB5yDMrgGFVADGDyCZ/AK3qwn68V6tz4mrQvWdGYP/IH1+QOggZlq</latexit>

m2(⌘01) ⇠ ⇤̃2
<latexit sha1_base64="kNT2/TVRSfskYk/L9eNl6BtA5O0=">AAACDXicbVC7TgMxEPTxJrwClDQWAQFNdBeQoETQUFAEiTyk3OXk823Awr472XtIUcQP0PArNBQgREtPx9/gPApIGGml0cyuvTtRJoVB1/12pqZnZufmFxYLS8srq2vF9Y26SXPNocZTmepmxAxIkUANBUpoZhqYiiQ0orvzvt+4B21EmlxjN4NAsZtEdARnaKWwuKPalX3qA7K90KMH1DdCUR+FjIH6l/admLUrYbHklt0B6CTxRqRERqiGxS8/TnmuIEEumTEtz80w6DGNgkt4KPi5gYzxO3YDLUsTpsAEvcE1D3TXKjHtpNpWgnSg/p7oMWVMV0W2UzG8NeNeX/zPa+XYOQl6IslyhIQPP+rkkmJK+9HQWGjgKLuWMK6F3ZXyW6YZRxtgwYbgjZ88SeqVsndYrlwdlU7PRnEskC2yTfaJR47JKbkgVVIjnDySZ/JK3pwn58V5dz6GrVPOaGaT/IHz+QPjOJmS</latexit>

m(⌘02) ⇠ m⇡
f⇡

f̃
<latexit sha1_base64="Grc3x/UIl7eNwUPgLj0hPYFR9LQ=">AAACHHicbVA9SwNBEN3zM8avqKXNYBC1CXdR0FK0sYxgVMiFY28zp4u7d8funBCO/BAb/4qNhSI2FoL/xk1M4deDgbfvzbAzL86VtOT7H97E5NT0zGxlrjq/sLi0XFtZPbdZYQS2RaYycxlzi0qm2CZJCi9zg1zHCi/im+Ohf3GLxsosPaN+jl3Nr1KZSMHJSVFtV8M2hEg8am7BDoRWatBRmEsIE8NFCcnoMSghJKl6CAkMolrdb/gjwF8SjEmdjdGKam9hLxOFxpSE4tZ2Aj+nbskNSaFwUA0LizkXN/wKO46mXKPtlqPjBrDplB4kmXGVEozU7xMl19b2dew6Nadr+9sbiv95nYKSg24p07wgTMXXR0mhgDIYJgU9aVCQ6jvChZFuVxDX3IVCLs+qCyH4ffJfct5sBLuN5ule/fBoHEeFrbMNts0Cts8O2QlrsTYT7I49sCf27N17j96L9/rVOuGNZ9bYD3jvn+tgn3U=</latexit>

P. Agrawal, K. Howe arXiv:1710.04213, 1712.05803

J. Fuentes-Martin, M. Reig, A. Vicente, arXiv:1907.02550

⌘0
<latexit sha1_base64="SArE1G79zJZXGFFstlSXTRrqhOk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0mqoMeiF48VTFtoQ9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wju5nfeuLaiEQ94jjlQUwHSkSCUbSS3+VIz3vlilt15yCrxMtJBXI0euWvbj9hWcwVMkmN6XhuisGEahRM8mmpmxmeUjaiA96xVNGYm2AyP3ZKzqzSJ1GibSkkc/X3xITGxozj0HbGFIdm2ZuJ/3mdDKObYCJUmiFXbLEoyiTBhMw+J32hOUM5toQyLeythA2ppgxtPiUbgrf88ipp1qreZbX2cFWp3+ZxFOEETuECPLiGOtxDA3xgIOAZXuHNUc6L8+58LFoLTj5zDH/gfP4Aa8yObQ==</latexit>
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Color Unified Dynamical Axion
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SU(6)⇥ SU(30)
⇤CUT����! SU(3)c ⇥ SU(3)diag

<latexit sha1_base64="9ES9WAuNEzG1sixyNYJ5b2rFTGA="></latexit><latexit sha1_base64="9ES9WAuNEzG1sixyNYJ5b2rFTGA="></latexit><latexit sha1_base64="9ES9WAuNEzG1sixyNYJ5b2rFTGA="></latexit><latexit sha1_base64="9ES9WAuNEzG1sixyNYJ5b2rFTGA="></latexit>

 

SU(6)⇥ SU(30)
⇤CUT����! SU(3)c ⇥ SU(3)diag

<latexit sha1_base64="9ES9WAuNEzG1sixyNYJ5b2rFTGA="></latexit><latexit sha1_base64="9ES9WAuNEzG1sixyNYJ5b2rFTGA="></latexit><latexit sha1_base64="9ES9WAuNEzG1sixyNYJ5b2rFTGA="></latexit><latexit sha1_base64="9ES9WAuNEzG1sixyNYJ5b2rFTGA="></latexit>

Small-sized instantons 
charged under Confining gauge groupsSU(3)0

<latexit sha1_base64="lRWe91kPODmWvP4lmJ1/BlyccD0=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLEC9kFEz0SvXjE6AIJbEi3dKHSbTdt14QQ/oMXDxrj1f/jzX9jgT0o+pJJXt6bycy8MOFMG9f9cnIrq2vrG/nNwtb2zu5ecf+gqWWqCPWJ5FK1Q6wpZ4L6hhlO24miOA45bYWj65nfeqRKMynuzTihQYwHgkWMYGOl5p1frp2d9oolt+LOgf4SLyMlyNDoFT+7fUnSmApDONa647mJCSZYGUY4nRa6qaYJJiM8oB1LBY6pDibza6foxCp9FEllSxg0V39OTHCs9TgObWeMzVAvezPxP6+TmugymDCRpIYKslgUpRwZiWavoz5TlBg+tgQTxeytiAyxwsTYgAo2BG/55b+kWa14tUr19rxUv8riyMMRHEMZPLiAOtxAA3wg8ABP8AKvjnSenTfnfdGac7KZQ/gF5+Mb8BOODQ==</latexit>

MK Gaillard, B. Gavela, RH, 
P. Quilez, R. del Rey, arXiv:1805.06465
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<latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit><latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit><latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit>

SU(3)diag QCD SU(6) SU(3)0
<latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit><latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit><latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit>

SU(3)diag QCD SU(6) SU(3)0
<latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit><latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit><latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit>

SU(3)diag QCD SU(6) SU(3)0
<latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit><latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit><latexit sha1_base64="1h75AyDRYoTuIOqUX1niSXssZQE="></latexit>

Color Unified Dynamical Axion
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❖ The dynamical axions above and below

⇤CUT
<latexit sha1_base64="W9fpwvWf5eoMEJfCay2fM8+UaWM=">AAAB9HicbVBNS8NAFHypX7V+RT16WSyCp5KIoMdiLx48VGjaQhvKZrNpl242cXdTKKG/w4sHRbz6Y7z5b9y2OWjrwMIwM4/3doKUM6Ud59sqbWxube+Udyt7+weHR/bxSVslmSTUIwlPZDfAinImqKeZ5rSbSorjgNNOMG7M/c6ESsUS0dLTlPoxHgoWMYK1kfz+g4mGeJA3vNZsYFedmrMAWiduQapQoDmwv/phQrKYCk04VqrnOqn2cyw1I5zOKv1M0RSTMR7SnqECx1T5+eLoGbowSoiiRJonNFqovydyHCs1jQOTjLEeqVVvLv7n9TId3fo5E2mmqSDLRVHGkU7QvAEUMkmJ5lNDMJHM3IrICEtMtOmpYkpwV7+8TtpXNdepuY/X1fpdUUcZzuAcLsGFG6jDPTTBAwJP8Ayv8GZNrBfr3fpYRktWMXMKf2B9/gBsZ5Hc</latexit><latexit sha1_base64="W9fpwvWf5eoMEJfCay2fM8+UaWM=">AAAB9HicbVBNS8NAFHypX7V+RT16WSyCp5KIoMdiLx48VGjaQhvKZrNpl242cXdTKKG/w4sHRbz6Y7z5b9y2OWjrwMIwM4/3doKUM6Ud59sqbWxube+Udyt7+weHR/bxSVslmSTUIwlPZDfAinImqKeZ5rSbSorjgNNOMG7M/c6ESsUS0dLTlPoxHgoWMYK1kfz+g4mGeJA3vNZsYFedmrMAWiduQapQoDmwv/phQrKYCk04VqrnOqn2cyw1I5zOKv1M0RSTMR7SnqECx1T5+eLoGbowSoiiRJonNFqovydyHCs1jQOTjLEeqVVvLv7n9TId3fo5E2mmqSDLRVHGkU7QvAEUMkmJ5lNDMJHM3IrICEtMtOmpYkpwV7+8TtpXNdepuY/X1fpdUUcZzuAcLsGFG6jDPTTBAwJP8Ayv8GZNrBfr3fpYRktWMXMKf2B9/gBsZ5Hc</latexit><latexit sha1_base64="W9fpwvWf5eoMEJfCay2fM8+UaWM=">AAAB9HicbVBNS8NAFHypX7V+RT16WSyCp5KIoMdiLx48VGjaQhvKZrNpl242cXdTKKG/w4sHRbz6Y7z5b9y2OWjrwMIwM4/3doKUM6Ud59sqbWxube+Udyt7+weHR/bxSVslmSTUIwlPZDfAinImqKeZ5rSbSorjgNNOMG7M/c6ESsUS0dLTlPoxHgoWMYK1kfz+g4mGeJA3vNZsYFedmrMAWiduQapQoDmwv/phQrKYCk04VqrnOqn2cyw1I5zOKv1M0RSTMR7SnqECx1T5+eLoGbowSoiiRJonNFqovydyHCs1jQOTjLEeqVVvLv7n9TId3fo5E2mmqSDLRVHGkU7QvAEUMkmJ5lNDMJHM3IrICEtMtOmpYkpwV7+8TtpXNdepuY/X1fpdUUcZzuAcLsGFG6jDPTTBAwJP8Ayv8GZNrBfr3fpYRktWMXMKf2B9/gBsZ5Hc</latexit><latexit sha1_base64="W9fpwvWf5eoMEJfCay2fM8+UaWM=">AAAB9HicbVBNS8NAFHypX7V+RT16WSyCp5KIoMdiLx48VGjaQhvKZrNpl242cXdTKKG/w4sHRbz6Y7z5b9y2OWjrwMIwM4/3doKUM6Ud59sqbWxube+Udyt7+weHR/bxSVslmSTUIwlPZDfAinImqKeZ5rSbSorjgNNOMG7M/c6ESsUS0dLTlPoxHgoWMYK1kfz+g4mGeJA3vNZsYFedmrMAWiduQapQoDmwv/phQrKYCk04VqrnOqn2cyw1I5zOKv1M0RSTMR7SnqECx1T5+eLoGbowSoiiRJonNFqovydyHCs1jQOTjLEeqVVvLv7n9TId3fo5E2mmqSDLRVHGkU7QvAEUMkmJ5lNDMJHM3IrICEtMtOmpYkpwV7+8TtpXNdepuY/X1fpdUUcZzuAcLsGFG6jDPTTBAwJP8Ayv8GZNrBfr3fpYRktWMXMKf2B9/gBsZ5Hc</latexit>

