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Shouldn’t we believe that the Standard Model 
is exactly correct?


The ability to fit data is not everything. The SM 
fails to explain many of the most important 
features of particle physics. 


The SM is incapable of explaining the phase 
transition to an ordered state that breaks 
SU(2)L x U(1)Y. 




Most importantly for me, the Standard Model is 
incapable of explaining the phase transition to an  
ordered state that breaks SU(2)xU(1).   The full 
explanation of this ordering within the Standard Model is: 

1.  The most general renormalizable potential for the 
Higgs field is 

2.  For some reason,            . 

The value of       receives large additive radiative 
corrections with both signs.   Sophisticated people call 
this the “gauge hierarchy problem”.  In fact, it is the 
problem that we have no clue as where      comes from.
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The value of       receives large quantum 

corrections with both signs of order of the 
fundamental scale            .  


Sophisticated people call this the “gauge 

hierarchy problem”. We have no clue as 

where      comes from.
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We have experimentally performed the tuning


many times…
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There is a strong analogy here to the theory of 
superconductivity.  

In 1950, Landau and Ginzburg proposed a 
phenomenological theory that explained many 
properties: the thermodynamics of the phase 
transition, the critical magnetic field, the presence 
of Type I and Type II, etc.  

F = F0 + ↵| |2 + �

2
| |4 + . . .
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(Landau-Ginzburg  
free energy)



However, Landau Ginzburg gave no fundamental 
understanding of superconductivity. That was found 
only in 1957, by Bardeen, Cooper, and Schrieffer. 
  
For the electroweak phase transition, we are still in 
the Landau-Ginzburg era. 



What are the options?



Solutions

• Protect                    by some symmetry 


• Susy: chiral symmetry. Super-multiplet (higgs,higgsino). 
Exact susy guarantees equal mass of fermion and 
higgs boson (also at quantum level).


• Composite pGB Higgs: shift symmetry


• Make Higgs mass dynamical and select                              
vacuum with cosmological dynamics (Relaxion)

m2
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Solutions

• Protect                    by some symmetry 


• Susy: chiral symmetry. Super-multiplet (higgs,higgsino). 
Exact susy guarantees equal mass of fermion and 
higgs boson (also at quantum level).


• Composite pGB Higgs: shift symmetry


• Make Higgs mass dynamical and select                              
vacuum with cosmological dynamics (Relaxion)

m2
h �

⇤�
<latexit sha1_base64="0zfGcXrvJKn+cPPb5oel12BXoK8=">AAACDXicbVDLSsNAFJ3UV62vqLhyM1gEESlJEXRZEMFlBfuAJg2T6aQZOjMJMxOhhH6D3+BW1+7Erd/g0j9x2mZhqwcu93DOvdzLCVNGlXacL6u0srq2vlHerGxt7+zu2fsHbZVkEpMWTlgiuyFShFFBWppqRrqpJIiHjHTC0c3U7zwSqWgiHvQ4JT5HQ0EjipE2UmAf8X49iKF3AaGXxrR/PmuBXXVqzgzwL3ELUgUFmoH97Q0SnHEiNGZIqZ7rpNrPkdQUMzKpeJkiKcIjNCQ9QwXiRPn57P0JPDXKAEaJNCU0nKm/N3LElRrz0ExypGO17E3F/7xepqNrP6cizTQReH4oyhjUCZxmAQdUEqzZ2BCEJTW/QhwjibA2iS1cCfnEZOIuJ/CXtOs116m595fVxm2RThkcgxNwBlxwBRrgDjRBC2CQg2fwAl6tJ+vNerc+5qMlq9g5BAuwPn8Av6uapA==</latexit><latexit sha1_base64="0zfGcXrvJKn+cPPb5oel12BXoK8=">AAACDXicbVDLSsNAFJ3UV62vqLhyM1gEESlJEXRZEMFlBfuAJg2T6aQZOjMJMxOhhH6D3+BW1+7Erd/g0j9x2mZhqwcu93DOvdzLCVNGlXacL6u0srq2vlHerGxt7+zu2fsHbZVkEpMWTlgiuyFShFFBWppqRrqpJIiHjHTC0c3U7zwSqWgiHvQ4JT5HQ0EjipE2UmAf8X49iKF3AaGXxrR/PmuBXXVqzgzwL3ELUgUFmoH97Q0SnHEiNGZIqZ7rpNrPkdQUMzKpeJkiKcIjNCQ9QwXiRPn57P0JPDXKAEaJNCU0nKm/N3LElRrz0ExypGO17E3F/7xepqNrP6cizTQReH4oyhjUCZxmAQdUEqzZ2BCEJTW/QhwjibA2iS1cCfnEZOIuJ/CXtOs116m595fVxm2RThkcgxNwBlxwBRrgDjRBC2CQg2fwAl6tJ+vNerc+5qMlq9g5BAuwPn8Av6uapA==</latexit><latexit sha1_base64="0zfGcXrvJKn+cPPb5oel12BXoK8=">AAACDXicbVDLSsNAFJ3UV62vqLhyM1gEESlJEXRZEMFlBfuAJg2T6aQZOjMJMxOhhH6D3+BW1+7Erd/g0j9x2mZhqwcu93DOvdzLCVNGlXacL6u0srq2vlHerGxt7+zu2fsHbZVkEpMWTlgiuyFShFFBWppqRrqpJIiHjHTC0c3U7zwSqWgiHvQ4JT5HQ0EjipE2UmAf8X49iKF3AaGXxrR/PmuBXXVqzgzwL3ELUgUFmoH97Q0SnHEiNGZIqZ7rpNrPkdQUMzKpeJkiKcIjNCQ9QwXiRPn57P0JPDXKAEaJNCU0nKm/N3LElRrz0ExypGO17E3F/7xepqNrP6cizTQReH4oyhjUCZxmAQdUEqzZ2BCEJTW/QhwjibA2iS1cCfnEZOIuJ/CXtOs116m595fVxm2RThkcgxNwBlxwBRrgDjRBC2CQg2fwAl6tJ+vNerc+5qMlq9g5BAuwPn8Av6uapA==</latexit><latexit sha1_base64="0zfGcXrvJKn+cPPb5oel12BXoK8=">AAACDXicbVDLSsNAFJ3UV62vqLhyM1gEESlJEXRZEMFlBfuAJg2T6aQZOjMJMxOhhH6D3+BW1+7Erd/g0j9x2mZhqwcu93DOvdzLCVNGlXacL6u0srq2vlHerGxt7+zu2fsHbZVkEpMWTlgiuyFShFFBWppqRrqpJIiHjHTC0c3U7zwSqWgiHvQ4JT5HQ0EjipE2UmAf8X49iKF3AaGXxrR/PmuBXXVqzgzwL3ELUgUFmoH97Q0SnHEiNGZIqZ7rpNrPkdQUMzKpeJkiKcIjNCQ9QwXiRPn57P0JPDXKAEaJNCU0nKm/N3LElRrz0ExypGO17E3F/7xepqNrP6cizTQReH4oyhjUCZxmAQdUEqzZ2BCEJTW/QhwjibA2iS1cCfnEZOIuJ/CXtOs116m595fVxm2RThkcgxNwBlxwBRrgDjRBC2CQg2fwAl6tJ+vNerc+5qMlq9g5BAuwPn8Av6uapA==</latexit><latexit sha1_base64="0zfGcXrvJKn+cPPb5oel12BXoK8=">AAACDXicbVDLSsNAFJ3UV62vqLhyM1gEESlJEXRZEMFlBfuAJg2T6aQZOjMJMxOhhH6D3+BW1+7Erd/g0j9x2mZhqwcu93DOvdzLCVNGlXacL6u0srq2vlHerGxt7+zu2fsHbZVkEpMWTlgiuyFShFFBWppqRrqpJIiHjHTC0c3U7zwSqWgiHvQ4JT5HQ0EjipE2UmAf8X49iKF3AaGXxrR/PmuBXXVqzgzwL3ELUgUFmoH97Q0SnHEiNGZIqZ7rpNrPkdQUMzKpeJkiKcIjNCQ9QwXiRPn57P0JPDXKAEaJNCU0nKm/N3LElRrz0ExypGO17E3F/7xepqNrP6cizTQReH4oyhjUCZxmAQdUEqzZ2BCEJTW/QhwjibA2iS1cCfnEZOIuJ/CXtOs116m595fVxm2RThkcgxNwBlxwBRrgDjRBC2CQg2fwAl6tJ+vNerc+5qMlq9g5BAuwPn8Av6uapA==</latexit>

