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Prologue 

I do not have specific theoretical predictions for CTA in this talk. My aim is to draw
community’s attention to a range of new particle physics phenomena which, in 
the foreseeable future, can only be probed by means of high energy astrophysics.   



A little bit of history  

- Cosmic rays were instrumental in development of particle physics ~30th-50th

discoveries: positron (32’), muon (37’)…

- Since ~50th , theoretical developments + collider physics lead to several 
breakthrough discoveries.

Pattern of these discoveries: 
Known theory -> extrapolate to high energies -> define the energy scale where the 
theory breaks down -> build the collider -> discover new theory ->… 

Fermi theory of weak interactions -> -> SppS (CERN) -> discovery 
of W,Z-bosons (electroweak unification) ->                          -> LHC (CERN) -> 
discovery of Higgs boson (Standard Model)

E⇤ ⇠ 100 GeV
<latexit sha1_base64="xr19+4RBrdnFwlmIfkY5hVl5Ppk=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIsgLkpGBF0WRXRZwT6gHYZMmmlDk8yQZJQy1j9x40IRt36JO//GtJ2Fth64cDjnXu69J0w40wahb6ewtLyyulZcL21sbm3vuOXdpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh8HLit+6p0iyWd2aUUF/gvmQRI9hYKXDLV0F2PO5qJqCH0NM1bQZuBVXRFHCReDmpgBz1wP3q9mKSCioN4VjrjocS42dYGUY4HZe6qaYJJkPcpx1LJRZU+9n09DE8tEoPRrGyJQ2cqr8nMiy0HonQdgpsBnrem4j/eZ3UROd+xmSSGirJbFGUcmhiOMkB9piixPCRJZgoZm+FZIAVJsamVbIhePMvL5LmSdVDVe/2tFK7yOMogn1wAI6AB85ADdyAOmgAAh7AM3gFb86j8+K8Ox+z1oKTz+yBP3A+fwCm2JLx</latexit><latexit sha1_base64="xr19+4RBrdnFwlmIfkY5hVl5Ppk=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIsgLkpGBF0WRXRZwT6gHYZMmmlDk8yQZJQy1j9x40IRt36JO//GtJ2Fth64cDjnXu69J0w40wahb6ewtLyyulZcL21sbm3vuOXdpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh8HLit+6p0iyWd2aUUF/gvmQRI9hYKXDLV0F2PO5qJqCH0NM1bQZuBVXRFHCReDmpgBz1wP3q9mKSCioN4VjrjocS42dYGUY4HZe6qaYJJkPcpx1LJRZU+9n09DE8tEoPRrGyJQ2cqr8nMiy0HonQdgpsBnrem4j/eZ3UROd+xmSSGirJbFGUcmhiOMkB9piixPCRJZgoZm+FZIAVJsamVbIhePMvL5LmSdVDVe/2tFK7yOMogn1wAI6AB85ADdyAOmgAAh7AM3gFb86j8+K8Ox+z1oKTz+yBP3A+fwCm2JLx</latexit><latexit sha1_base64="xr19+4RBrdnFwlmIfkY5hVl5Ppk=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIsgLkpGBF0WRXRZwT6gHYZMmmlDk8yQZJQy1j9x40IRt36JO//GtJ2Fth64cDjnXu69J0w40wahb6ewtLyyulZcL21sbm3vuOXdpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh8HLit+6p0iyWd2aUUF/gvmQRI9hYKXDLV0F2PO5qJqCH0NM1bQZuBVXRFHCReDmpgBz1wP3q9mKSCioN4VjrjocS42dYGUY4HZe6qaYJJkPcpx1LJRZU+9n09DE8tEoPRrGyJQ2cqr8nMiy0HonQdgpsBnrem4j/eZ3UROd+xmSSGirJbFGUcmhiOMkB9piixPCRJZgoZm+FZIAVJsamVbIhePMvL5LmSdVDVe/2tFK7yOMogn1wAI6AB85ADdyAOmgAAh7AM3gFb86j8+K8Ox+z1oKTz+yBP3A+fwCm2JLx</latexit><latexit sha1_base64="xr19+4RBrdnFwlmIfkY5hVl5Ppk=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIsgLkpGBF0WRXRZwT6gHYZMmmlDk8yQZJQy1j9x40IRt36JO//GtJ2Fth64cDjnXu69J0w40wahb6ewtLyyulZcL21sbm3vuOXdpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh8HLit+6p0iyWd2aUUF/gvmQRI9hYKXDLV0F2PO5qJqCH0NM1bQZuBVXRFHCReDmpgBz1wP3q9mKSCioN4VjrjocS42dYGUY4HZe6qaYJJkPcpx1LJRZU+9n09DE8tEoPRrGyJQ2cqr8nMiy0HonQdgpsBnrem4j/eZ3UROd+xmSSGirJbFGUcmhiOMkB9piixPCRJZgoZm+FZIAVJsamVbIhePMvL5LmSdVDVe/2tFK7yOMogn1wAI6AB85ADdyAOmgAAh7AM3gFb86j8+K8Ox+z1oKTz+yBP3A+fwCm2JLx</latexit>