⇤CUT
<latexit sha1_base64="W9fpwvWf5eoMEJfCay2fM8+UaWM=">AAAB9HicbVBNS8NAFHypX7V+RT16WSyCp5KIoMdiLx48VGjaQhvKZrNpl242cXdTKKG/w4sHRbz6Y7z5b9y2OWjrwMIwM4/3doKUM6Ud59sqbWxube+Udyt7+weHR/bxSVslmSTUIwlPZDfAinImqKeZ5rSbSorjgNNOMG7M/c6ESsUS0dLTlPoxHgoWMYK1kfz+g4mGeJA3vNZsYFedmrMAWiduQapQoDmwv/phQrKYCk04VqrnOqn2cyw1I5zOKv1M0RSTMR7SnqECx1T5+eLoGbowSoiiRJonNFqovydyHCs1jQOTjLEeqVVvLv7n9TId3fo5E2mmqSDLRVHGkU7QvAEUMkmJ5lNDMJHM3IrICEtMtOmpYkpwV7+8TtpXNdepuY/X1fpdUUcZzuAcLsGFG6jDPTTBAwJP8Ayv8GZNrBfr3fpYRktWMXMKf2B9/gBsZ5Hc</latexit><latexit sha1_base64="W9fpwvWf5eoMEJfCay2fM8+UaWM=">AAAB9HicbVBNS8NAFHypX7V+RT16WSyCp5KIoMdiLx48VGjaQhvKZrNpl242cXdTKKG/w4sHRbz6Y7z5b9y2OWjrwMIwM4/3doKUM6Ud59sqbWxube+Udyt7+weHR/bxSVslmSTUIwlPZDfAinImqKeZ5rSbSorjgNNOMG7M/c6ESsUS0dLTlPoxHgoWMYK1kfz+g4mGeJA3vNZsYFedmrMAWiduQapQoDmwv/phQrKYCk04VqrnOqn2cyw1I5zOKv1M0RSTMR7SnqECx1T5+eLoGbowSoiiRJonNFqovydyHCs1jQOTjLEeqVVvLv7n9TId3fo5E2mmqSDLRVHGkU7QvAEUMkmJ5lNDMJHM3IrICEtMtOmpYkpwV7+8TtpXNdepuY/X1fpdUUcZzuAcLsGFG6jDPTTBAwJP8Ayv8GZNrBfr3fpYRktWMXMKf2B9/gBsZ5Hc</latexit><latexit sha1_base64="W9fpwvWf5eoMEJfCay2fM8+UaWM=">AAAB9HicbVBNS8NAFHypX7V+RT16WSyCp5KIoMdiLx48VGjaQhvKZrNpl242cXdTKKG/w4sHRbz6Y7z5b9y2OWjrwMIwM4/3doKUM6Ud59sqbWxube+Udyt7+weHR/bxSVslmSTUIwlPZDfAinImqKeZ5rSbSorjgNNOMG7M/c6ESsUS0dLTlPoxHgoWMYK1kfz+g4mGeJA3vNZsYFedmrMAWiduQapQoDmwv/phQrKYCk04VqrnOqn2cyw1I5zOKv1M0RSTMR7SnqECx1T5+eLoGbowSoiiRJonNFqovydyHCs1jQOTjLEeqVVvLv7n9TId3fo5E2mmqSDLRVHGkU7QvAEUMkmJ5lNDMJHM3IrICEtMtOmpYkpwV7+8TtpXNdepuY/X1fpdUUcZzuAcLsGFG6jDPTTBAwJP8Ayv8GZNrBfr3fpYRktWMXMKf2B9/gBsZ5Hc</latexit><latexit sha1_base64="W9fpwvWf5eoMEJfCay2fM8+UaWM=">AAAB9HicbVBNS8NAFHypX7V+RT16WSyCp5KIoMdiLx48VGjaQhvKZrNpl242cXdTKKG/w4sHRbz6Y7z5b9y2OWjrwMIwM4/3doKUM6Ud59sqbWxube+Udyt7+weHR/bxSVslmSTUIwlPZDfAinImqKeZ5rSbSorjgNNOMG7M/c6ESsUS0dLTlPoxHgoWMYK1kfz+g4mGeJA3vNZsYFedmrMAWiduQapQoDmwv/phQrKYCk04VqrnOqn2cyw1I5zOKv1M0RSTMR7SnqECx1T5+eLoGbowSoiiRJonNFqovydyHCs1jQOTjLEeqVVvLv7n9TId3fo5E2mmqSDLRVHGkU7QvAEUMkmJ5lNDMJHM3IrICEtMtOmpYkpwV7+8TtpXNdepuY/X1fpdUUcZzuAcLsGFG6jDPTTBAwJP8Ayv8GZNrBfr3fpYRktWMXMKf2B9/gBsZ5Hc</latexit>

The CUDA Dynamical Axions
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fd
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fd
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<latexit sha1_base64="BW38OVEi0nbv+lHy4/Ui77beMEo="></latexit>
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<latexit sha1_base64="Xckc/x36BZwj3o/o8uCBxxgTihU="></latexit>

Leff = ⇤4
SSI cos

✓
2⌘0�
fd

◆
+ ⇤4

diag

 
2⌘0�
fd

+

p
6⌘0 
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<latexit sha1_base64="TCvp3n67BCnRjhcynAXb36+y6h8="></latexit>

❖ Mass contributions to the dynamical axions



The Phase Transition
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Phase transition at confinement

�26

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>
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1.0

ϕ

V(
ϕ) T>Tc

T=Tc
T=0h'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 symmetry
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V (⌃) = �m2
⌃ Tr
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⇥
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>

Captures dynamics of 
the phase transition: 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 symmetry

Phase transition at confinement
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V (⌃) = �m2
⌃ Tr
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⌃⌃†�+ �
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⇥
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
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⌃ Tr
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�
⌃⌃†�⇤2 + 

2
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<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>

(pseudo) Goldstone Boson fields

➡ Masses due explicit symmetry breaking effects: 
QCD and U(1)A

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

Phase transition at confinement
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<latexit sha1_base64="JP54XFARxn+1t84l5JqXfSglCM4="></latexit>