(⇤2 � ')�⇤�
<latexit sha1_base64="mPqNXiYAZYpibAz+9c6/5ztTrFs=">AAACHXicbVDNSgMxGMz6W+vfqkcvwVKoomW3CHosiODBQwX7A91tyWbTNjTZXZJsoSx9Ah/CZ/CqZ2/iVTz6JqbbPdjWgZBhZj6+ZLyIUaks69tYWV1b39jMbeW3d3b39s2Dw4YMY4FJHYcsFC0PScJoQOqKKkZakSCIe4w0veHN1G+OiJA0DB7VOCIuR/2A9ihGSktds1hy7nXaR50KvIDOCIloQE+hcw6ho1nnLL26ZsEqWyngMrEzUgAZal3zx/FDHHMSKMyQlG3bipSbIKEoZmSSd2JJIoSHqE/amgaIE+km6XcmsKgVH/ZCoU+gYKr+nUgQl3LMPZ3kSA3kojcV//PasepduwkNoliRAM8W9WIGVQin3UCfCoIVG2uCsKD6rRAPkEBY6Qbntnh8ojuxFxtYJo1K2bbK9sNloXqbtZMDx+AElIANrkAV3IEaqAMMnsALeAVvxrPxbnwYn7PoipHNHIE5GF+/mCegUQ==</latexit><latexit sha1_base64="mPqNXiYAZYpibAz+9c6/5ztTrFs=">AAACHXicbVDNSgMxGMz6W+vfqkcvwVKoomW3CHosiODBQwX7A91tyWbTNjTZXZJsoSx9Ah/CZ/CqZ2/iVTz6JqbbPdjWgZBhZj6+ZLyIUaks69tYWV1b39jMbeW3d3b39s2Dw4YMY4FJHYcsFC0PScJoQOqKKkZakSCIe4w0veHN1G+OiJA0DB7VOCIuR/2A9ihGSktds1hy7nXaR50KvIDOCIloQE+hcw6ho1nnLL26ZsEqWyngMrEzUgAZal3zx/FDHHMSKMyQlG3bipSbIKEoZmSSd2JJIoSHqE/amgaIE+km6XcmsKgVH/ZCoU+gYKr+nUgQl3LMPZ3kSA3kojcV//PasepduwkNoliRAM8W9WIGVQin3UCfCoIVG2uCsKD6rRAPkEBY6Qbntnh8ojuxFxtYJo1K2bbK9sNloXqbtZMDx+AElIANrkAV3IEaqAMMnsALeAVvxrPxbnwYn7PoipHNHIE5GF+/mCegUQ==</latexit><latexit sha1_base64="mPqNXiYAZYpibAz+9c6/5ztTrFs=">AAACHXicbVDNSgMxGMz6W+vfqkcvwVKoomW3CHosiODBQwX7A91tyWbTNjTZXZJsoSx9Ah/CZ/CqZ2/iVTz6JqbbPdjWgZBhZj6+ZLyIUaks69tYWV1b39jMbeW3d3b39s2Dw4YMY4FJHYcsFC0PScJoQOqKKkZakSCIe4w0veHN1G+OiJA0DB7VOCIuR/2A9ihGSktds1hy7nXaR50KvIDOCIloQE+hcw6ho1nnLL26ZsEqWyngMrEzUgAZal3zx/FDHHMSKMyQlG3bipSbIKEoZmSSd2JJIoSHqE/amgaIE+km6XcmsKgVH/ZCoU+gYKr+nUgQl3LMPZ3kSA3kojcV//PasepduwkNoliRAM8W9WIGVQin3UCfCoIVG2uCsKD6rRAPkEBY6Qbntnh8ojuxFxtYJo1K2bbK9sNloXqbtZMDx+AElIANrkAV3IEaqAMMnsALeAVvxrPxbnwYn7PoipHNHIE5GF+/mCegUQ==</latexit><latexit sha1_base64="mPqNXiYAZYpibAz+9c6/5ztTrFs=">AAACHXicbVDNSgMxGMz6W+vfqkcvwVKoomW3CHosiODBQwX7A91tyWbTNjTZXZJsoSx9Ah/CZ/CqZ2/iVTz6JqbbPdjWgZBhZj6+ZLyIUaks69tYWV1b39jMbeW3d3b39s2Dw4YMY4FJHYcsFC0PScJoQOqKKkZakSCIe4w0veHN1G+OiJA0DB7VOCIuR/2A9ihGSktds1hy7nXaR50KvIDOCIloQE+hcw6ho1nnLL26ZsEqWyngMrEzUgAZal3zx/FDHHMSKMyQlG3bipSbIKEoZmSSd2JJIoSHqE/amgaIE+km6XcmsKgVH/ZCoU+gYKr+nUgQl3LMPZ3kSA3kojcV//PasepduwkNoliRAM8W9WIGVQin3UCfCoIVG2uCsKD6rRAPkEBY6Qbntnh8ojuxFxtYJo1K2bbK9sNloXqbtZMDx+AElIANrkAV3IEaqAMMnsALeAVvxrPxbnwYn7PoipHNHIE5GF+/mCegUQ==</latexit><latexit sha1_base64="mPqNXiYAZYpibAz+9c6/5ztTrFs=">AAACHXicbVDNSgMxGMz6W+vfqkcvwVKoomW3CHosiODBQwX7A91tyWbTNjTZXZJsoSx9Ah/CZ/CqZ2/iVTz6JqbbPdjWgZBhZj6+ZLyIUaks69tYWV1b39jMbeW3d3b39s2Dw4YMY4FJHYcsFC0PScJoQOqKKkZakSCIe4w0veHN1G+OiJA0DB7VOCIuR/2A9ihGSktds1hy7nXaR50KvIDOCIloQE+hcw6ho1nnLL26ZsEqWyngMrEzUgAZal3zx/FDHHMSKMyQlG3bipSbIKEoZmSSd2JJIoSHqE/amgaIE+km6XcmsKgVH/ZCoU+gYKr+nUgQl3LMPZ3kSA3kojcV//PasepduwkNoliRAM8W9WIGVQin3UCfCoIVG2uCsKD6rRAPkEBY6Qbntnh8ojuxFxtYJo1K2bbK9sNloXqbtZMDx+AElIANrkAV3IEaqAMMnsALeAVvxrPxbnwYn7PoipHNHIE5GF+/mCegUQ==</latexit>