E⇤ ⇠ 1TeV
<latexit sha1_base64="glcnirtg53l3FyT/iCWS2nDS2Xo=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARxEPZFUGPRRE8VugXtMuSTdM2NMkuSVaoS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZFyWcaeN5305hbX1jc6u4XdrZ3dsvuweHLR2nitAmiXmsOhHWlDNJm4YZTjuJolhEnLaj8e3Mbz9SpVksG2aS0EDgoWQDRrCxUuiW78LsfNrTTCAfNWgrdCte1ZsDrRI/JxXIUQ/dr14/Jqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogmx8+RadW6aNBrGxJg+bq74kMC60nIrKdApuRXvZm4n9eNzWD6yBjMkkNlWSxaJByZGI0SwH1maLE8IklmChmb0VkhBUmxmZVsiH4yy+vktZF1feq/sNlpXaTx1GEYziBM/DhCmpwD3VoAoEUnuEV3pwn58V5dz4WrQUnnzmCP3A+fwBGHZIs</latexit><latexit sha1_base64="glcnirtg53l3FyT/iCWS2nDS2Xo=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARxEPZFUGPRRE8VugXtMuSTdM2NMkuSVaoS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZFyWcaeN5305hbX1jc6u4XdrZ3dsvuweHLR2nitAmiXmsOhHWlDNJm4YZTjuJolhEnLaj8e3Mbz9SpVksG2aS0EDgoWQDRrCxUuiW78LsfNrTTCAfNWgrdCte1ZsDrRI/JxXIUQ/dr14/Jqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogmx8+RadW6aNBrGxJg+bq74kMC60nIrKdApuRXvZm4n9eNzWD6yBjMkkNlWSxaJByZGI0SwH1maLE8IklmChmb0VkhBUmxmZVsiH4yy+vktZF1feq/sNlpXaTx1GEYziBM/DhCmpwD3VoAoEUnuEV3pwn58V5dz4WrQUnnzmCP3A+fwBGHZIs</latexit><latexit sha1_base64="glcnirtg53l3FyT/iCWS2nDS2Xo=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARxEPZFUGPRRE8VugXtMuSTdM2NMkuSVaoS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZFyWcaeN5305hbX1jc6u4XdrZ3dsvuweHLR2nitAmiXmsOhHWlDNJm4YZTjuJolhEnLaj8e3Mbz9SpVksG2aS0EDgoWQDRrCxUuiW78LsfNrTTCAfNWgrdCte1ZsDrRI/JxXIUQ/dr14/Jqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogmx8+RadW6aNBrGxJg+bq74kMC60nIrKdApuRXvZm4n9eNzWD6yBjMkkNlWSxaJByZGI0SwH1maLE8IklmChmb0VkhBUmxmZVsiH4yy+vktZF1feq/sNlpXaTx1GEYziBM/DhCmpwD3VoAoEUnuEV3pwn58V5dz4WrQUnnzmCP3A+fwBGHZIs</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="WVDfT6ggElrZeM4U+sEk6ANhPDQ=">AAAB7XicbZBLSwMxFIXv1Fet1Y5u3QSLIC7KjBtdCiK4rNAXtMOQSe+0oZnMkGSEOvSXuHGhiH/Hnf/G9LHQ1gOBj3MS7s2JMsG18bxvp7S1vbO7V96vHFQPj2rucbWj01wxbLNUpKoXUY2CS2wbbgT2MoU0iQR2o8ndPO8+odI8lS0zzTBI6EjymDNqrBW6tfuwuJwNNE+IT1rYCd261/AWIpvgr6AOKzVD92swTFmeoDRMUK37vpeZoKDKcCZwVhnkGjPKJnSEfYuSJqiDYrH4jJxbZ0jiVNkjDVm4v18UNNF6mkT2ZkLNWK9nc/O/rJ+b+CYouMxyg5ItB8W5ICYl8xbIkCtkRkwtUKa43ZWwMVWUGdtVxZbgr395EzpXDd9r+I8elOEUzuACfLiGW3iAJrSBQQ4v8AbvzrPz6nws6yo5q95O4I+czx/7OJDJ</latexit><latexit