❖ Model the phase transition using the linear sigma model

,

Phase transition at confinement

m2
⌘0 = 0

<latexit sha1_base64="boPD1gHVVB9ElEJOztLgLdVZ538=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbGInkpSBb0IRS8eK9gPaGPYbCft0s0m7G6EGvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bYKK6tr6xvFzdLW9s5u2d7bb6k4lRSaNOax7AREAWcCmpppDp1EAokCDu1gdDP1248gFYvFvR4n4EVkIFjIKNFG8u1y5Gc90ORk8lDDV9jx7YpTdWbAy8TNSQXlaPj2V68f0zQCoSknSnVdJ9FeRqRmlMOk1EsVJISOyAC6hgoSgfKy2eETfGyUPg5jaUpoPFN/T2QkUmocBaYzInqoFr2p+J/XTXV46WVMJKkGQeeLwpRjHeNpCrjPJFDNx4YQKpm5FdMhkYRqk1XJhOAuvrxMWrWqe1at3Z1X6td5HEV0iI7QKXLRBaqjW9RATURRip7RK3qznqwX6936mLcWrHzmAP2B9fkDBj6SAw==</latexit>

m2
⇡a = 0

<latexit sha1_base64="biVxnAmOn/gb9tUaP2b/e/oJrcw=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePFewHtNuSTbNtaJJdk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NBRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN3N/OaYKs0i+WgmMfUFHkgWMoKNlXzRSzsx6+Jpt3Lj9oolt+zOgVaJl5ESZKj1il+dfkQSQaUhHGvd9tzY+ClWhhFOp4VOommMyQgPaNtSiQXVfjo/eorOrNJHYaRsSYPm6u+JFAutJyKwnQKboV72ZuJ/Xjsx4bWfMhknhkqyWBQmHJkIzRJAfaYoMXxiCSaK2VsRGWKFibE5FWwI3vLLq6RRKXsX5crDZal6m8WRhxM4hXPw4AqqcA81qAOBJ3iGV3hzxs6L8+58LFpzTjZzDH/gfP4ALxiRtQ==</latexit>

m2
⇡3

= 0
<latexit sha1_base64="TPKNvZCwLKyR09PLNRMHvaUfAqA=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9ltBb0IRS8eK9gPaNclm6ZtaJJdk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXhhzpo3rfju5tfWNza38dmFnd2//oHh41NRRoghtkIhHqh1iTTmTtGGY4bQdK4pFyGkrHN3O/NaYKs0i+WAmMfUFHkjWZwQbK/kiSLsxC6rTx8q1GxRLbtmdA60SLyMlyFAPil/dXkQSQaUhHGvd8dzY+ClWhhFOp4VuommMyQgPaMdSiQXVfjo/eorOrNJD/UjZkgbN1d8TKRZaT0RoOwU2Q73szcT/vE5i+ld+ymScGCrJYlE/4chEaJYA6jFFieETSzBRzN6KyBArTIzNqWBD8JZfXiXNStmrliv3F6XaTRZHHk7gFM7Bg0uowR3UoQEEnuAZXuHNGTsvzrvzsWjNOdnMMfyB8/kD6fWRiA==</latexit>

m2
⇡8

= 0
<latexit sha1_base64="S5oJEi5ZUWMwluOTwm9Yvd2Waec=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgr0IRS8eK9gPaNclm6ZtaJJdk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXhhzpo3rfju5tfWNza38dmFnd2//oHh41NRRoghtkIhHqh1iTTmTtGGY4bQdK4pFyGkrHN3O/NaYKs0i+WAmMfUFHkjWZwQbK/kiSLsxC6rTx8q1GxRLbtmdA60SLyMlyFAPil/dXkQSQaUhHGvd8dzY+ClWhhFOp4VuommMyQgPaMdSiQXVfjo/eorOrNJD/UjZkgbN1d8TKRZaT0RoOwU2Q73szcT/vE5i+lU/ZTJODJVksaifcGQiNEsA9ZiixPCJJZgoZm9FZIgVJsbmVLAheMsvr5JmpexdlCv3l6XaTRZHHk7gFM7BgyuowR3UoQEEnuAZXuHNGTsvzrvzsWjNOdnMMfyB8/kD8aKRjQ==</latexit>

m⌘0
�
= 0

<latexit sha1_base64="AABBTFTo0igJwBxZC2eRNga5Lfs=">AAAB+3icbVDLSsNAFJ34rPUV69JNsIiuSlIF3QhFNy4r2Ae0IUymN+3QmUmYmYgl5FfcuFDErT/izr9x2mahrQcu93DOvcydEyaMKu2639bK6tr6xmZpq7y9s7u3bx9U2ipOJYEWiVksuyFWwKiAlqaaQTeRgHnIoBOOb6d+5xGkorF40JMEfI6HgkaUYG2kwK7wIOuDxqemkRHN82s3sKtuzZ3BWSZeQaqoQDOwv/qDmKQchCYMK9Xz3ET7GZaaEgZ5uZ8qSDAZ4yH0DBWYg/Kz2e25c2KUgRPF0pTQzkz9vZFhrtSEh2aSYz1Si95U/M/rpTq68jMqklSDIPOHopQ5OnamQTgDKoFoNjEEE0nNrQ4ZYYmJNnGVTQje4peXSbte885r9fuLauOmiKOEjtAxOkMeukQNdIeaqIUIekLP6BW9Wbn1Yr1bH/PRFavYOUR/YH3+ALWPlDg=</latexit>

m⌘0
 
= 0

<latexit sha1_base64="/mufbH1amNox78aCnGByUtDSaKk=">AAAB+3icbVDLSsNAFJ34rPUV69JNsIiuSlIF3QhFNy4r2Ae0IUymN+3QmUmYmYgl5FfcuFDErT/izr9x2mahrQcu93DOvcydEyaMKu2639bK6tr6xmZpq7y9s7u3bx9U2ipOJYEWiVksuyFWwKiAlqaaQTeRgHnIoBOOb6d+5xGkorF40JMEfI6HgkaUYG2kwK7wIOuDxqemJYrm+bUb2FW35s7gLBOvIFVUoBnYX/1BTFIOQhOGlep5bqL9DEtNCYO83E8VJJiM8RB6hgrMQfnZ7PbcOTHKwIliaUpoZ6b+3sgwV2rCQzPJsR6pRW8q/uf1Uh1d+RkVSapBkPlDUcocHTvTIJwBlUA0mxiCiaTmVoeMsMREm7jKJgRv8cvLpF2veee1+v1FtXFTxFFCR+gYnSEPXaIGukNN1EIEPaFn9IrerNx6sd6tj/noilXsHKI/sD5/ANp0lFA=</latexit>

❖ Goldstone boson masses

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

NF = 4
<latexit sha1_base64="p4ixQy5nEPvLf0w82flXEomOWQU="></latexit>
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2

�
⌃⌃†⌃⌃†�� (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>

Include the explicit          
symmetry breaking from 
instanton effects

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

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

Include the explicit symmetry 
breaking from QCD charges

Phase transition at confinement

�µSSI Tr
�
P�⌃P�⌃

†P�

�
<latexit sha1_base64="/jFqIRu2XA6pWf6goMu29Lkb6ME="></latexit>

❖ 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 the 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>

⇡
<latexit sha1_base64="MMfoOZUbGzRkaB76umvTEWj+CN8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00Et4v1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBRC43R</latexit>

⌘0
<latexit sha1_base64="SArE1G79zJZXGFFstlSXTRrqhOk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0mqoMeiF48VTFtoQ9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wju5nfeuLaiEQ94jjlQUwHSkSCUbSS3+VIz3vlilt15yCrxMtJBXI0euWvbj9hWcwVMkmN6XhuisGEahRM8mmpmxmeUjaiA96xVNGYm2AyP3ZKzqzSJ1GibSkkc/X3xITGxozj0HbGFIdm2ZuJ/3mdDKObYCJUmiFXbLEoyiTBhMw+J32hOUM5toQyLeythA2ppgxtPiUbgrf88ipp1qreZbX2cFWp3+ZxFOEETuECPLiGOtxDA3xgIOAZXuHNUc6L8+58LFoLTj5zDH/gfP4Aa8yObQ==</latexit>
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⌃⌃†⌃⌃†�� (µ⌃ det⌃+ h.c.)

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

❖ Model the phase transition using the linear sigma model

,

Phase transition at confinement

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>

m2
⇡a = 3⇠

<latexit sha1_base64="zSpROmDBdFEMGOcK7U7Bij6zCbo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiStoBuh6MZlBfuANg2T6aQdOjMJMxMxhPorblwo4tYPceffOG2z0NYDFw7n3Mu99wQxo0o7zrdVWFvf2Nwqbpd2dvf2D+zDo7aKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6weRm5nceiFQ0Evc6jYnH0UjQkGKkjeTbZe5n/ZgO0HRQg1ewDvuP1LcrTtWZA64SNycVkKPp21/9YYQTToTGDCnVc51YexmSmmJGpqV+okiM8ASNSM9QgThRXjY/fgpPjTKEYSRNCQ3n6u+JDHGlUh6YTo70WC17M/E/r5fo8NLLqIgTTQReLAoTBnUEZ0nAIZUEa5YagrCk5laIx0girE1eJROCu/zyKmnXqm69Wrs7rzSu8ziK4BicgDPgggvQALegCVoAgxQ8g1fwZj1ZL9a79bFoLVj5TBn8gfX5AxrIk8I=</latexit>

