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Cosmological implications of hidden 
scale invariance



Higgs and naturalness

§ Why is the Higgs mass light relative to a UV scale,

§ New dynamics (supersymmetry, composite Higgs,
extra dimensions) at ‘radiative distance’,

§ Higgs with is somewhat heavy than in
typical supersymmetric models and somewhat light
than typical prediction of technicolour models.

§ No sign of new physics at LHC or elsewhere
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Scale invariant paradigm 

Hidden sector 
with 
spontaneously  
broken scale 
invariance 

Visible sector 
(e.g. SM)Communication of 

scale invariance 
breaking via 
quantum anomaly

⇤ >>> mh
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• There is only one scale generated via dimensional transmutation

• Hierarchy of scales emerge only though the hierarchy of dimensionless 
couplings

• The hierarchy is natural if the relevant beta-functions (aka anomaly) are 
small in the infrared [Wetterich 84’; Bardeen 95’; Meissner, Nicolai;  
Foot, AK, McDonald, Volkas, 07’ ]   
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Scale invariant SM with light dilaton

§ Consider SM as an effective Wilsonian theory with ‘physical’ cut-
off Λ.

§ Assume, the ‘fundamental’ theory exhibits scale invariance. 
Scale invariance implies the full conformal invariance 
[Komorgodski, Schwimmer 11’] which is spontaneously broken 
down to the Poincare invariance,

§ Only one scalar (pseudo)Goldstone is relevant in the low energy 
theory, the dilaton,
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Scale invariant SM with light dilaton

• This symmetry is non-linearly realized in the low-energy effective 
theory. Promote all dimensionfull parameters in the low energy 
action to         [Coleman, 85’]: 

• Theory becomes manifestly scale invariant (up to quantum 
anomaly):
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Scale invariant SM with light dilaton

§ The dilaton dependence of couplings is determined
through the relevant RG beta-functions

§ At leading order, dilaton-SM interactions are given by:

§ The model can incorporate e.g. neutrino masses, various
DM candidates, axion physics...
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Scale invariant SM with light dilaton

§ Find vacuum configuration + impose cancelation condition on
vacuum energy:

§ Scalar mass spectrum:

PASCOS 2019, 1 July 2019      
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(@ 2-loop!)

Foot, AK, Volkas, 11’ 
AK, Liang, 17’

A. Kobakhidze (U. of Sydney)



Scale invariant SM with light dilaton

§ If Λ~1019 GeV,                              
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Cosmological electroweak phase transition
[Arunasalam, AK, Lagger, Liang, Zhou, 17’]

§ Higgs-dilaton potential: the energy densities at the origin and at
the electroweak vev are degenerate and are separated by a small
barrier (flat direction lifted by 2-loop quantum corrections).
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Cosmological electroweak phase transition

§ In cosmological setting a thermal barrier is also 
generated which implies that the critical temperature 
of the transition is Tc=0.

§ QCD condensates drive the electroweak phase 
transition! [Witten 81’]
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Cosmological electroweak phase transition

§ High temperature/small field expansion:

§ Solve for the dilaton field:
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Cosmological electroweak phase transition

§ The Higgs potential becomes:

h=0 is a local minimum for
any T.

§ If so, the universe would be trapped in symmetric vacuum h=0.
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Cosmological electroweak phase transition

§ In h=0 vacuum all quarks are massless. SU(6)xSU(6) chiral
symmetry is broken at Tc~132 MeV. The quark condensate break
the electroweak symmetry as well.

[Gasser & Leutwyler, 86’]

§ Higgs-quark Yukawa interactions:

§ h=0 is no more an extremum
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Cosmological electroweak phase transition

§ Quark condensate tips the Higgs field from the origin, which
‘runs down’ classically towards the electroweak minimum,
smoothly and quickly completing the transition
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Cosmological electroweak phase transition

§ QCD with N=6 quarks undergoes first-order phase transition,
unlike the standard case with N=3 [Pisarski, Wilczek 84’].