sha1_base64="WVDfT6ggElrZeM4U+sEk6ANhPDQ=">AAAB7XicbZBLSwMxFIXv1Fet1Y5u3QSLIC7KjBtdCiK4rNAXtMOQSe+0oZnMkGSEOvSXuHGhiH/Hnf/G9LHQ1gOBj3MS7s2JMsG18bxvp7S1vbO7V96vHFQPj2rucbWj01wxbLNUpKoXUY2CS2wbbgT2MoU0iQR2o8ndPO8+odI8lS0zzTBI6EjymDNqrBW6tfuwuJwNNE+IT1rYCd261/AWIpvgr6AOKzVD92swTFmeoDRMUK37vpeZoKDKcCZwVhnkGjPKJnSEfYuSJqiDYrH4jJxbZ0jiVNkjDVm4v18UNNF6mkT2ZkLNWK9nc/O/rJ+b+CYouMxyg5ItB8W5ICYl8xbIkCtkRkwtUKa43ZWwMVWUGdtVxZbgr395EzpXDd9r+I8elOEUzuACfLiGW3iAJrSBQQ4v8AbvzrPz6nws6yo5q95O4I+czx/7OJDJ</latexit><latexit sha1_base64="puhchgrOHFNxlgBddB19d1n2oSo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI4qEkXvRYFMFjhbYW2hA22027dHcTdjdCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpRypo3nfTultfWNza3ydmVnd2+/6h4cdnSSKULbJOGJ6kZYU84kbRtmOO2mimIRcfoQjW9m/sMjVZolsmUmKQ0EHkoWM4KNlUK3ehvm59O+ZgL5qEU7oVvz6t4caJX4BalBgWbofvUHCckElYZwrHXP91IT5FgZRjidVvqZpikmYzykPUslFlQH+fzwKTq1ygDFibIlDZqrvydyLLSeiMh2CmxGetmbif95vczEV0HOZJoZKsliUZxxZBI0SwENmKLE8IklmChmb0VkhBUmxmZVsSH4yy+vks5F3ffq/r1Xa1wXcZThGE7gDHy4hAbcQRPaQCCDZ3iFN+fJeXHenY9Fa8kpZo7gD5zPH0Tdkig=</latexit><latexit sha1_base64="glcnirtg53l3FyT/iCWS2nDS2Xo=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARxEPZFUGPRRE8VugXtMuSTdM2NMkuSVaoS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZFyWcaeN5305hbX1jc6u4XdrZ3dsvuweHLR2nitAmiXmsOhHWlDNJm4YZTjuJolhEnLaj8e3Mbz9SpVksG2aS0EDgoWQDRrCxUuiW78LsfNrTTCAfNWgrdCte1ZsDrRI/JxXIUQ/dr14/Jqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogmx8+RadW6aNBrGxJg+bq74kMC60nIrKdApuRXvZm4n9eNzWD6yBjMkkNlWSxaJByZGI0SwH1maLE8IklmChmb0VkhBUmxmZVsiH4yy+vktZF1feq/sNlpXaTx1GEYziBM/DhCmpwD3VoAoEUnuEV3pwn58V5dz4WrQUnnzmCP3A+fwBGHZIs</latexit><latexit sha1_base64="glcnirtg53l3FyT/iCWS2nDS2Xo=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARxEPZFUGPRRE8VugXtMuSTdM2NMkuSVaoS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZFyWcaeN5305hbX1jc6u4XdrZ3dsvuweHLR2nitAmiXmsOhHWlDNJm4YZTjuJolhEnLaj8e3Mbz9SpVksG2aS0EDgoWQDRrCxUuiW78LsfNrTTCAfNWgrdCte1ZsDrRI/JxXIUQ/dr14/Jqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogmx8+RadW6aNBrGxJg+bq74kMC60nIrKdApuRXvZm4n9eNzWD6yBjMkkNlWSxaJByZGI0SwH1maLE8IklmChmb0VkhBUmxmZVsiH4yy+vktZF1feq/sNlpXaTx1GEYziBM/DhCmpwD3VoAoEUnuEV3pwn58V5dz4WrQUnnzmCP3A+fwBGHZIs</latexit><latexit