m2
⌘0 =

3µ⌃

2+ 6�

✓
µ⌃ �

q
4m2

⌃(+ 3�) + µ2
⌃

◆

<latexit sha1_base64="/loKlKmbgNdw5vIz4efIfwZMqFY="></latexit>

…m2
⌘0 =

3µ⌃

2+ 6�

✓
µ⌃ �

q
4m2

⌃(+ 3�) + µ2
⌃

◆

<latexit sha1_base64="/loKlKmbgNdw5vIz4efIfwZMqFY="></latexit>

❖ Goldstone boson masses

m2
⌘0
 
=

4m2
⌃µ⌃

+ 4�� µ⌃
<latexit sha1_base64="6yHvCkiOmWTu2wAgzfwCao5M1xA="></latexit>

m2
⇡8

= 3⇠
<latexit sha1_base64="hFdoybGDp95pMJgodebNyUgoeCI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiStYDdC0Y3LCvYBbQyT6aQdOjMJMxMxhPorblwo4tYPceffOG2z0NYDFw7n3Mu99wQxo0o7zrdVWFvf2Nwqbpd2dvf2D+zDo46KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weR65ncfiFQ0Enc6jYnH0UjQkGKkjeTbZe5ng5j6jel9DV7COhw8Ut+uOFVnDrhK3JxUQI6Wb38NhhFOOBEaM6RU33Vi7WVIaooZmZYGiSIxwhM0In1DBeJEedn8+Ck8NcoQhpE0JTScq78nMsSVSnlgOjnSY7XszcT/vH6iw4aXUREnmgi8WBQmDOoIzpKAQyoJ1iw1BGFJza0Qj5FEWJu8SiYEd/nlVdKpVd16tXZ7Xmle5XEUwTE4AWfABRegCW5AC7QBBil4Bq/gzXqyXqx362PRWrDymTL4A+vzB9xik5o=</latexit>

m⇡3 =
4

3
⇠

<latexit sha1_base64="sP1ftNEs9hFizpKJFzupbn1PDI4=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJWkLehGKLpxWcE+oAlhMp20Q2cmYWYilpCNv+LGhSJu/Qx3/o3TNgttPXDhcM693HtPmDCqtON8Wyura+sbm6Wt8vbO7t6+fXDYUXEqMWnjmMWyFyJFGBWkralmpJdIgnjISDcc30z97gORisbiXk8S4nM0FDSiGGkjBfYxDzIvoUE9h1fQiyTCjTr0HmlgV5yqMwNcJm5BKqBAK7C/vEGMU06Exgwp1XedRPsZkppiRvKylyqSIDxGQ9I3VCBOlJ/NHsjhmVEGMIqlKaHhTP09kSGu1ISHppMjPVKL3lT8z+unOrr0MyqSVBOB54uilEEdw2kacEAlwZpNDEFYUnMrxCNkUtAms7IJwV18eZl0alW3Xq3dNSrN6yKOEjgBp+AcuOACNMEtaIE2wCAHz+AVvFlP1ov1bn3MW1esYuYI/IH1+QP205VZ</latexit>

m⌘0
�
= 0

<latexit sha1_base64="AABBTFTo0igJwBxZC2eRNga5Lfs=">AAAB+3icbVDLSsNAFJ34rPUV69JNsIiuSlIF3QhFNy4r2Ae0IUymN+3QmUmYmYgl5FfcuFDErT/izr9x2mahrQcu93DOvcydEyaMKu2639bK6tr6xmZpq7y9s7u3bx9U2ipOJYEWiVksuyFWwKiAlqaaQTeRgHnIoBOOb6d+5xGkorF40JMEfI6HgkaUYG2kwK7wIOuDxqemkRHN82s3sKtuzZ3BWSZeQaqoQDOwv/qDmKQchCYMK9Xz3ET7GZaaEgZ5uZ8qSDAZ4yH0DBWYg/Kz2e25c2KUgRPF0pTQzkz9vZFhrtSEh2aSYz1Si95U/M/rpTq68jMqklSDIPOHopQ5OnamQTgDKoFoNjEEE0nNrQ4ZYYmJNnGVTQje4peXSbte885r9fuLauOmiKOEjtAxOkMeukQNdIeaqIUIekLP6BW9Wbn1Yr1bH/PRFavYOUR/YH3+ALWPlDg=</latexit>

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

NF = 4
<latexit sha1_base64="p4ixQy5nEPvLf0w82flXEomOWQU="></latexit>
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<latexit sha1_base64="JP54XFARxn+1t84l5JqXfSglCM4="></latexit>

❖ Model the phase transition using the linear sigma model

,

Phase transition at confinement

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

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

�µSSI Tr
�
P�⌃P�⌃

†P�

�
<latexit sha1_base64="/jFqIRu2XA6pWf6goMu29Lkb6ME="></latexit>

m2
⇡a = 3⇠

<latexit sha1_base64="zSpROmDBdFEMGOcK7U7Bij6zCbo=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiStoBuh6MZlBfuANg2T6aQdOjMJMxMxhPorblwo4tYPceffOG2z0NYDFw7n3Mu99wQxo0o7zrdVWFvf2Nwqbpd2dvf2D+zDo7aKEolJC0cskt0AKcKoIC1NNSPdWBLEA0Y6weRm5nceiFQ0Evc6jYnH0UjQkGKkjeTbZe5n/ZgO0HRQg1ewDvuP1LcrTtWZA64SNycVkKPp21/9YYQTToTGDCnVc51YexmSmmJGpqV+okiM8ASNSM9QgThRXjY/fgpPjTKEYSRNCQ3n6u+JDHGlUh6YTo70WC17M/E/r5fo8NLLqIgTTQReLAoTBnUEZ0nAIZUEa5YagrCk5laIx0girE1eJROCu/zyKmnXqm69Wrs7rzSu8ziK4BicgDPgggvQALegCVoAgxQ8g1fwZj1ZL9a79bFoLVj5TBn8gfX5AxrIk8I=</latexit>

m2
⌘0 =

3µ⌃

2+ 6�

✓
µ⌃ �

q
4m2

⌃(+ 3�) + µ2
⌃

◆

<latexit sha1_base64="/loKlKmbgNdw5vIz4efIfwZMqFY="></latexit>

m2
⇡3

=
4

3
⇠ +

1

4
µSSI

<latexit sha1_base64="w28LyFCJu3/ARQEPT/43JUfgfGY=">AAACFXicbVDLSsNAFJ34rPUVdelmsAiCUpK2oBuh6EZ3ldoHNDVMppN26EwSZiZiCfkJN/6KGxeKuBXc+TdO2yy09cCFM+fcy9x7vIhRqSzr21hYXFpeWc2t5dc3Nre2zZ3dpgxjgUkDhywUbQ9JwmhAGooqRtqRIIh7jLS84eXYb90TIWkY3KpRRLoc9QPqU4yUllzzhLuJE1G3nN6V4Dl0fIFwpew8UHg8fdgV6PDYTer169Q1C1bRmgDOEzsjBZCh5ppfTi/EMSeBwgxJ2bGtSHUTJBTFjKR5J5YkQniI+qSjaYA4kd1kclUKD7XSg34odAUKTtTfEwniUo64pzs5UgM5643F/7xOrPyzbkKDKFYkwNOP/JhBFcJxRLBHBcGKjTRBWFC9K8QDpLNQOsi8DsGePXmeNEtFu1ws3VQK1YssjhzYBwfgCNjgFFTBFaiBBsDgETyDV/BmPBkvxrvxMW1dMLKZPfAHxucPTkidBw==</latexit>

m2
⇡8

= 3⇠ +
1

4
µSSI

<latexit sha1_base64="Z4/B2uAZojH7t1ud9TA6TdXdhxc=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0URhJK0BbsRim50V6l9QFPDZDpph84kYWYilpA/cOOvuHGhiFu37vwbp4+Fth64cDjnXu69x4sYlcqyvo3M0vLK6lp2PbexubW9Y+7uNWUYC0waOGShaHtIEkYD0lBUMdKOBEHcY6TlDS/HfuueCEnD4FaNItLlqB9Qn2KktOSax9xNnIi6lfSuCM9hyXmg8BQ6vkDYLkOHx25Sr1+nrpm3CtYEcJHYM5IHM9Rc88vphTjmJFCYISk7thWpboKEopiRNOfEkkQID1GfdDQNECeym0z+SeGRVnrQD4WuQMGJ+nsiQVzKEfd0J0dqIOe9sfif14mVX+kmNIhiRQI8XeTHDKoQjsOBPSoIVmykCcKC6lshHiCdhdIR5nQI9vzLi6RZLNilQvGmnK9ezOLIggNwCE6ADc5AFVyBGmgADB7BM3gFb8aT8WK8Gx/T1owxm9kHf2B8/gDV/Jqk</latexit>

m2
⌘0
�
=

1

2
µSSI

<latexit sha1_base64="VgBwyt2kg5VzDvBQgG7atLEUQVI=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1V0VZIo6EYoutFdpfYBTQ2T6aQdOpOEmYlQQn7Ajb/ixoUibt2782+ctllo64ELh3Pu5d57/JhRqSzr2ygsLC4trxRXS2vrG5tb5vZOU0aJwKSBIxaJto8kYTQkDUUVI+1YEMR9Rlr+8Grstx6IkDQK79QoJl2O+iENKEZKS555wL3UJQodeS4e0OzegRfQDQTCtgNdnnhpvX6TeWbZqlgTwHli56QMctQ888vtRTjhJFSYISk7thWrboqEopiRrOQmksQID1GfdDQNESeym06+yeChVnowiISuUMGJ+nsiRVzKEfd1J0dqIGe9sfif10lUcN5NaRgnioR4uihIGFQRHEcDe1QQrNhIE4QF1bdCPEA6C6UDLOkQ7NmX50nTqdgnFef2tFy9zOMogj2wD46BDc5AFVyDGmgADB7BM3gFb8aT8WK8Gx/T1oKRz+yCPzA+fwCHb5qT</latexit>
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⌘0
 