� ! �+ ↵
<latexit sha1_base64="kB23Skk+sCOWOrzb/g9+9TRcXAM=">AAACDnicbZDLSgMxFIYz9VbrbVRw4yZYBEEoMyLosiCCywr2Ap2hZNJMJzTJhCQjlLHv4DO41bU7cesruPRNTNtZ2NYfAh//OYdz8keSUW0879sprayurW+UNytb2zu7e+7+QUunmcKkiVOWqk6ENGFUkKahhpGOVATxiJF2NLyZ1NuPRGmaigczkiTkaCBoTDEy1uq5R4FMKAxMCqdwDgPEZIJ6btWreVPBZfALqIJCjZ77E/RTnHEiDGZI667vSRPmSBmKGRlXgkwTifAQDUjXokCc6DCf3j+Gp9bpwzhV9gkDp+7fiRxxrUc8sp0cmUQv1ibmf7VuZuLrMKdCZoYIPFsUZwza707CgH2qCDZsZAFhRe2tECdIIWxsZHNbIj62mfiLCSxD66LmezX//rJavy3SKYNjcALOgA+uQB3cgQZoAgyewAt4BW/Os/PufDifs9aSU8wcgjk5X797e5um</latexit><latexit sha1_base64="kB23Skk+sCOWOrzb/g9+9TRcXAM=">AAACDnicbZDLSgMxFIYz9VbrbVRw4yZYBEEoMyLosiCCywr2Ap2hZNJMJzTJhCQjlLHv4DO41bU7cesruPRNTNtZ2NYfAh//OYdz8keSUW0879sprayurW+UNytb2zu7e+7+QUunmcKkiVOWqk6ENGFUkKahhpGOVATxiJF2NLyZ1NuPRGmaigczkiTkaCBoTDEy1uq5R4FMKAxMCqdwDgPEZIJ6btWreVPBZfALqIJCjZ77E/RTnHEiDGZI667vSRPmSBmKGRlXgkwTifAQDUjXokCc6DCf3j+Gp9bpwzhV9gkDp+7fiRxxrUc8sp0cmUQv1ibmf7VuZuLrMKdCZoYIPFsUZwza707CgH2qCDZsZAFhRe2tECdIIWxsZHNbIj62mfiLCSxD66LmezX//rJavy3SKYNjcALOgA+uQB3cgQZoAgyewAt4BW/Os/PufDifs9aSU8wcgjk5X797e5um</latexit><latexit sha1_base64="kB23Skk+sCOWOrzb/g9+9TRcXAM=">AAACDnicbZDLSgMxFIYz9VbrbVRw4yZYBEEoMyLosiCCywr2Ap2hZNJMJzTJhCQjlLHv4DO41bU7cesruPRNTNtZ2NYfAh//OYdz8keSUW0879sprayurW+UNytb2zu7e+7+QUunmcKkiVOWqk6ENGFUkKahhpGOVATxiJF2NLyZ1NuPRGmaigczkiTkaCBoTDEy1uq5R4FMKAxMCqdwDgPEZIJ6btWreVPBZfALqIJCjZ77E/RTnHEiDGZI667vSRPmSBmKGRlXgkwTifAQDUjXokCc6DCf3j+Gp9bpwzhV9gkDp+7fiRxxrUc8sp0cmUQv1ibmf7VuZuLrMKdCZoYIPFsUZwza707CgH2qCDZsZAFhRe2tECdIIWxsZHNbIj62mfiLCSxD66LmezX//rJavy3SKYNjcALOgA+uQB3cgQZoAgyewAt4BW/Os/PufDifs9aSU8wcgjk5X797e5um</latexit><latexit sha1_base64="kB23Skk+sCOWOrzb/g9+9TRcXAM=">AAACDnicbZDLSgMxFIYz9VbrbVRw4yZYBEEoMyLosiCCywr2Ap2hZNJMJzTJhCQjlLHv4DO41bU7cesruPRNTNtZ2NYfAh//OYdz8keSUW0879sprayurW+UNytb2zu7e+7+QUunmcKkiVOWqk6ENGFUkKahhpGOVATxiJF2NLyZ1NuPRGmaigczkiTkaCBoTDEy1uq5R4FMKAxMCqdwDgPEZIJ6btWreVPBZfALqIJCjZ77E/RTnHEiDGZI667vSRPmSBmKGRlXgkwTifAQDUjXokCc6DCf3j+Gp9bpwzhV9gkDp+7fiRxxrUc8sp0cmUQv1ibmf7VuZuLrMKdCZoYIPFsUZwza707CgH2qCDZsZAFhRe2tECdIIWxsZHNbIj62mfiLCSxD66LmezX//rJavy3SKYNjcALOgA+uQB3cgQZoAgyewAt4BW/Os/PufDifs9aSU8wcgjk5X797e5um</latexit><latexit sha1_base64="kB23Skk+sCOWOrzb/g9+9TRcXAM=">AAACDnicbZDLSgMxFIYz9VbrbVRw4yZYBEEoMyLosiCCywr2Ap2hZNJMJzTJhCQjlLHv4DO41bU7cesruPRNTNtZ2NYfAh//OYdz8keSUW0879sprayurW+UNytb2zu7e+7+QUunmcKkiVOWqk6ENGFUkKahhpGOVATxiJF2NLyZ1NuPRGmaigczkiTkaCBoTDEy1uq5R4FMKAxMCqdwDgPEZIJ6btWreVPBZfALqIJCjZ77E/RTnHEiDGZI667vSRPmSBmKGRlXgkwTifAQDUjXokCc6DCf3j+Gp9bpwzhV9gkDp+7fiRxxrUc8sp0cmUQv1ibmf7VuZuLrMKdCZoYIPFsUZwza707CgH2qCDZsZAFhRe2tECdIIWxsZHNbIj62mfiLCSxD66LmezX//rJavy3SKYNjcALOgA+uQB3cgQZoAgyewAt4BW/Os/PufDifs9aSU8wcgjk5X797e5um</latexit>