sha1_base64="glcnirtg53l3FyT/iCWS2nDS2Xo=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARxEPZFUGPRRE8VugXtMuSTdM2NMkuSVaoS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZFyWcaeN5305hbX1jc6u4XdrZ3dsvuweHLR2nitAmiXmsOhHWlDNJm4YZTjuJolhEnLaj8e3Mbz9SpVksG2aS0EDgoWQDRrCxUuiW78LsfNrTTCAfNWgrdCte1ZsDrRI/JxXIUQ/dr14/Jqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogmx8+RadW6aNBrGxJg+bq74kMC60nIrKdApuRXvZm4n9eNzWD6yBjMkkNlWSxaJByZGI0SwH1maLE8IklmChmb0VkhBUmxmZVsiH4yy+vktZF1feq/sNlpXaTx1GEYziBM/DhCmpwD3VoAoEUnuEV3pwn58V5dz4WrQUnnzmCP3A+fwBGHZIs</latexit><latexit sha1_base64="glcnirtg53l3FyT/iCWS2nDS2Xo=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARxEPZFUGPRRE8VugXtMuSTdM2NMkuSVaoS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZFyWcaeN5305hbX1jc6u4XdrZ3dsvuweHLR2nitAmiXmsOhHWlDNJm4YZTjuJolhEnLaj8e3Mbz9SpVksG2aS0EDgoWQDRrCxUuiW78LsfNrTTCAfNWgrdCte1ZsDrRI/JxXIUQ/dr14/Jqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogmx8+RadW6aNBrGxJg+bq74kMC60nIrKdApuRXvZm4n9eNzWD6yBjMkkNlWSxaJByZGI0SwH1maLE8IklmChmb0VkhBUmxmZVsiH4yy+vktZF1feq/sNlpXaTx1GEYziBM/DhCmpwD3VoAoEUnuEV3pwn58V5dz4WrQUnnzmCP3A+fwBGHZIs</latexit><latexit sha1_base64="glcnirtg53l3FyT/iCWS2nDS2Xo=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARxEPZFUGPRRE8VugXtMuSTdM2NMkuSVaoS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZFyWcaeN5305hbX1jc6u4XdrZ3dsvuweHLR2nitAmiXmsOhHWlDNJm4YZTjuJolhEnLaj8e3Mbz9SpVksG2aS0EDgoWQDRrCxUuiW78LsfNrTTCAfNWgrdCte1ZsDrRI/JxXIUQ/dr14/Jqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogmx8+RadW6aNBrGxJg+bq74kMC60nIrKdApuRXvZm4n9eNzWD6yBjMkkNlWSxaJByZGI0SwH1maLE8IklmChmb0VkhBUmxmZVsiH4yy+vktZF1feq/sNlpXaTx1GEYziBM/DhCmpwD3VoAoEUnuEV3pwn58V5dz4WrQUnnzmCP3A+fwBGHZIs</latexit><latexit sha1_base64="glcnirtg53l3FyT/iCWS2nDS2Xo=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARxEPZFUGPRRE8VugXtMuSTdM2NMkuSVaoS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZFyWcaeN5305hbX1jc6u4XdrZ3dsvuweHLR2nitAmiXmsOhHWlDNJm4YZTjuJolhEnLaj8e3Mbz9SpVksG2aS0EDgoWQDRrCxUuiW78LsfNrTTCAfNWgrdCte1ZsDrRI/JxXIUQ/dr14/Jqmg0hCOte76XmKCDCvDCKfTUi/VNMFkjIe0a6nEguogmx8+RadW6aNBrGxJg+bq74kMC60nIrKdApuRXvZm4n9eNzWD6yBjMkkNlWSxaJByZGI0SwH1maLE8IklmChmb0VkhBUmxmZVsiH4yy+vktZF1feq/sNlpXaTx1GEYziBM/DhCmpwD3VoAoEUnuEV3pwn58V5dz4WrQUnnzmCP3A+fwBGHZIs</latexit>