=

�
4m2

⌃ � µSSI

�
µ⌃

+ 4�� µ⌃
<latexit sha1_base64="UYEVUfj/tLjjlrpma9IlYTF0tS4="></latexit>

…m2
⌘0 =

3µ⌃

2+ 6�

✓
µ⌃ �

q
4m2

⌃(+ 3�) + µ2
⌃

◆

<latexit sha1_base64="/loKlKmbgNdw5vIz4efIfwZMqFY="></latexit>
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Phase transition in the early universe
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❖ Dynamics from tunneling to the T=. 0  vacuumT = 0
<latexit sha1_base64="n7JRzpv4tCkLhmqZbqQ6UCGHPns=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiHlBsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rGsm3GCfkQHkoecUWOlx/qN2yuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqalbJ3Ua48XJaqt1kceTiBUzgHD66gCvdQgwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwBoOmNXQ==</latexit>

    

D. Weir, “The sound of gravitational waves from a 
[confinement] phase transition,” saoghal.net/slides/ectstar/

fGW |peak = fGW

✓
TN ,

�

H

◆

<latexit sha1_base64="sGXEW2oxyeC8H68lH0r913WyIQQ="></latexit>

⌦GW |peak = ⌦GW

✓
↵,

�

H

◆

<latexit sha1_base64="iRoyz1LrcLV8glpfIIJTAReYr/I="></latexit> Parameterizes speed of 
the phase transition

Latent heat, �L
⇢rad

<latexit sha1_base64="y7FBjGJ8onmVPbluNNt13AT5K0E=">AAACF3icbZA7SwNBEMf3fMb4ilraLAbBKtypoGVQCwuLCCYKuRDmNnPJkr0Hu3NiOPItbPwqNhaK2Grnt3HzKHz9YeHPb2bYmX+QKmnIdT+dmdm5+YXFwlJxeWV1bb20sdkwSaYF1kWiEn0TgEElY6yTJIU3qUaIAoXXQf90VL++RW1kEl/RIMVWBN1YhlIAWdQuVfxQg8i5f4aKgPsRUE+Ayi+GfGip7iVtn/COcg0di9qlsltxx+J/jTc1ZTZVrV368DuJyCKMSSgwpum5KbVy0CSFwmHRzwymIPrQxaa1MURoWvn4riHftaTDw0TbFxMf0+8TOUTGDKLAdo72Nr9rI/hfrZlReNzKZZxmhLGYfBRmilPCRyHxjtQoSA2sAaGl3ZWLHtigyEZZtCF4v0/+axr7Fe+gsn95WK6eTOMosG22w/aYx45YlZ2zGqszwe7ZI3tmL86D8+S8Om+T1hlnOrPFfsh5/wJnJ6AX</latexit>

↵ =
<latexit sha1_base64="1CpM48roL/Vr7Eo/C5NN3GL+8Zc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoBeh6MVjBfsBbSiT7aZdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKsqaNBax6gSomeCSNQ03gnUSxTAKBGsH47uZ335iSvNYPppJwvwIh5KHnKKxUruHIhnhTb9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+7pScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhNd+xmWSGibpYlGYCmJiMvudDLhi1IiJJUgVt7cSOkKF1NiESjYEb/nlVdKqVb2Lau3hslK/zeMowgmcwjl4cAV1uIcGNIHCGJ7hFd6cxHlx3p2PRWvByWeO4Q+czx8Qoo9j</latexit>

�

H
=

<latexit sha1_base64="V81t+3k4+MTleycbA23eZk8xcmM=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIeskxgnlAdgmzk95kyOzDmdlAWPIdXjwo4tWP8ebfOEn2oIkFDUVVN91dfiK40rb9ba2tb2xubRd2irt7+weHpaPjlopTybDJYhHLjk8VCh5hU3MtsJNIpKEvsO2P7md+e4xS8Th61JMEvZAOIh5wRrWRPDeQlLk+akrqt71S2a7Yc5BV4uSkDDkavdKX249ZGmKkmaBKdR070V5GpeZM4LTopgoTykZ0gF1DIxqi8rL50VNybpQ+CWJpKtJkrv6eyGio1CT0TWdI9VAtezPxP6+b6uDGy3iUpBojtlgUpILomMwSIH0ukWkxMYQyyc2thA2pyUGbnIomBGf55VXSqlacy0r14apcu8vjKMApnMEFOHANNahDA5rA4Ame4RXerLH1Yr1bH4vWNSufOYE/sD5/AP0SkZU=</latexit>

TN =
<latexit sha1_base64="bV21cQqBDLSchm0AgK/gNB/XM0Q=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQS9C0YsnqdBtC+1Ssmm2Dc1mlyQrlKW/wYsHRbz6g7z5b0zbPWjrg4HHezPMzAsSwbVxnG9UWFvf2Nwqbpd2dvf2D8qHRy0dp4oyj8YiVp2AaCa4ZJ7hRrBOohiJAsHawfhu5refmNI8lk0zSZgfkaHkIafEWMlr9h/wTb9ccarOHHiVuDmpQI5Gv/zVG8Q0jZg0VBCtu66TGD8jynAq2LTUSzVLCB2TIetaKknEtJ/Nj53iM6sMcBgrW9Lgufp7IiOR1pMosJ0RMSO97M3E/7xuasJrP+MySQ2TdLEoTAU2MZ59jgdcMWrExBJCFbe3YjoiilBj8ynZENzll1dJq1Z1L6q1x8tK/TaPowgncArn4MIV1OEeGuABBQ7P8ApvSKIX9I4+Fq0FlM8cwx+gzx/bAo4O</latexit>

Nucleation temperature

http://saoghal.net/slides/ectstar/
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Gravitational wave signal N_F = 3

�35

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

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

D. Croon, R. Houtz, V. Sanz, arXiv:1904.10967 
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Gravitational wave signal N_F = 3NF = 4
<latexit sha1_base64="p4ixQy5nEPvLf0w82flXEomOWQU="></latexit>

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

D. Croon, R. Houtz, V. Sanz, arXiv:1904.10967 
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Summary
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❖ Prospects for gravitational wave signals for dynamical axion 
models with ⇤̃ ⇠ 3 TeV

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

❖ The gravitational wave signature is sensitive to the explicit U1A 
breaking parameter mu in the linear sigma model

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

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

❖ 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 

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

SU(Ñ)
<latexit sha1_base64="t30mlbn4MEma9DPyoj9FJqtAHg8=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBT0WvXiSisYWmlA2m0m7dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0g5U9q2v63Syura+kZ5s7K1vbO7V90/eFRJJim4NOGJ7AZEAWcCXM00h24qgcQBh04wup76nSeQiiXiQY9T8GMyECxilGgjefdu3dOMh4BvT/vVmt2wZ8DLxClIDRVo96tfXpjQLAahKSdK9Rw71X5OpGaUw6TiZQpSQkdkAD1DBYlB+fns5gk+MUqIo0SaEhrP1N8TOYmVGseB6YyJHqpFbyr+5/UyHV36ORNppkHQ+aIo41gneBoADpkEqvnYEEIlM7diOiSSUG1iqpgQnMWXl8ljs+GcNZp357XWVRFHGR2hY1RHDrpALXSD2shFFKXoGb2iNyuzXqx362PeWrKKmUP0B9bnD61UkMs=</latexit>
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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

�38

❖ 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

⇥
Tr

�
⌃⌃†�⇤2 + 

2

�
⌃⌃†⌃⌃†�� (µ⌃ det⌃+ h.c.)

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

m⌘0 ⇠ µ⌃
<latexit sha1_base64="RPjTfBxg02wu7nPWiAjFYR/YL8s=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPZWkCnosevFY0X5AE8Jku22X7iZhdyOUULz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzLww4Uxpx/m2CkvLK6trxfXSxubW9o69u9dUcSoJbZCYx7IdgqKcRbShmea0nUgKIuS0FQ6vJ37rgUrF4uhejxLqC+hHrMcIaCMF9oEIMo9qOBljTzGBPZEG3h3rCwjsslNxpsCLxM1JGeWoB/aX141JKmikCQelOq6TaD8DqRnhdFzyUkUTIEPo046hEQiq/Gz6whgfG6WLe7E0FWk8VX9PZCCUGonQdArQAzXvTcT/vE6qe5d+xqIk1TQis0W9lGMd40keuMskJZqPDAEimbkVkwFIINqkVjIhuPMvL5JmteKeVaq35+XaVR5HER2iI3SKXHSBaugG1VEDEfSIntErerOerBfr3fqYtRasfGYf/YH1+QOwOZb5</latexit>