Relaxion

• Very low Hubble scale (≪ΛQCD) • 10 Giga-years of inflation
Viable for Higgs + non-compact axion + inflation w/

Various other subtleties regarding technical naturalness, CC, avoidance 
of fine-tuning to inflationary sector; need to solve strong CP problem. 

Forces us to grapple with new UV considerations.

Simplest version: an axion coupled to QCD during inflation.

[Graham, Kaplan, Rajendran ‘15]

Extensive development, e.g. [Espinosa et al. ’15; Hardy ’15; Gupta et al ’15; Batell, 
Giudice, McCullough ’15; Choi, Im ’15; Kaplan, Rattazzi ’15; Di Chiara et al. ’15; 
Ibanez et al. ’15; Hook, Marques-Tavares ’16; Nelson, Prescod-Weinstein ’17; …]
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Q̃1,2, ũ1,2, d̃1,2

Minimally natural susy

tree

1loop

2loop

⇡ 250GeV

⇡ 500GeV

⇡ 1000GeV

�m2
H

<<multi TeV
current limits 

(13 TeV, 36 fb-1)

2020 GeV

1050 GeV

145 GeV

O(1) departure from  
natural expectation!

sparticle
masses

vs 



Not for lack of tryingNot for lack of trying

200 400 600 800 1000 1200
0

100

200

300

400

500

600

Stop mass [GeV]

In
vi
si
bl
e
m
as
s
[G
eV

]

Projected reach 
(c. 2012) 

full LHC run  
@ 14 TeV

CMS (e.g.) 
exclusion w/ 
1/100 of full 

LHC data set

11



=?



Recent development: 
DM vs. composite Higgs



Composite Higgs & 
composite DM

• Higgs and DM are pseudo Goldstone bosons


• Same symmetry that protects Higgs mass also stabilises 
DM

U = ei⇡/f h�i Le↵ =
f2

4
tr(@µU

†@µU) + . . .

(analog to R parity in SUSY)

Balkin, Ruhdorfer, Salvioni, AW ⇡+



Composite Higgs & 
composite DM

• Higgs and DM are pseudo Goldstone bosons


• Same symmetry that protects Higgs mass also stabilises 
DM

U = ei⇡/f h�i

⇡ ! �⇡ (U ! U†)

Le↵ =
f2

4
tr(@µU

†@µU) + . . .

(analog to R parity in SUSY)

Balkin, Ruhdorfer, Salvioni, AW ⇡+



WIMPs are getting 
squeezed



Only sizeable coupling between DM and SM:
1

f2
@µ(h

2)@µ(�⇤�) + . . .