§ Formation of 6 flavour quark matter nuggets of mass ~107 kg
and size ~1 mm [Bai, Long 17’, Witten 84’]. Can constitute 100%
dark matter.

Taken from arXiv:1804.10249 
PASCOS 2019, 1 July 2019      
Manchester, UK A. Kobakhidze (U. of Sydney)



Cosmological electroweak phase transition

§ Gravitational waves with peak frequency ~10-8 Hz, potentially
detectable by means of pulsar timing (EPTA, SKA…)

§ Production of primordial black holes with mass Mbh~M☉

§ QCD baryogenesis (work in progress)
(i) B+L sphaleron-mediated non-equilibrium processes are active;
(ii) The CKM CP violation @ low T is strong.

R ⇠ 1/HQCD ⇠ MP /T
2
QCD,

Mbh = R/2G ⇠ M
3
P /T

2
QCD ⇠ 1030 kg
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fGW ⇠ HQCD(T0/TQCR) ⇠ 10
�8

Hz
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Conclusions

§ Scale paradigm for natural mass hierarchies predicts a
light, feebly coupled dilaton (could be dark matter).

§ Electroweak phase transition driven by the QCD chiral
phase transition and occurs at T~130 MeV.

§ QCD phase transition could be strongly first order => quark
matter nuggets, black holes, gravitational waves, QCD
baryogenesis.

§ Detection of a light scalar particle + the above astrophysical
signatures will provide the strong evidence for the
fundamental role of scale invariance in particle physics and
cosmology.
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For more information see the conference webpage https://indico.cern.ch/event/828038/

Welcome to TeVPA 2019 in Sydney   

A. Kobakhidze (U. of Sydney)

https://indico.cern.ch/event/828038/


Constraints on light dilaton

taken from arXiv:1508.01798, Arvanitaki, Dimopoulos Tilburg, 15’
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http://arxiv.org/abs/arXiv:1508.01798


Light dilaton dark matter

§ Light, superweekly coupled dilaton is a candidate for dark
matter particle

§ Metastability implies:

§ Non-thermal dark matter (similar to axion), for
behaves as an oscillating classical field