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

µ⌃
<latexit sha1_base64="Z/0jbbpgM/3mwfXZiKu+fQC+A3o="></latexit>

gQCD
<latexit sha1_base64="9PkaUIcUl42DCNP8NReYyKbuUWY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY/BePCYgHlAsoTZSScZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1ManO//YRK80g+mmmMfkhHkg85o8ZK7VE/bdTuZ/1iyS27C5B14mWkBBnq/eJXbxCxJERpmKBadz03Nn5KleFM4KzQSzTGlE3oCLuWShqi9tPFuTNyYZUBGUbKljRkof6eSGmo9TQMbGdIzVivenPxP6+bmOGtn3IZJwYlWy4aJoKYiMx/JwOukBkxtYQyxe2thI2poszYhAo2BG/15XXSqpS9q3KlcV2q3mVx5OEMzuESPLiBKjxAHZrAYALP8ApvTuy8OO/Ox7I152Qzp/AHzucPAq6PWg==</latexit>

T � Tc
<latexit sha1_base64="ab4LwR+8LlgfzZ1ve9qZ+Dwsdug=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXis0C9pl5JNs9vQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZekHCmjet+O4WNza3tneJuaW//4PCofHzS0XGqCG2TmMeqF2BNOZO0bZjhtJcoikXAaTeY3M397hNVmsWyZaYJ9QWOJAsZwcZKjy00iCLUGpJhueJW3QXQOvFyUoEczWH5azCKSSqoNIRjrfuemxg/w8owwumsNEg1TTCZ4Ij2LZVYUO1ni4Nn6MIqIxTGypY0aKH+nsiw0HoqAtspsBnrVW8u/uf1UxPe+BmTSWqoJMtFYcqRidH8ezRiihLDp5Zgopi9FZExVpgYm1HJhuCtvrxOOrWqd1WtPdQrjds8jiKcwTlcggfX0IB7aEIbCAh4hld4c5Tz4rw7H8vWgpPPnMIfOJ8/rUiPrA==</latexit>

m⌘0 ⇠ ⇤2
SSI

f̃
⇠ f̃6

Z
d⇢ ⇢4d(⇢, T )

<latexit sha1_base64="+mh61WCGqHd+2g2WwgEUN14zFMk="></latexit>

❖ For example, when the axion mass is 
lifted by small size instanton effects:  

Gross, Pisarski, Yaffe, (1981)

G. ’t Hooft (1976)

M. A. Shifman, A. I. Vainshtein, V. I. Zakharov (1980)
Callan, Dashen, Gross, (1978)



Rachel Houtz October, 2019�39

❖ Does \m\ contribute significantly during the phase transition?µ⌃
<latexit sha1_base64="jsYQZY32PxKM/V1OlKz95cSNgoY=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisaD+wu5Rsmm1Dk+ySZIWy9F948aCIV/+NN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDPzO09UaRbLBzNJaCDwULKIEWys9OiLtO/fs6HA/XLFrbpzoFXi5aQCOZr98pc/iEkqqDSEY617npuYIMPKMMLptOSnmiaYjPGQ9iyVWFAdZPOLp+jMKgMUxcqWNGiu/p7IsNB6IkLbKbAZ6WVvJv7n9VITXQUZk0lqqCSLRVHKkYnR7H00YIoSwyeWYKKYvRWREVaYGBtSyYbgLb+8Stq1qndRrd3VK43rPI4inMApnIMHl9CAW2hCCwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP36jkMw=</latexit>

m⌘0 ⇠ ⇤2
SSI

f̃
⇠ f̃6

Z
d⇢ ⇢4d(⇢, T )

<latexit sha1_base64="+mh61WCGqHd+2g2WwgEUN14zFMk="></latexit>

❖ A related parameter is the topological susceptibility

m⌘0 ⇠ ⇤2
SSI

f̃
⇠ f̃6

Z
d⇢ ⇢4d(⇢, T )

<latexit sha1_base64="+mh61WCGqHd+2g2WwgEUN14zFMk="></latexit>

�(T ) =

Z
d⇢

⇢5
d(⇢, T )

<latexit sha1_base64="6Kip5UwvXNnPqmfHTPSOmZYLz4o="></latexit>

�(T ) ⇠ T�8
<latexit sha1_base64="dBqcYUjCt2Js9ORg0WTfi/lHeyI=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqwpJUwS6LblxW6AuaWCbTSTt0ZhJmJkII9VfcuFDErR/izr9x2mahrQcuHM65l3vvCWJGlXacb2ttfWNza7uwU9zd2z84tI+OOypKJCZtHLFI9gKkCKOCtDXVjPRiSRAPGOkGk9uZ330kUtFItHQaE5+jkaAhxUgbaWCXPDymldY59BTlsPWQXdSnA7vsVJ054Cpxc1IGOZoD+8sbRjjhRGjMkFJ914m1nyGpKWZkWvQSRWKEJ2hE+oYKxInys/nxU3hmlCEMI2lKaDhXf09kiCuV8sB0cqTHatmbif95/USHdT+jIk40EXixKEwY1BGcJQGHVBKsWWoIwpKaWyEeI4mwNnkVTQju8surpFOrupfV2v1VuXGTx1EAJ+AUVIALrkED3IEmaAMMUvAMXsGb9WS9WO/Wx6J1zcpnSuAPrM8f0SGTlg==</latexit>

❖ Studied by the lattice community

❖ DGA breaks down near 
confinement

J. Frison, R. Kitano, H. Matsufuru, S. 
Mori, N. Yamada, arXiv:1606.07175
M. Dine, P. Draper, L. Stephenson-
Haskins, D. Xu, arXiv:1705.00676

Temperature dependence of muSµ⌃
<latexit sha1_base64="Z/0jbbpgM/3mwfXZiKu+fQC+A3o="></latexit>

D. Croon, R. Houtz, 
V. Sanz, arXiv:1904.10967 
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Conclusions

�40

❖ Extra color groups provide a window to richer phenomenology

❖ A dynamical axion made of massless quarks is a viable  
solution to the strong CP problem

m2
af

2
a ⇡ m2

⇡f
2
⇡

<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>

❖ 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

 
  



Thank you!
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Phase transition in the early universe
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❖ Dynamics from tunneling to the T=. 0  vacuumT = 0
<latexit sha1_base64="n7JRzpv4tCkLhmqZbqQ6UCGHPns=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHiHlBsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rGsm3GCfkQHkoecUWOlx/qN2yuW3LI7B1klXkZKkKHWK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqalbJ3Ua48XJaqt1kceTiBUzgHD66gCvdQgwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwBoOmNXQ==</latexit>

    

D. Weir, “The sound of gravitational 
waves from a [confinement] phase 
transition,” saoghal.net/slides/ectstar/�
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<latexit sha1_base64="EBkJTfD+sQFarw+BCKaRyptkrRU="></latexit>

❖ Latent heat of the 
phase transition: ↵ =
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<latexit sha1_base64="EBkJTfD+sQFarw+BCKaRyptkrRU="></latexit>

❖ The GW spectrum:
⌦GW (↵,�, f)

<latexit sha1_base64="vd5r7XfQwfx3j23Z06Oik5BaSck=">AAACFHicbVA9SwNBEN3z2/gVtbRZDIKihDsVtBQttFPBmEAuhLnNXLJk74PdOSEc+RE2/hUbC0VsLez8N25iCjU+GObx3gy784JUSUOu++lMTE5Nz8zOzRcWFpeWV4qra7cmybTAikhUomsBGFQyxgpJUlhLNUIUKKwG3bOBX71DbWQS31AvxUYE7ViGUgBZqVnc9S8jbEMzP6/2ua8wpG3ug0o7sMf9AMm2kPtatju00yyW3LI7BB8n3oiU2AhXzeKH30pEFmFMQoExdc9NqZGDJikU9gt+ZjAF0YU21i2NIULTyIdH9fmWVVo8TLStmPhQ/bmRQ2RMLwrsZATUMX+9gfifV88oPG7kMk4zwlh8PxRmilPCBwnxltQoSPUsAaGl/SsXHdAgyOZYsCF4f08eJ7f7Ze+gvH99WDo5HcUxxzbYJttmHjtiJ+yCXbEKE+yePbJn9uI8OE/Oq/P2PTrhjHbW2S84719hkJ0h</latexit>

http://saoghal.net/slides/ectstar/
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❖ Adding fermion effects gives an 
instanton suppression

Small size instantons with fermions

�44

⇤4
SSI =

Z
d⇢

⇢5
d(⇢, T )

✓
2

3
⇡2⇢3h ̄ i

◆3

<latexit sha1_base64="A76bt+73Xza87Ljgj9rQTgBeW5s="></latexit>

⇤4
SSI =

Z
d⇢

⇢5
d(⇢, T )

✓
2

3
⇡2⇢3h ̄ i

◆4

<latexit sha1_base64="AWBU46FIGj9NLYmNFei71JQfHWw="></latexit>

Leff = ⇤4
SSI cos

✓
2
⌘0�
fd

◆
+ ⇤4

diag cos

✓
2
⌘0�
fd

+
p
6
⌘0 
fd

◆
+ ⇤4

QCD cos

✓p
6
⌘0 
fd

◆

<latexit sha1_base64="vKOJ7AyKrRwnjpzJxaIyD7Ul2ww="></latexit><latexit sha1_base64="vKOJ7AyKrRwnjpzJxaIyD7Ul2ww="></latexit><latexit sha1_base64="vKOJ7AyKrRwnjpzJxaIyD7Ul2ww="></latexit><latexit sha1_base64="vKOJ7AyKrRwnjpzJxaIyD7Ul2ww="></latexit>
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The pseudoscalar mass matrix
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<latexit sha1_base64="JhXzM9apmC2FC8jIYHK8N0s32ZU="></latexit><latexit sha1_base64="JhXzM9apmC2FC8jIYHK8N0s32ZU="></latexit><latexit sha1_base64="JhXzM9apmC2FC8jIYHK8N0s32ZU="></latexit>