Neglible direct detection signal:
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FIG. 2. Cross section values for the single production of top
(black curves) and bottom (red curves) partners. We summed

over the single production of T̃ (B) and ¯̃T (B̄) at the LHC withp
s = 14 TeV (continuous lines) and

p
s = 8 TeV (dotted

lines). We set the �T̃ and the �B coupling to the reference
value � = 3; cross sections scale with � as �2.

m
T̃
, that comes from the LHC data at

p
s = 7 TeV, is

indeed of about 420 GeV. We derive this constraint from
the study in [22], which presents a search for pair pro-
duction of top-prime’s decaying predominantly into Wb,
by considering a value BR(T̃ ! Wb) = 0.5 instead of
BR(T̃ ! Wb) = 1.
In the range of masses we will consider and for the refer-
ence value �

T̃
= 3 we have

BR(T̃ ! ht) ' 0.25 �(T̃ )/m
T̃

' 0.17 (11)

III. ANALYSIS

In this section we discuss the prospects of observing
the process pp ! (T̃ ! (h ! bb)t)b+X at the LHC. We
consider the leptonic decay of the top. The physical final
state is thus:

pp ! l
±+ n jets + 6ET . (12)

We will present a simple parton-level analysis aimed at
assessing the LHC discovery reach. We consider two
center-of-mass energies:

p
s = 8TeV, the energy of the

current phase of data taking, and
p

s = 14 TeV, the de-
sign energy that will be reached in the next phase of
operation of the LHC. Our selection strategy does not de-
pend, however, on the value of the collider energy. This
is because we will apply a set of cuts which exploit the
peculiar kinematics of the signal, and a change in the col-
lider energy mainly implies a rescaling of the production

cross sections of signal and background via the parton lu-
minosities, without a↵ecting the kinematic distributions.

A. Montecarlo simulation of signal and background

We simulate the signal by using MadGraph v4 [26], af-
ter implementing the two-site model with Feynrules [27],
while for the background we make use of both MadGraph
and ALPGEN [28]. In our parton-level analysis jets are
identified with the quarks and gluons from the hard scat-
tering. If two quarks or gluons are closer than the sepa-
ration �R = 0.4, they are merged into a single jet whose
four-momentum is the vectorial sum of the original mo-
menta. We require that the jets and the leptons satisfy
the following set of acceptance and isolation cuts:

pTj � 30 GeV |⌘j |  5 �Rjj � 0.4

pTl � 20 GeV |⌘l|  2.5 �Rjl � 0.4 .

(13)

Here pTj (pTl) and ⌘j (⌘l) are respectively the jet (lepton)
transverse momentum and pseudorapidity, and �Rjj ,
�Rjl denote the jet-jet and jet-lepton separations.

Detector e↵ects are roughly accounted for by perform-
ing a simple Gaussian smearing on the jet energy and mo-
mentum absolute value with �E/E = 100%/

p
E/GeV,

and on the jet momentum direction using an angle reso-
lution �� = 0.05 radians and �⌘ = 0.04. Moreover, the
missing energy 6ET of each event has been computed by in-
cluding a Gaussian resolution �( 6ET ) = a ·

pP
i
Ei

T
/GeV,

where
P

i
E

i

T
is the scalar sum of the transverse energies

of all the reconstructed objects (electrons, muons and
jets). We choose a = 0.49 5 . After applying the ac-
ceptance and isolation cuts (13) to the signal, we find a
fraction of signal events with four reconstructed jets in
the final state (where jet is either a light jet or a b-jet)
of about 0.4. The signal events with 4j are mainly con-
stituted by events where one of the final five jets is soft,
with pTj < 30 GeV, and does not pass the cuts in (13)
6. Because this fraction is significant and we would want
to preserve it, we will select events with at least four jets
passing the cuts in (13) and exactly one lepton from the
leptonic decay of the top quark. We further require the
b-tagging of at least two b-jets.

pp ! l
±+ n jets + 6ET , n � 4 , At least 2 b-tag (14)

5
This numerical value, as well as the b-tagging e�ciency and re-

jection rate and the resolution parameters considered in the jet

smearing, have been chosen according to the performance of the

ATLAS detector [29].
6
The fraction of signal events where one jet is a ‘fat’ jet, resulting

from the merging of the bb̄ pair from the Higgs, increases with

larger T̃ masses, because the Higgs is more boosted in this case,

but is not so relevant (it is about 0.07 for a 1 TeV T̃ ); sophisti-

cated technique of tagging boosted object could not be useful in

this case.

T2/3

�

new signatures (single top +MET)

problem could not be made until the U(1)DM-charged top partners Y and Z, which belong

to the heavier multiplet Q, can be accessed. For large enough splitting mQ�MS, the direct

decay to �(⇤)t and the cascade decay to �(⇤)S are both unsuppressed. The branching fraction

is, assuming ✏tQ,MS ⌧ mQ and in the limit of full tR compositeness,

BR(Y ! �t) = BR(Z ! �⇤t) ' c2R
c2L + c2R

, (47)

where to keep the discussion general we took nonzero coe�cients for the derivative inter-

actions in Eq. (14), setting cL,R = i cL,R so that CP is conserved. Equation (47) suggests

that Y and Z decay rather democratically into the two available channels. Therefore the

QCD pair production of Y and Z, either at the LHC or at a future FCC-hh, can generate

cascades where the decay of an intermediate S yields a Z or h in addition to the ‘stop-like’

bW b̄W��⇤ signature, potentially providing an additional handle to characterize the exotic

top partners.

In the opposite scenario mQ < MS, since the Y and Z are at the bottom of the spectrum,

their discovery in the tt̄ + MET final state would happen early on, hinting to a connection

with DM physics. The heavier singlet may then be accessed via single production pp ! Sb̄j,

whose rate can be enhanced by the derivative interactions proportional to cL,R [8]. Of special

interest is the decay into the U(1)DM-charged top partners, S ! �⇤Y ,�Z, leading at the

end of the cascade to the final state t��⇤b̄j, i.e. a monotop signature. The branching ratio

for these decays is, assuming ✏tQ,mQ ⌧ MS and in the limit of full tR compositeness,

BR(S ! �⇤Y) = BR(S ! �Z) ' 1

6
. (48)

Notice that this results holds for arbitrary cL and cR. Hence ⇡ 1/3 of the singly-produced

singlets yield the monotop final state. This promising signature deserves a dedicated anal-

ysis, which is however beyond the scope of this paper.