What is the next energy scale to be probed?

- Neutrino masses - robust evidence from particle physics (neutrino oscillation) experiments 

Add neutrino mass to the SM Lagrangian (EW gauge invariance is still OK, but nonlinear):

Consider in this theory neutrino scattering off longitudinal EW bosons: 
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Perturbative unitarity implies:
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What is the next energy scale to be probed?

- Dark Matter – robust, but only observed in gravitational interactions

Assuming non-relativistic DM is produced thermally via weak-strength scatterings with SM 
particles, we arrive at the ‘WIMP miracle’:  

Cross section is constrained from perturbative unitarity: 

⌦Xh2 ⇠ 3 · 10�27cm3/sec

h�vreli
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�J  ⇡(2J + 1)/p2i ⇡ 16⇡(2J + 1)/(m2
Xvrel) =) m2

X  16⇡/(�J=0vrel), [vrel ⇡ 1/4]
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⇤ ⇠ mX . 100 TeV
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What is the next energy scale to be probed?

- EW vacuum has topologically 
non-trivial structure [SU(2) sector].

- Neighboring vacua differ by 3 units of B and L: 
ΔΒ=-ΔL=3Δn (quantum anomaly); 
Δ(Β-L)=0. 

- EW instantons are classical solution of 
Euclidean e.o.m., with action, e.g., for Δn =1, 

- describe vacuum-to-vacuum transitions)

E

n=1n=0n=-1 n=2
B=L=0 B=-L=3

Perturbative SM
Esphaleron

instantonq+q 7qc + 3lc+nWW+nZZ+nHHSinst. =
2⇡
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Ainst. ⇠ exp{�Sinst} ⇡ 10�80
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(multiple of W,Z, H particles in a coherent state)

⇤ ⇠ Esphaleron ⇠ 4MW

↵2
⇡ 10 TeV
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Shpalerons at high energies

- Jump over barrier is described by production 
and subsequent decay of a sphaleron.

- Sphaleron is an unstable particle-like classical 
solution with a typical size ~1/MW and mass ~10 TeV.

- Spectacular B+L – violating processes with multiple 
of W,Z and H (background-free!)

- Cross section: 

� / exp{�2Sints.F (E/E0)}, [E0 ⌘ Esphaleron]
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Ringwald; McLerran, Vainstein and Voloshin 90’
Bezrukov and Levkov, 03’
Tye and Wong, 15’

arXiv:1812.07181 



Going back in time

- Let’s extrapolate our theory back in time, 
when the temperature of the universe was 

- Instanton mediated processes are rapid 
(thermally  activated transitions) 

- Problem: any pre-existing matter-antimatter 
asymmetry gets washed-out and we end up 
in an inhabitable universe without matter.

- Alternatively: In non-equilibrium and with extra CP violation these processes could explain the origin 
of matter in the visible universe! 

E Esphaleron

instantonq+q 7qc + 3lc+nWW+nZZ+nHH

T > Esphaleron
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Electroweak monopoles
[Arunasalam, Collison, AK, 18’]
- Standard (and incorrect) argument against electroweak monopoles:

Map of S2 (boundary at spatial infinity) onto the vacuum manifold S3 . The map is trivial, hence 
topological (‘t Hooft-Polyakov) monopoles do not exist. 

- However, φi can be singular (gauge d.o.f.). In that case the vacuum manifold may not be S3. 

- Consider an ansatz: 

Cho and Maison, 96’ Singular at θ = π/2



Electroweak monopoles

- Denote the components of doublet Higgs as:

- Are defined up to hypercharge gauge transformations:
Hence could be viewed as coordinates on a complex plane C2 (modulo singularities).

- Remove singularities by using the gauge freedom and defining two monopole solutions on 
two different patches of space:

- At the equator (θ = π/2) the transition function eiφ is a holomorphic function => (z1, z2) 
actually span a projective complex plane CP1 .