The 
instanton 
contribution

The
instanton 
contribution

SU(3)diag
<latexit sha1_base64="1yapjTkI2ZpOVBj6HaHCXKkkhpc=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KooMeiF48VTVtoQ9hsNu3SzQe7E7XE/hQvHhTx6i/x5r9x2+agrQ8GHu/NMDPPTwVXYFnfxtLyyuraemmjvLm1vbNrVvZaKskkZQ5NRCI7PlFM8Jg5wEGwTioZiXzB2v7wauK375lUPInvYJQyNyL9mIecEtCSZ1ZundrpsdcD9gh5wEl/7JlVq25NgReJXZAqKtD0zK9ekNAsYjFQQZTq2lYKbk4kcCrYuNzLFEsJHZI+62oak4gpN5+ePsZHWglwmEhdMeCp+nsiJ5FSo8jXnRGBgZr3JuJ/XjeD8MLNeZxmwGI6WxRmAkOCJznggEtGQYw0IVRyfSumAyIJBZ1WWYdgz7+8SFondduq2zdn1cZlEUcJHaBDVEM2OkcNdI2ayEEUPaBn9IrejCfjxXg3PmatS0Yxs4/+wPj8AZK2k44=</latexit><latexit sha1_base64="1yapjTkI2ZpOVBj6HaHCXKkkhpc=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KooMeiF48VTVtoQ9hsNu3SzQe7E7XE/hQvHhTx6i/x5r9x2+agrQ8GHu/NMDPPTwVXYFnfxtLyyuraemmjvLm1vbNrVvZaKskkZQ5NRCI7PlFM8Jg5wEGwTioZiXzB2v7wauK375lUPInvYJQyNyL9mIecEtCSZ1ZundrpsdcD9gh5wEl/7JlVq25NgReJXZAqKtD0zK9ekNAsYjFQQZTq2lYKbk4kcCrYuNzLFEsJHZI+62oak4gpN5+ePsZHWglwmEhdMeCp+nsiJ5FSo8jXnRGBgZr3JuJ/XjeD8MLNeZxmwGI6WxRmAkOCJznggEtGQYw0IVRyfSumAyIJBZ1WWYdgz7+8SFondduq2zdn1cZlEUcJHaBDVEM2OkcNdI2ayEEUPaBn9IrejCfjxXg3PmatS0Yxs4/+wPj8AZK2k44=</latexit><latexit sha1_base64="1yapjTkI2ZpOVBj6HaHCXKkkhpc=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KooMeiF48VTVtoQ9hsNu3SzQe7E7XE/hQvHhTx6i/x5r9x2+agrQ8GHu/NMDPPTwVXYFnfxtLyyuraemmjvLm1vbNrVvZaKskkZQ5NRCI7PlFM8Jg5wEGwTioZiXzB2v7wauK375lUPInvYJQyNyL9mIecEtCSZ1ZundrpsdcD9gh5wEl/7JlVq25NgReJXZAqKtD0zK9ekNAsYjFQQZTq2lYKbk4kcCrYuNzLFEsJHZI+62oak4gpN5+ePsZHWglwmEhdMeCp+nsiJ5FSo8jXnRGBgZr3JuJ/XjeD8MLNeZxmwGI6WxRmAkOCJznggEtGQYw0IVRyfSumAyIJBZ1WWYdgz7+8SFondduq2zdn1cZlEUcJHaBDVEM2OkcNdI2ayEEUPaBn9IrejCfjxXg3PmatS0Yxs4/+wPj8AZK2k44=</latexit><latexit sha1_base64="1yapjTkI2ZpOVBj6HaHCXKkkhpc=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KooMeiF48VTVtoQ9hsNu3SzQe7E7XE/hQvHhTx6i/x5r9x2+agrQ8GHu/NMDPPTwVXYFnfxtLyyuraemmjvLm1vbNrVvZaKskkZQ5NRCI7PlFM8Jg5wEGwTioZiXzB2v7wauK375lUPInvYJQyNyL9mIecEtCSZ1ZundrpsdcD9gh5wEl/7JlVq25NgReJXZAqKtD0zK9ekNAsYjFQQZTq2lYKbk4kcCrYuNzLFEsJHZI+62oak4gpN5+ePsZHWglwmEhdMeCp+nsiJ5FSo8jXnRGBgZr3JuJ/XjeD8MLNeZxmwGI6WxRmAkOCJznggEtGQYw0IVRyfSumAyIJBZ1WWYdgz7+8SFondduq2zdn1cZlEUcJHaBDVEM2OkcNdI2ayEEUPaBn9IrejCfjxXg3PmatS0Yxs4/+wPj8AZK2k44=</latexit>

SU(3)0
<latexit sha1_base64="stTYEd7jUQSdQP5ya2zkcIvmAI0=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLEC9lVEz0SvXjE6AIJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag6EsmeXlvJjPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWOrqd+65EqzaS4N+OEBjEeCBYxgo2Vmnd+9ezkuFeuuDV3BvSXeDmpQI5Gr/zZ7UuSxlQYwrHWHc9NTJBhZRjhdFLqppommIzwgHYsFTimOshm107QkVX6KJLKljBopv6cyHCs9TgObWeMzVAvelPxP6+TmugyyJhIUkMFmS+KUo6MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQCUbgrf48l/SPK15bs27Pa/Ur/I4inAAh1AFDy6gDjfQAB8IPMATvMCrI51n5815n7cWnHxmH37B+fgG7sWOCQ==</latexit><latexit sha1_base64="stTYEd7jUQSdQP5ya2zkcIvmAI0=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLEC9lVEz0SvXjE6AIJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag6EsmeXlvJjPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWOrqd+65EqzaS4N+OEBjEeCBYxgo2Vmnd+9ezkuFeuuDV3BvSXeDmpQI5Gr/zZ7UuSxlQYwrHWHc9NTJBhZRjhdFLqppommIzwgHYsFTimOshm107QkVX6KJLKljBopv6cyHCs9TgObWeMzVAvelPxP6+TmugyyJhIUkMFmS+KUo6MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQCUbgrf48l/SPK15bs27Pa/Ur/I4inAAh1AFDy6gDjfQAB8IPMATvMCrI51n5815n7cWnHxmH37B+fgG7sWOCQ==</latexit><latexit sha1_base64="stTYEd7jUQSdQP5ya2zkcIvmAI0=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLEC9lVEz0SvXjE6AIJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag6EsmeXlvJjPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWOrqd+65EqzaS4N+OEBjEeCBYxgo2Vmnd+9ezkuFeuuDV3BvSXeDmpQI5Gr/zZ7UuSxlQYwrHWHc9NTJBhZRjhdFLqppommIzwgHYsFTimOshm107QkVX6KJLKljBopv6cyHCs9TgObWeMzVAvelPxP6+TmugyyJhIUkMFmS+KUo6MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQCUbgrf48l/SPK15bs27Pa/Ur/I4inAAh1AFDy6gDjfQAB8IPMATvMCrI51n5815n7cWnHxmH37B+fgG7sWOCQ==</latexit><latexit sha1_base64="stTYEd7jUQSdQP5ya2zkcIvmAI0=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLEC9lVEz0SvXjE6AIJbEi3dKHSbTdt14Rs+A9ePGiMV/+PN/+NBfag6EsmeXlvJjPzwoQzbVz3yyksLa+srhXXSxubW9s75d29ppapItQnkkvVDrGmnAnqG2Y4bSeK4jjktBWOrqd+65EqzaS4N+OEBjEeCBYxgo2Vmnd+9ezkuFeuuDV3BvSXeDmpQI5Gr/zZ7UuSxlQYwrHWHc9NTJBhZRjhdFLqppommIzwgHYsFTimOshm107QkVX6KJLKljBopv6cyHCs9TgObWeMzVAvelPxP6+TmugyyJhIUkMFmS+KUo6MRNPXUZ8pSgwfW4KJYvZWRIZYYWJsQCUbgrf48l/SPK15bs27Pa/Ur/I4inAAh1AFDy6gDjfQAB8IPMATvMCrI51n5815n7cWnHxmH37B+fgG7sWOCQ==</latexit>