VI. OUTLOOK

Say something about indirect detection: antiprotons, Galactic Center excess. Thank

Alfredo for discussions.
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(black curves) and bottom (red curves) partners. We summed

over the single production of T̃ (B) and ¯̃T (B̄) at the LHC withp
s = 14 TeV (continuous lines) and

p
s = 8 TeV (dotted

lines). We set the �T̃ and the �B coupling to the reference
value � = 3; cross sections scale with � as �2.

m
T̃
, that comes from the LHC data at

p
s = 7 TeV, is

indeed of about 420 GeV. We derive this constraint from
the study in [22], which presents a search for pair pro-
duction of top-prime’s decaying predominantly into Wb,
by considering a value BR(T̃ ! Wb) = 0.5 instead of
BR(T̃ ! Wb) = 1.
In the range of masses we will consider and for the refer-
ence value �

T̃
= 3 we have

BR(T̃ ! ht) ' 0.25 �(T̃ )/m
T̃

' 0.17 (11)

III. ANALYSIS

In this section we discuss the prospects of observing
the process pp ! (T̃ ! (h ! bb)t)b+X at the LHC. We
consider the leptonic decay of the top. The physical final
state is thus:

pp ! l
±+ n jets + 6ET . (12)

We will present a simple parton-level analysis aimed at
assessing the LHC discovery reach. We consider two
center-of-mass energies:

p
s = 8TeV, the energy of the

current phase of data taking, and
p

s = 14 TeV, the de-
sign energy that will be reached in the next phase of
operation of the LHC. Our selection strategy does not de-
pend, however, on the value of the collider energy. This
is because we will apply a set of cuts which exploit the
peculiar kinematics of the signal, and a change in the col-
lider energy mainly implies a rescaling of the production

cross sections of signal and background via the parton lu-
minosities, without a↵ecting the kinematic distributions.

A. Montecarlo simulation of signal and background

We simulate the signal by using MadGraph v4 [26], af-
ter implementing the two-site model with Feynrules [27],
while for the background we make use of both MadGraph
and ALPGEN [28]. In our parton-level analysis jets are
identified with the quarks and gluons from the hard scat-
tering. If two quarks or gluons are closer than the sepa-
ration �R = 0.4, they are merged into a single jet whose
four-momentum is the vectorial sum of the original mo-
menta. We require that the jets and the leptons satisfy
the following set of acceptance and isolation cuts:

pTj � 30 GeV |⌘j |  5 �Rjj � 0.4

pTl � 20 GeV |⌘l|  2.5 �Rjl � 0.4 .

(13)

Here pTj (pTl) and ⌘j (⌘l) are respectively the jet (lepton)
transverse momentum and pseudorapidity, and �Rjj ,
�Rjl denote the jet-jet and jet-lepton separations.

Detector e↵ects are roughly accounted for by perform-
ing a simple Gaussian smearing on the jet energy and mo-
mentum absolute value with �E/E = 100%/

p
E/GeV,

and on the jet momentum direction using an angle reso-
lution �� = 0.05 radians and �⌘ = 0.04. Moreover, the
missing energy 6ET of each event has been computed by in-
cluding a Gaussian resolution �( 6ET ) = a ·

pP
i
Ei

T
/GeV,

where
P

i
E

i

T
is the scalar sum of the transverse energies

of all the reconstructed objects (electrons, muons and
jets). We choose a = 0.49 5 . After applying the ac-
ceptance and isolation cuts (13) to the signal, we find a
fraction of signal events with four reconstructed jets in
the final state (where jet is either a light jet or a b-jet)
of about 0.4. The signal events with 4j are mainly con-
stituted by events where one of the final five jets is soft,
with pTj < 30 GeV, and does not pass the cuts in (13)
6. Because this fraction is significant and we would want
to preserve it, we will select events with at least four jets
passing the cuts in (13) and exactly one lepton from the
leptonic decay of the top quark. We further require the
b-tagging of at least two b-jets.

pp ! l
±+ n jets + 6ET , n � 4 , At least 2 b-tag (14)

5
This numerical value, as well as the b-tagging e�ciency and re-

jection rate and the resolution parameters considered in the jet

smearing, have been chosen according to the performance of the

ATLAS detector [29].
6
The fraction of signal events where one jet is a ‘fat’ jet, resulting

from the merging of the bb̄ pair from the Higgs, increases with

larger T̃ masses, because the Higgs is more boosted in this case,

but is not so relevant (it is about 0.07 for a 1 TeV T̃ ); sophisti-

cated technique of tagging boosted object could not be useful in

this case.
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problem could not be made until the U(1)DM-charged top partners Y and Z, which belong

to the heavier multiplet Q, can be accessed. For large enough splitting mQ�MS, the direct

decay to �(⇤)t and the cascade decay to �(⇤)S are both unsuppressed. The branching fraction

is, assuming ✏tQ,MS ⌧ mQ and in the limit of full tR compositeness,

BR(Y ! �t) = BR(Z ! �⇤t) ' c2R
c2L + c2R

, (47)

where to keep the discussion general we took nonzero coe�cients for the derivative inter-

actions in Eq. (14), setting cL,R = i cL,R so that CP is conserved. Equation (47) suggests

that Y and Z decay rather democratically into the two available channels. Therefore the

QCD pair production of Y and Z, either at the LHC or at a future FCC-hh, can generate

cascades where the decay of an intermediate S yields a Z or h in addition to the ‘stop-like’

bW b̄W��⇤ signature, potentially providing an additional handle to characterize the exotic

top partners.