- Hence, monopole solution is topologically nontrivial: ⇡2(CP 1) = ⇡2(S
2) = Z

<latexit sha1_base64="jTkp7q4Nb9SBSSBWR2YVlDGnj7E=">AAACAXicbZC7SgNBFIbPeo3xtmoj2AwGIWnCbhC0CQTTWEY0F0w2y+xkkgyZvTAzK4QlNr6KjYUitr6FnW/jJNlCE38Y+PjPOZw5vxdxJpVlfRsrq2vrG5uZrez2zu7evnlw2JBhLAitk5CHouVhSTkLaF0xxWkrEhT7HqdNb1Sd1psPVEgWBndqHFHHx4OA9RnBSluuedyJmFvKV2tdu1Ce8223VCjfu2bOKlozoWWwU8hBqpprfnV6IYl9GijCsZRt24qUk2ChGOF0ku3EkkaYjPCAtjUG2KfSSWYXTNCZdnqoHwr9AoVm7u+JBPtSjn1Pd/pYDeVibWr+V2vHqn/pJCyIYkUDMl/UjzlSIZrGgXpMUKL4WAMmgum/IjLEAhOlQ8vqEOzFk5ehUSraVtG+Oc9VrtI4MnACp5AHGy6gAtdQgzoQeIRneIU348l4Md6Nj3nripHOHMEfGZ8/95eUog==</latexit><latexit sha1_base64="jTkp7q4Nb9SBSSBWR2YVlDGnj7E=">AAACAXicbZC7SgNBFIbPeo3xtmoj2AwGIWnCbhC0CQTTWEY0F0w2y+xkkgyZvTAzK4QlNr6KjYUitr6FnW/jJNlCE38Y+PjPOZw5vxdxJpVlfRsrq2vrG5uZrez2zu7evnlw2JBhLAitk5CHouVhSTkLaF0xxWkrEhT7HqdNb1Sd1psPVEgWBndqHFHHx4OA9RnBSluuedyJmFvKV2tdu1Ce8223VCjfu2bOKlozoWWwU8hBqpprfnV6IYl9GijCsZRt24qUk2ChGOF0ku3EkkaYjPCAtjUG2KfSSWYXTNCZdnqoHwr9AoVm7u+JBPtSjn1Pd/pYDeVibWr+V2vHqn/pJCyIYkUDMl/UjzlSIZrGgXpMUKL4WAMmgum/IjLEAhOlQ8vqEOzFk5ehUSraVtG+Oc9VrtI4MnACp5AHGy6gAtdQgzoQeIRneIU348l4Md6Nj3nripHOHMEfGZ8/95eUog==</latexit><latexit sha1_base64="jTkp7q4Nb9SBSSBWR2YVlDGnj7E=">AAACAXicbZC7SgNBFIbPeo3xtmoj2AwGIWnCbhC0CQTTWEY0F0w2y+xkkgyZvTAzK4QlNr6KjYUitr6FnW/jJNlCE38Y+PjPOZw5vxdxJpVlfRsrq2vrG5uZrez2zu7evnlw2JBhLAitk5CHouVhSTkLaF0xxWkrEhT7HqdNb1Sd1psPVEgWBndqHFHHx4OA9RnBSluuedyJmFvKV2tdu1Ce8223VCjfu2bOKlozoWWwU8hBqpprfnV6IYl9GijCsZRt24qUk2ChGOF0ku3EkkaYjPCAtjUG2KfSSWYXTNCZdnqoHwr9AoVm7u+JBPtSjn1Pd/pYDeVibWr+V2vHqn/pJCyIYkUDMl/UjzlSIZrGgXpMUKL4WAMmgum/IjLEAhOlQ8vqEOzFk5ehUSraVtG+Oc9VrtI4MnACp5AHGy6gAtdQgzoQeIRneIU348l4Md6Nj3nripHOHMEfGZ8/95eUog==</latexit><latexit sha1_base64="jTkp7q4Nb9SBSSBWR2YVlDGnj7E=">AAACAXicbZC7SgNBFIbPeo3xtmoj2AwGIWnCbhC0CQTTWEY0F0w2y+xkkgyZvTAzK4QlNr6KjYUitr6FnW/jJNlCE38Y+PjPOZw5vxdxJpVlfRsrq2vrG5uZrez2zu7evnlw2JBhLAitk5CHouVhSTkLaF0xxWkrEhT7HqdNb1Sd1psPVEgWBndqHFHHx4OA9RnBSluuedyJmFvKV2tdu1Ce8223VCjfu2bOKlozoWWwU8hBqpprfnV6IYl9GijCsZRt24qUk2ChGOF0ku3EkkaYjPCAtjUG2KfSSWYXTNCZdnqoHwr9AoVm7u+JBPtSjn1Pd/pYDeVibWr+V2vHqn/pJCyIYkUDMl/UjzlSIZrGgXpMUKL4WAMmgum/IjLEAhOlQ8vqEOzFk5ehUSraVtG+Oc9VrtI4MnACp5AHGy6gAtdQgzoQeIRneIU348l4Md6Nj3nripHOHMEfGZ8/95eUog==</latexit>



Electroweak monopoles

- Considering, two monopole solutions on the whole space (with opposite magnetic charges), 
one gets monopole-antimonopole bound state, which actually is a sphaleron!