or m� . keV
<latexit sha1_base64="q4xOayRwJsmRBvOzXHOfEZIXMtI=">AAACD3icdVDLSgNBEJyNrxhfUY9eBoPiKeyKz1vQi0cFE4VsCLOTTjJkZneZ6RXDsvkCL/6KFw+KePXqzb9x8hBUtKChqOqmuyuIpTDouh9Obmp6ZnYuP19YWFxaXimurtVMlGgOVR7JSF8HzIAUIVRRoITrWANTgYSroHc69K9uQBsRhZfYj6GhWCcUbcEZWqlZ3PYRbjGNdDZQzdTnXZH5EowxQg3o2OtBLWsWS27ZHYF+I/uud3zgUW+ilMgE583iu9+KeKIgRC6ZMXXPjbGRMo2CS8gKfmIgZrzHOlC3NGQKTCMd/ZPRLau0aDvStkKkI/X7RMqUMX0V2E7FsGt+e0PxL6+eYPuokYowThBCPl7UTiTFiA7DoS2hgaPsW8K4FvZWyrtMM442woIN4etT+j+p7ZY9t+xd7JUqJ5M48mSDbJId4pFDUiFn5JxUCSd35IE8kWfn3nl0XpzXcWvOmcyskx9w3j4BmVCeQg==</latexit><latexit sha1_base64="q4xOayRwJsmRBvOzXHOfEZIXMtI=">AAACD3icdVDLSgNBEJyNrxhfUY9eBoPiKeyKz1vQi0cFE4VsCLOTTjJkZneZ6RXDsvkCL/6KFw+KePXqzb9x8hBUtKChqOqmuyuIpTDouh9Obmp6ZnYuP19YWFxaXimurtVMlGgOVR7JSF8HzIAUIVRRoITrWANTgYSroHc69K9uQBsRhZfYj6GhWCcUbcEZWqlZ3PYRbjGNdDZQzdTnXZH5EowxQg3o2OtBLWsWS27ZHYF+I/uud3zgUW+ilMgE583iu9+KeKIgRC6ZMXXPjbGRMo2CS8gKfmIgZrzHOlC3NGQKTCMd/ZPRLau0aDvStkKkI/X7RMqUMX0V2E7FsGt+e0PxL6+eYPuokYowThBCPl7UTiTFiA7DoS2hgaPsW8K4FvZWyrtMM442woIN4etT+j+p7ZY9t+xd7JUqJ5M48mSDbJId4pFDUiFn5JxUCSd35IE8kWfn3nl0XpzXcWvOmcyskx9w3j4BmVCeQg==</latexit><latexit sha1_base64="q4xOayRwJsmRBvOzXHOfEZIXMtI=">AAACD3icdVDLSgNBEJyNrxhfUY9eBoPiKeyKz1vQi0cFE4VsCLOTTjJkZneZ6RXDsvkCL/6KFw+KePXqzb9x8hBUtKChqOqmuyuIpTDouh9Obmp6ZnYuP19YWFxaXimurtVMlGgOVR7JSF8HzIAUIVRRoITrWANTgYSroHc69K9uQBsRhZfYj6GhWCcUbcEZWqlZ3PYRbjGNdDZQzdTnXZH5EowxQg3o2OtBLWsWS27ZHYF+I/uud3zgUW+ilMgE583iu9+KeKIgRC6ZMXXPjbGRMo2CS8gKfmIgZrzHOlC3NGQKTCMd/ZPRLau0aDvStkKkI/X7RMqUMX0V2E7FsGt+e0PxL6+eYPuokYowThBCPl7UTiTFiA7DoS2hgaPsW8K4FvZWyrtMM442woIN4etT+j+p7ZY9t+xd7JUqJ5M48mSDbJId4pFDUiFn5JxUCSd35IE8kWfn3nl0XpzXcWvOmcyskx9w3j4BmVCeQg==</latexit><latexit sha1_base64="q4xOayRwJsmRBvOzXHOfEZIXMtI=">AAACD3icdVDLSgNBEJyNrxhfUY9eBoPiKeyKz1vQi0cFE4VsCLOTTjJkZneZ6RXDsvkCL/6KFw+KePXqzb9x8hBUtKChqOqmuyuIpTDouh9Obmp6ZnYuP19YWFxaXimurtVMlGgOVR7JSF8HzIAUIVRRoITrWANTgYSroHc69K9uQBsRhZfYj6GhWCcUbcEZWqlZ3PYRbjGNdDZQzdTnXZH5EowxQg3o2OtBLWsWS27ZHYF+I/uud3zgUW+ilMgE583iu9+KeKIgRC6ZMXXPjbGRMo2CS8gKfmIgZrzHOlC3NGQKTCMd/ZPRLau0aDvStkKkI/X7RMqUMX0V2E7FsGt+e0PxL6+eYPuokYowThBCPl7UTiTFiA7DoS2hgaPsW8K4FvZWyrtMM442woIN4etT+j+p7ZY9t+xd7JUqJ5M48mSDbJId4pFDUiFn5JxUCSd35IE8kWfn3nl0XpzXcWvOmcyskx9w3j4BmVCeQg==</latexit>