In the opposite scenario mQ < MS, since the Y and Z are at the bottom of the spectrum,

their discovery in the tt̄ + MET final state would happen early on, hinting to a connection

with DM physics. The heavier singlet may then be accessed via single production pp ! Sb̄j,

whose rate can be enhanced by the derivative interactions proportional to cL,R [8]. Of special

interest is the decay into the U(1)DM-charged top partners, S ! �⇤Y ,�Z, leading at the

end of the cascade to the final state t��⇤b̄j, i.e. a monotop signature. The branching ratio

for these decays is, assuming ✏tQ,mQ ⌧ MS and in the limit of full tR compositeness,

BR(S ! �⇤Y) = BR(S ! �Z) ' 1

6
. (48)

Notice that this results holds for arbitrary cL and cR. Hence ⇡ 1/3 of the singly-produced

singlets yield the monotop final state. This promising signature deserves a dedicated anal-

ysis, which is however beyond the scope of this paper.

VI. OUTLOOK

Say something about indirect detection: antiprotons, Galactic Center excess. Thank

Alfredo for discussions.
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Twin Higgs & co
Discrete symmetries

E.g. “Twin Higgs” [Chacko, Goh, Kribs ’05]
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Chacko, Goh, Harnik ’05 

New ingredient: discrete symmetry



SU(2)L SU(2)twin

An example: Twin Higgs
Standard 

Model
Standard 

Model
E.g., weak gauge symmetry is SU(2)us x SU(2)twin

Thanks to Z2, radiative corrections to the Higgs 
mass are SU(4) symmetric: 

h + . . . f � h2

2f
+ . . .

L ⇥ �ytHAQ
A
3 ū

A
3 � ytHBQ

B
3 ū

B
3

[Chacko, Goh, Harnik ’05]

Higgs is a PNGB of ~SU(4), but partner 
states neutral under SM.

There are many more theories of this kind [NC, S Knapen, P Longhi ‘14]
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Quadratic divergences from SM top quark loops  
cancelled by loops of “Twin” top quarks. 

Cancelation
where h = (h1, h2) is the Higgs doublet of the SM
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Now consider again the Z2 symmetric top quark sector, Eq. 3. To quadratic order in h this

takes the form

i�thqAtA + �t

✓
f � 1

2f
h†h

◆
qBtB . (11)

From this Lagrangian, we can evaluate the radiative contributions to the Higgs mass pa-

rameter. There are two diagrams, shown below.

qA

h

tA

h
�t �t

+

h

qB

h

tB

�tf

��t/f

Evaluating these diagrams we find that the quadratic divergence arising from the first

diagram is exactly canceled by that of the second. The first and second diagrams have been

colored di↵erently to emphasize that the particles running in the two loops carry di↵erent

SU(3) charges. The first loop has the SM top quarks which carry SM color. The particles

running in the second loop, however, are twin top quarks charged under twin color, not SM

color.

B. E↵ects on Higgs Physics

In order to understand the implications of this model for Higgs production and decays,

we first determine the couplings of the Higgs to the states in the low energy theory. We

choose the unitary gauge in the visible sector with h1 = 0 and h2 = (v + ⇢)/
p
2 to obtain
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Higgs portal
direct

production

scalar fermion

QCD SUSY
Composite Higgs/

RS

EW folded SUSY
Quirky Little

Higgs

singlet ?
Twin
Higgs

{

{

{

strong
direct

production

DY
direct

production

Higgs portal observables

Higgs coupling shifts
⇠ tuning

Mirror Glueballs

Table 1. The “theory space” of solutions to the hierarchy problem with top partners, organized by SM gauge
charge and spin, with a representative model example in each field. The gauge charge dictates the direct top
partner production mode, which makes the LHC suitable for discovery of colored top partners. For uncolored
top partners, mirror glueballs are highly favored for EW-charged mirror sectors, and possible for singlet top
partners. Higgs coupling shifts of same order as tuning are present in all known fermionic top partner theories.
Together, these two signatures allow discovery of all known uncolored top partner theories. A hypothetical
“singlet-stop” theory is indicated with a question mark, and would have to be discovered by either probing the
UV completion or, for partner masses of a few 100 GeV, with Higgs portal observables (see text).

As exciting as this experimental signature is, it is not a requirement for generic Twin-Higgs
type models—the SM-singlet sector could easily have relatively light quarks, making for a hadron
spectrum more like that of the visible sector. On the other hand, mirror glueballs, and their associated
signals, are a requirement for uncolored naturalness theories with EW-charged mirror sectors, like
Folded SUSY or Quirky Little Higgs. This is due to LEP limits forbidding BSM particles with EW
charge lighter than about 100 GeV [59]. If the structure of the mirror sector is based on our own, it
cannot contain very light strongly interacting matter, resulting in glueballs at the bottom of the mirror-
QCD spectrum. Crucially, this makes mirror glueball signals the smoking-gun discovery signal for
Folded-SUSY type theories.

It is interesting to think about the empty square in Table 1. So far, no explicit theory with SM-
singlet scalar top partners has been proposed. If such a theory existed, and there were no other
SM-charged states required near the weak scale, discovery could be quite difficult. In a Folded-SUSY
like spectrum with weak-scale soft masses we might again expect the existence of mirror glueballs,
with their accompanying experimental signatures. If, however, the mirror sector contains light matter
or mirror-QCD was broken, discovery would have to proceed through Higgs-portal observables: in-
visible direct top partner production h⇤ ! t̃t̃ [60, 61], Higgs cubic coupling shifts [60, 62] at a 100

– 4 –

hyperbolic Higgs/ 
accidental Susy*

* Cohen… ’18, Cheng, Li, Salvioni, … ’18 

LHC production top partner spin



Why not?
Higgs portal maintains equilibrium down to T~GeV 

 
ΔNeff >>1

This is excluded by CMB measurements…  
  

  1) change cosmology 
2) change spectrum    



only 3rd generation twinned

“Fraternal Twin Higgs” [NC, Katz, Strassler, Sundrum ’15]

Change the Spectrum

20“fraternal twin Higgs”
Craig et al ‘18



Exotic Higgs Decays
• Must have twin QCD, confines around QCD scale 

• Higgs couples to bound states of twin QCD 

• Glueballs most interesting; lightest                   
have same quantum # as Higgs 

Produce in rare Higgs decays (BR~10-3-10-4)