- Monopole – particle scattering is known unsuppressed (Rubakov 81’; Callan 82’). By crossing 
symmetry the process of production of monopole-antimonopole pair in two-particle collision 
must not be suppressed either. Monopole-antimonopole pair then can form sphaleron:

- EW monopoles inevitably introduce new CP violating phase (Witten effect):

==>                                   , ,

- Contribute to EDM of known particles
- Successful electroweak baryogenesis scenario [Arunasalam and AK, 17’]

q + q -> M + Mc -> 7qc + 3lc + nWW + nZZ + nHH



The electroweak monopole

- The mass of EW monopoles is divergent. Within the string theory inspired Born-Infeld-type 
extension of the Standard Model [Arunasalam, AK, 17’]:

- PVLAS measurements of nonlinearity in light propagation:

- Constraints from the light-by-light scattering data extracted from heavy ion collisions at LHC:

- LHC is not capable to produce EW monopoles. Higher energy collider or search in cosmic 
rays!

- ‘Sweet spot’ value for EW monopole mass ~ 107 GeV (baryogenesis)

Emonopole ' 77.1
p
� + 2.8 TeV,

p
� is the Born-Infeld mass parameter
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p
� & 88 GeV =) Emonopole & 9.6 TeV
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Ellis, Mavromatos, You, 17’



Cosmological production of EW monopoles

- The EW monopoles are produced during the electroweak phase transition when the 
temperature of the universe was TEW~ 100 GeV (~10-32 s after Big Bang) via the Kibble 
mechanism. 

- The estimated monopole number density today:

- the magnetic ‘fine structure’ constant↵g = 1/2↵ ' 68.5
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Astrophysics of EW monopoles

- While produced non-relativistic, (not very heavy) EW monopoles are easily accelerated in a 
galactic magnetic field B ~ 3μG:

- The flux of relativistic monopoles: 

F =
cnM

4⇡
⇡ 2.3 · 10�19

✓
M

107 GeV

◆
cm�2 sr�1 s�1
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Cherenkov light from relativistic monopoles

- Because much stronger electromagnetic interactions a relativistic monopole produces

more photons than e.g., a relativistic muon.

- If no other interactions, very distinct image [Spengler, Schwanke, 11’]: 

⇠ n2
⇣g
e

⌘2
= 2n2↵2

g ⇡ 9400
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M. Doro et al, 2012



More exotic signatures from EW monopoles and sphalerons

- B+L-violating electroweak scatterings:

Much more brighter showers than usual hadronic ones. 

- More theoretical work required
- Are we throwing them out as a ‘background’?
- A dedicated image cleaning? A dedicated analysis?

M +N ! M + 6qc + 3lc + [Higgses, W’s, Z’s]
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Cosmic ray air showers from sphalerons

- Available energy transfer

- At least one hard muon
- Different radial size of the air shower

Can be probed/constrained at Pierre Auger.

- Enhanced neutrino-nucleon scattering (IceCube)

E =
p
ECRmN ⇡ 500 TeV !
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Conclusion

- The robust prediction for a new physics scale within SM is ~10 TeV. 

- This scale is associated with a non-perturbative aspects of electroweak theory and potentially 
provides (less explored) portal to the BSM physics. 

- Ultimate relation to one of the most fundamental puzzles of modern cosmology – the origin 
of matter in the universe

- High energy astrophysics is the only feasible option to probe these phenomena in the visible
future

- Several theoretical/computational issues must be solved. Dedicated analyses and modelling.



Astrophysics of EW monopoles

- Constraints from the survival of galactic magnetic field (the Parker bound):

- EW monopoles do not catalyze proton decay (like GUT monopoles). Therefore, bounds from 
the heating of compact objects do not directly apply. However, they mediate different B+L 
violating processes, requires careful study.



Summary of constraints 

D. Mealsted & E.J. Weinberg, PDG 2017