m� . eV
<latexit sha1_base64="vkSIXH6jE8WtDX6XTkAIYWvEVI4=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgqiTic1d047KCfUATwmR62w6dScLMRAih/oobF4q49UPc+TdO2whV9MCFwzn3cu89YcKZ0o7zaZWWlldW18rrlY3Nre0de3evreJUUmjRmMeyGxIFnEXQ0kxz6CYSiAg5dMLx9dTv3INULI7udJaAL8gwYgNGiTZSYFdFkHt0xCYeB6UUExjagV1z6s4MeIGcOu7lmYvdQqmhAs3A/vD6MU0FRJpyolTPdRLt50RqRjlMKl6qICF0TIbQMzQiApSfz46f4EOj9PEglqYijWfq4kROhFKZCE2nIHqkfntT8S+vl+rBhZ+zKEk1RHS+aJByrGM8TQL3mQSqeWYIoZKZWzEdEUmoNnlVTAjfn+L/Sfu47jp19/ak1rgq4iijfXSAjpCLzlED3aAmaiGKMvSIntGL9WA9Wa/W27y1ZBUzVfQD1vsXFpuVCg==</latexit><latexit sha1_base64="vkSIXH6jE8WtDX6XTkAIYWvEVI4=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgqiTic1d047KCfUATwmR62w6dScLMRAih/oobF4q49UPc+TdO2whV9MCFwzn3cu89YcKZ0o7zaZWWlldW18rrlY3Nre0de3evreJUUmjRmMeyGxIFnEXQ0kxz6CYSiAg5dMLx9dTv3INULI7udJaAL8gwYgNGiTZSYFdFkHt0xCYeB6UUExjagV1z6s4MeIGcOu7lmYvdQqmhAs3A/vD6MU0FRJpyolTPdRLt50RqRjlMKl6qICF0TIbQMzQiApSfz46f4EOj9PEglqYijWfq4kROhFKZCE2nIHqkfntT8S+vl+rBhZ+zKEk1RHS+aJByrGM8TQL3mQSqeWYIoZKZWzEdEUmoNnlVTAjfn+L/Sfu47jp19/ak1rgq4iijfXSAjpCLzlED3aAmaiGKMvSIntGL9WA9Wa/W27y1ZBUzVfQD1vsXFpuVCg==</latexit><latexit sha1_base64="vkSIXH6jE8WtDX6XTkAIYWvEVI4=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgqiTic1d047KCfUATwmR62w6dScLMRAih/oobF4q49UPc+TdO2whV9MCFwzn3cu89YcKZ0o7zaZWWlldW18rrlY3Nre0de3evreJUUmjRmMeyGxIFnEXQ0kxz6CYSiAg5dMLx9dTv3INULI7udJaAL8gwYgNGiTZSYFdFkHt0xCYeB6UUExjagV1z6s4MeIGcOu7lmYvdQqmhAs3A/vD6MU0FRJpyolTPdRLt50RqRjlMKl6qICF0TIbQMzQiApSfz46f4EOj9PEglqYijWfq4kROhFKZCE2nIHqkfntT8S+vl+rBhZ+zKEk1RHS+aJByrGM8TQL3mQSqeWYIoZKZWzEdEUmoNnlVTAjfn+L/Sfu47jp19/ak1rgq4iijfXSAjpCLzlED3aAmaiGKMvSIntGL9WA9Wa/W27y1ZBUzVfQD1vsXFpuVCg==</latexit><latexit sha1_base64="vkSIXH6jE8WtDX6XTkAIYWvEVI4=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgqiTic1d047KCfUATwmR62w6dScLMRAih/oobF4q49UPc+TdO2whV9MCFwzn3cu89YcKZ0o7zaZWWlldW18rrlY3Nre0de3evreJUUmjRmMeyGxIFnEXQ0kxz6CYSiAg5dMLx9dTv3INULI7udJaAL8gwYgNGiTZSYFdFkHt0xCYeB6UUExjagV1z6s4MeIGcOu7lmYvdQqmhAs3A/vD6MU0FRJpyolTPdRLt50RqRjlMKl6qICF0TIbQMzQiApSfz46f4EOj9PEglqYijWfq4kROhFKZCE2nIHqkfntT8S+vl+rBhZ+zKEk1RHS+aJByrGM8TQL3mQSqeWYIoZKZWzEdEUmoNnlVTAjfn+L/Sfu47jp19/ak1rgq4iijfXSAjpCLzlED3aAmaiGKMvSIntGL9WA9Wa/W27y1ZBUzVfQD1vsXFpuVCg==</latexit>
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