Long-lived, length scale ~ LHC detectors 
Hidden Valley signature [Strassler, Zurek ’06]

[NC, Katz, Strassler, Sundrum ’15; Curtin, Verhaaren ‘15]

Decay back to SM via Higgs
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LLPs

• Long Lived, length scale: LHC detectors


• New confining gauge group 


• These ingredients are present in many new BSM 
extensions, e.g. “emerging jets”


• Emerging jets: motivated by asymmetric DM, 
cogenesis of baryon asymmetry and DM



Emerging Jets
Schwaller, Stolarski, AW ‘15
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NEW: First search by CMS PAS EXO-18-001 




1. Introduction 1

1 Introduction
Although many astrophysical observations indicate the existence of dark matter (DM) [1], it
has yet to be observed in the laboratory. While it is possible that DM only has gravitational
interactions, many compelling models of new physics contain a dark matter candidate that has
interactions with quarks. In one class of models, new fermions (dark quarks) are charged under
a new force in the dark sector that has confining properties similar to quantum chromodynam-
ics (QCD) but are not charged under the forces of the standard model (SM) [2, 3]. Such models
can explain the observed similar mass densities of baryonic matter and dark matter [4].

We consider, in particular, the dark QCD model of Bai, Schwaller, Stolarski and Weiler (BSSW) [5,
6], that predicts emerging jets. Emerging jets contain associated charged particles that are
consistent with having been created in the decays of new long-lived neutral particles (dark
hadrons), produced in a parton-shower process by dark QCD. In this model, the dark force
has an SU(NCd

) symmetry, where NCd
is the number of dark colors. The particle content of the

model consists of the dark fermions, the dark gluons associated with the force, and a mediator
particle that is charged both under the new dark force and under QCD, thus allowing interac-
tions with quarks. The dark fermions are bound by the new force into dark hadrons. The dark
hadrons decay via the mediator to SM hadrons.

The mediator Xd is a complex scalar. Under QCD, it is an SU(3) color triplet, and thus can be
pair produced via gluon fusion or quark-antiquark annihilation. The mediator has an electric
charge of either �1/3 or 2/3, and it can decay to a right-handed quark with the same charge
and a dark quark via Yukawa couplings. Figure 1 shows the corresponding Feynman diagrams.
There are restrictions on the values of the Yukawa couplings from searches for flavor-changing
neutral currents, neutral meson mixing, and rare decays [7–9]. We abide by these restrictions
by assuming that all the Yukawa couplings are negligible except for the coupling to the down
quark.

X†
d

Xd
g

g

g

Q
�
d

q�

q̄

Qd

X†
d

Xd
g

q

q

Q
�
d

q�

q̄

Qd

Figure 1: Feynman diagrams for pair production of mediator particles, with mediator decay to
a quark and a dark quark in the BSSW model via (left) gluon fusion and (right) quark-antiquark
annihilation.

The decay length of the lightest dark meson (dark pion) is given by Eq. 1 [6]:

ct ⇡ 80 mm
✓

1
k4

◆✓
2 GeV

fpd

◆2 ✓100 MeV
mdown

◆2 ✓2 GeV
mpd

◆⇣
mXd

1 TeV

⌘4
, (1)

where k is the NCd
⇥ 3 matrix of Yukawa couplings between the mediator particle, the quarks,

and the dark quarks, fpd is the dark pion decay constant, mdown is the mass of the down quark,
mpd is the mass of the dark pion, and mXd is the mass of the mediator particle.

portal

dark  
quark

dark  
quark



Dark Pion Lifetime

q

q

⇡d

�(⇡d ! d̄d) ⇡
f2
⇡d
m2

d

32⇡M4
Xd

m⇡d

c⌧ ⇡ 5 cm⇥
✓
1 GeV

f⇡d

◆2 ✓100 MeV

md

◆2 ✓1 GeV

m⇡d

◆✓
MXd

1 TeV

◆4

1

M2
X

Q�µQ d̄R�
µdR

Use chiral Lagrangian to estimate



pp ! qdqd

�37



13

pp ! QQ

3m

1m



pp ! qdqd

�39

Decay lifetime of ~ cm

Exponential decay profile: Several  
displaced vertices inside a jet 
“cone” (or calo-jet)

No/few tracks originating from 
interaction point 
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Emerging jets search
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Figure 6: Signal exclusion curves derived from theory-predicted cross sections and upper limits
at 95% CL on the signal cross section for models with dark pion mass mpd = 1, 2, 5, and 10 GeV.

“Mediator particles with masses between 400 and 1250 GeV are excluded 

for dark hadron decay lengths between 5 and 225 mm.” 


[CMS PAS EXO-18-001]

Amazing work by UMD CMS team (Belloni, Eno, Jeng, … ) 
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QCD axion doesn’t work:                      due to tilt 

Add new QCD’ group => new weak-scale signals! 

Add additional scanning field => no collider 
signals!

✓QCD ⇠ 1

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant ‘15 

Some points of concern:

g ⇠ 10�27GeV

N > H
2
/g

2 ⇠ 1045

�� ' 1041GeV

UV completion !?

inflation !?

large field excursions

More work: Hardy ’15; Gupta et al ’15; Batell, Giudice, McCullough ’15; 
Choi, Im ’15; Kaplan, Rattazzi ’15; Di Chiara et al. ’15; Ibanez et al. ’15; 

Hook, Marques-Tavares ’16; Nelson, Prescod-Weinstein ’17; ...] 






Conclusions
• No signs of new physics have appeared so far. 


• The Higgs fine-tuning puzzle is as puzzling as ever. Do we 
simply live in a (mildly?) fine-tuned universe? Or is there a 
subtle solution? 


• Themes of recent years: search for electroweak or neutral new 
particles at colliders to exhaust possibilities; intriguing 
possibilities for connections of the weak scale with 
cosmology. 


• Amazing landscape of experiments: LHC, dark matter, EDMs, 
flavor physics. New physics discovery could come at any time! 