⇤diag ⇠ few TeV
<latexit sha1_base64="j3ReOMkQqCZUICq/TFOqp2WU1ko=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV0RtAzaWFhEyAuyIczO3k2GzD6YuauGJZ9g46/YWChia2nn3zh5FJp4YOBwzrncucdLpNBo299Wbml5ZXUtv17Y2Nza3inu7jV0nCoOdR7LWLU8pkGKCOooUEIrUcBCT0LTG1yN/eYdKC3iqIbDBDoh60UiEJyhkbrFY/fGhH3WdREeMPMF642oq0VIp0IA97QGjVG3WLLL9gR0kTgzUiIzVLvFL9ePeRpChFwyrduOnWAnYwoFlzAquKmGhPEB60Hb0IiFoDvZ5KARPTKKT4NYmRchnai/JzIWaj0MPZMMGfb1vDcW//PaKQYXnUxESYoQ8emiIJUUYzpuh/pCAUc5NIRxJcxfKe8zxTiaDgumBGf+5EXSOC07dtm5PStVLmd15MkBOSQnxCHnpEKuSZXUCSeP5Jm8kjfryXqx3q2PaTRnzWb2yR9Ynz8txZ1K</latexit><latexit sha1_base64="j3ReOMkQqCZUICq/TFOqp2WU1ko=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV0RtAzaWFhEyAuyIczO3k2GzD6YuauGJZ9g46/YWChia2nn3zh5FJp4YOBwzrncucdLpNBo299Wbml5ZXUtv17Y2Nza3inu7jV0nCoOdR7LWLU8pkGKCOooUEIrUcBCT0LTG1yN/eYdKC3iqIbDBDoh60UiEJyhkbrFY/fGhH3WdREeMPMF642oq0VIp0IA97QGjVG3WLLL9gR0kTgzUiIzVLvFL9ePeRpChFwyrduOnWAnYwoFlzAquKmGhPEB60Hb0IiFoDvZ5KARPTKKT4NYmRchnai/JzIWaj0MPZMMGfb1vDcW//PaKQYXnUxESYoQ8emiIJUUYzpuh/pCAUc5NIRxJcxfKe8zxTiaDgumBGf+5EXSOC07dtm5PStVLmd15MkBOSQnxCHnpEKuSZXUCSeP5Jm8kjfryXqx3q2PaTRnzWb2yR9Ynz8txZ1K</latexit><latexit sha1_base64="j3ReOMkQqCZUICq/TFOqp2WU1ko=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV0RtAzaWFhEyAuyIczO3k2GzD6YuauGJZ9g46/YWChia2nn3zh5FJp4YOBwzrncucdLpNBo299Wbml5ZXUtv17Y2Nza3inu7jV0nCoOdR7LWLU8pkGKCOooUEIrUcBCT0LTG1yN/eYdKC3iqIbDBDoh60UiEJyhkbrFY/fGhH3WdREeMPMF642oq0VIp0IA97QGjVG3WLLL9gR0kTgzUiIzVLvFL9ePeRpChFwyrduOnWAnYwoFlzAquKmGhPEB60Hb0IiFoDvZ5KARPTKKT4NYmRchnai/JzIWaj0MPZMMGfb1vDcW//PaKQYXnUxESYoQ8emiIJUUYzpuh/pCAUc5NIRxJcxfKe8zxTiaDgumBGf+5EXSOC07dtm5PStVLmd15MkBOSQnxCHnpEKuSZXUCSeP5Jm8kjfryXqx3q2PaTRnzWb2yR9Ynz8txZ1K</latexit><latexit sha1_base64="j3ReOMkQqCZUICq/TFOqp2WU1ko=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV0RtAzaWFhEyAuyIczO3k2GzD6YuauGJZ9g46/YWChia2nn3zh5FJp4YOBwzrncucdLpNBo299Wbml5ZXUtv17Y2Nza3inu7jV0nCoOdR7LWLU8pkGKCOooUEIrUcBCT0LTG1yN/eYdKC3iqIbDBDoh60UiEJyhkbrFY/fGhH3WdREeMPMF642oq0VIp0IA97QGjVG3WLLL9gR0kTgzUiIzVLvFL9ePeRpChFwyrduOnWAnYwoFlzAquKmGhPEB60Hb0IiFoDvZ5KARPTKKT4NYmRchnai/JzIWaj0MPZMMGfb1vDcW//PaKQYXnUxESYoQ8emiIJUUYzpuh/pCAUc5NIRxJcxfKe8zxTiaDgumBGf+5EXSOC07dtm5PStVLmd15MkBOSQnxCHnpEKuSZXUCSeP5Jm8kjfryXqx3q2PaTRnzWb2yR9Ynz8txZ1K</latexit>

⇤SSI . 104 TeV
<latexit sha1_base64="tmwL7a38uIvB6ZNp+MBzv9ixNA4=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV0JaBm0UbCI5AnZGGYnN8mQ2Qczd8Ww5BNs/BUbC0VsLe38GyePQhMPDBzOOZc793iRFBpt+9tKLS2vrK6l1zMbm1vbO9ndvZoOY8WhykMZqobHNEgRQBUFSmhECpjvSah7g8uxX78HpUUYVHAYQctnvUB0BWdopHb22L0x4Q5rJ+Xy9Yi6ErTWwqeOfVegLsIDJrQCtVE7m7Pz9gR0kTgzkiMzlNrZL7cT8tiHALlkWjcdO8JWwhQKLmGUcWMNEeMD1oOmoQHzQbeSyUEjemSUDu2GyrwA6UT9PZEwX+uh75mkz7Cv572x+J/XjLF73kpEEMUIAZ8u6saSYkjH7dCOUMBRDg1hXAnzV8r7TDGOpsOMKcGZP3mR1E7zjp13bgu54sWsjjQ5IIfkhDjkjBTJFSmRKuHkkTyTV/JmPVkv1rv1MY2mrNnMPvkD6/MHM/ucCw==</latexit><latexit sha1_base64="tmwL7a38uIvB6ZNp+MBzv9ixNA4=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV0JaBm0UbCI5AnZGGYnN8mQ2Qczd8Ww5BNs/BUbC0VsLe38GyePQhMPDBzOOZc793iRFBpt+9tKLS2vrK6l1zMbm1vbO9ndvZoOY8WhykMZqobHNEgRQBUFSmhECpjvSah7g8uxX78HpUUYVHAYQctnvUB0BWdopHb22L0x4Q5rJ+Xy9Yi6ErTWwqeOfVegLsIDJrQCtVE7m7Pz9gR0kTgzkiMzlNrZL7cT8tiHALlkWjcdO8JWwhQKLmGUcWMNEeMD1oOmoQHzQbeSyUEjemSUDu2GyrwA6UT9PZEwX+uh75mkz7Cv572x+J/XjLF73kpEEMUIAZ8u6saSYkjH7dCOUMBRDg1hXAnzV8r7TDGOpsOMKcGZP3mR1E7zjp13bgu54sWsjjQ5IIfkhDjkjBTJFSmRKuHkkTyTV/JmPVkv1rv1MY2mrNnMPvkD6/MHM/ucCw==</latexit><latexit sha1_base64="tmwL7a38uIvB6ZNp+MBzv9ixNA4=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV0JaBm0UbCI5AnZGGYnN8mQ2Qczd8Ww5BNs/BUbC0VsLe38GyePQhMPDBzOOZc793iRFBpt+9tKLS2vrK6l1zMbm1vbO9ndvZoOY8WhykMZqobHNEgRQBUFSmhECpjvSah7g8uxX78HpUUYVHAYQctnvUB0BWdopHb22L0x4Q5rJ+Xy9Yi6ErTWwqeOfVegLsIDJrQCtVE7m7Pz9gR0kTgzkiMzlNrZL7cT8tiHALlkWjcdO8JWwhQKLmGUcWMNEeMD1oOmoQHzQbeSyUEjemSUDu2GyrwA6UT9PZEwX+uh75mkz7Cv572x+J/XjLF73kpEEMUIAZ8u6saSYkjH7dCOUMBRDg1hXAnzV8r7TDGOpsOMKcGZP3mR1E7zjp13bgu54sWsjjQ5IIfkhDjkjBTJFSmRKuHkkTyTV/JmPVkv1rv1MY2mrNnMPvkD6/MHM/ucCw==</latexit><latexit sha1_base64="tmwL7a38uIvB6ZNp+MBzv9ixNA4=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV0JaBm0UbCI5AnZGGYnN8mQ2Qczd8Ww5BNs/BUbC0VsLe38GyePQhMPDBzOOZc793iRFBpt+9tKLS2vrK6l1zMbm1vbO9ndvZoOY8WhykMZqobHNEgRQBUFSmhECpjvSah7g8uxX78HpUUYVHAYQctnvUB0BWdopHb22L0x4Q5rJ+Xy9Yi6ErTWwqeOfVegLsIDJrQCtVE7m7Pz9gR0kTgzkiMzlNrZL7cT8tiHALlkWjcdO8JWwhQKLmGUcWMNEeMD1oOmoQHzQbeSyUEjemSUDu2GyrwA6UT9PZEwX+uh75mkz7Cv572x+J/XjLF73kpEEMUIAZ8u6saSYkjH7dCOUMBRDg1hXAnzV8r7TDGOpsOMKcGZP3mR1E7zjp13bgu54sWsjjQ5IIfkhDjkjBTJFSmRKuHkkTyTV/JmPVkv1rv1MY2mrNnMPvkD6/MHM/ucCw==</latexit>
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 O(1)  prime Yukawa couplings
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O(1)
<latexit sha1_base64="S6GOsWrgfP0PbhHYDYx6dZEy2no="></latexit>


