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If time allows: New search for 

simplified models of DM at the LHC… 



[W. Bardeen 1995]  Classical Scale Invariance (CSI) to address the issue of 

naturalness 

 Lagrangian has no scale parameters – only dimensionless couplings 

 Substraction scheme is chosen to be dimensional regularization: 

              No power-like dependence on the cut-off can appear 
 

 Only heavy states coupled to the SM Higgs give large corrections to 𝑀ℎ 
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Bottom-up approach: Minimal extensions of the Standard Model 

must satisfy: 

 

Higgs mass has quadratic sensitivity to the scale at which New Physics 

appears (dark matter, neutrino mass, inflation …) 

[Farina, Pappadopulo, Strumia 2013]  
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Only one scale parameter in the Standard Model 

Why is      𝜇 ≪ 𝑀𝑈𝑈    ? 

Start with no scales at  tree-level, classical scale invariance, and 

generate mass scale through radiative corrections 

Coleman-Weinberg mechanism (1973)      (Gildener, Weinberg 1976) 

 

 

 

 

 

 

 

q.c. 
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RG equation for gauge coupling: 

𝜆𝜙 ≈ 0 

The minimum of the effective  potential is at:  

This explains the small mass scale 



Can the Coleman-Weinberg mechanism work in the Standard Model?  NO 

[Gildener Weinberg 1976 ] 



Can the Coleman-Weinberg mechanism work in the Standard Model?  NO 

Add hidden sector with local U(1) 

and communicate vev through portal 

coupling   (Hempfling 1996 )  

 

A lot of recent interest: 

(Foot, Kobakhidze, Volkas 2007)                             (Iso, Okada, Orikasa  2009)        (Allison,  Hill , Ross 2014)  

(Englert, Jaeckel, Khoze, Spannowsky 2013)        (CT Hill, 2014)        (Tamarit, 2013) 

(Carone, Ramos 2013)                                             (Altmannshofer, Bardeen, Bauer, Carena, Lykken 2014)                7 

[Gildener Weinberg 1976 ] 

𝜇𝐻2 =  𝜆𝑃 < 𝜙 >2
2

 



8 [Englert, Jaeckel, Khoze, Spannowsky 2013]  

Searches for new Coleman-Weinberg scalar ϕ  LHC 

 

 

For heavier masses, weak constraint on mixing angle 

 

Model also predicts new gauge boson 𝑍𝑍 
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 Standard Model     +    SU(2)DM    +     𝑦𝑀 𝜎 𝑁 𝑁  

 Potential with scale invariance at the tree-level 

 Needs generalization of Coleman-Weinberg mechanism to multiple 
scalar states [Gildener Weinberg 1976] 
 

Dark Matter Leptogenesis 

 All the scales will be generated radiatively, once the GW conditions are 
satisfied: 

 Where 𝑛1 = sin𝛼          𝑛2 = cos𝛼  cos 𝛾           𝑛3= cos𝛼  sin 𝛾    

No input mass terms 
are allowed! 
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 The mass eigenstates ℎ1,  ℎ2,  ℎ3  are related to the scalar fields 
in the Lagrangian via the rotation matrix O parameterized by 
the mixing angles 𝛼, 𝛽, 𝛾.  

 
 The Gildener-Weinberg conditions will be satisfied at the RG scale 

  𝜇 = Λ𝐺𝐺 , at this scale we can write the one-loop potential as 
 

 
 And hence for  B > 0  this will be a lower minimum  than the one at 

the origin 
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 Due to the SSB of scale symmetry we get a massless state associated to it 
 
                               𝑀ℎ2 = 0   at tree level 
 
Quantum corrections explicitly break the scale symmetry, one-loop 
effective mass: 

  𝑀ℎ2≪ 𝑀𝑍′ < 𝑀ℎ3  

 New scalar states mix with the SM Higgs boson 
 Colliders constraints translate as  

(cos𝛼 cos𝛽)2 > 0.85      for     𝑀ℎ2> 62.5  GeV 

(cos𝛼 cos𝛽)2 > 0.96      for     10 <  𝑀ℎ2< 62.5  GeV  



Galaxy rotation curves Bullet cluster Gravitational lensing 
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Structure formation 
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Later on, due to weak interactions DM freezes-out 

Initially dark matter is in thermal-equilibrium with the 

Standard Model 

 

𝜴𝑫𝑫𝒉𝟐 = 𝟎.𝟏𝟐 

[Baumann  2005]  
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Underground detectors 

DM 

DM 

SM 

SM 

Dark matter annihilation 

Indirect detection 

Dark matter production 

Collider searches 

Dark matter scattering 

Direct detection 
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Scattering through 

the Z boson ruled 

out 

Scattering through 

the Higgs will be 

tested in next years 



 

 After SSB by  Φ  in fundamental representation 

 

Remnant global SO(3)            All   𝑍𝑍𝑎  stable and 
                                                    have the same mass 

 

 Extend the Standard Model with non-Abelian gauge group (hidden 

sector), e.g.   SU(2)DM      gauge bosons take the role of  cold Dark 

Matter 
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 After SSB by  Φ  in fundamental representation 

 

Remnant global SO(3)            All   𝑍𝑍𝑎  stable and 
                                                    have the same mass 

 

Already gauge-invariant in Abelian theory 

 SU(2) first introduced in  (Hambye 2009) 

 Can be generalised to SU(N) , symmetry breaking patterns become 

more involved (Gross, et al 2015)  (Di Chiara, et al 2015)  

 Extend the Standard Model with non-Abelian gauge group (hidden 

sector), e.g.   SU(2)DM      gauge bosons take the role of  cold Dark 

Matter 

 If the hidden sector had been U(1)   kinetic mixing among the 
hidden sector and the hypercharge would have made our dark 

matter candidate unstable 
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 For the calculation of the relic density, this model has semi-annihilations 
(dark matter in the final state)  
 

 Can be dominant for   𝑀𝜙≪  𝑀𝑍′  
  

 Total annihilation of   𝑍𝑍𝑎 needs to give correct relic abundance   Ω ℎ2 ≤ 0.12 

 

 Careful calculation, taking into account 

resonances and thresholds we use 

micrOMEGAs 4.1.5  [G. Bélanger, F. Boudjema, 

A. Pukhov, A. Semenov, ...] 
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𝝀𝝈 ≪ 𝟏 
 

< 𝝈 > ≠ 𝟎 

< 𝒉 > = 𝟐𝟐𝟐 GeV 

< 𝝓 > ≈  𝐓eV 

 𝑫𝒁𝒁 =     
𝒈𝑫𝑫𝟐    < 𝝓 > 

𝑫𝑵  ≈ 𝑶(𝐆eV) 

𝜆ℎ𝜎 𝜆𝜙𝜎 

   𝒚𝑫 𝜎 𝑁 𝑁 

 Minimal extension of SM  Bottom-up approach 
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 Random scan on the free parameters of the model 

 Blue dots: Vector dark matter is a significant portion of the measured 

value 10% - 100% 

 Red dots: Overproduce dark matter – Ruled out 

 

 

 

𝑫𝑫𝑫 (GeV) 𝑫𝑫𝑫 (GeV) 

𝑫𝒉𝟐  (GeV) 𝑫𝒉𝟑  (GeV) 
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 < 𝜙 >   ≲  few TeV,  not to overclose the universe 

 

 < 𝜎 >   can be almost anywhere, but due to common origin  < 𝜎 >  

cannot be too large compared to   < 𝜙 >   

 

< 𝜎 >  𝒈𝑫𝑫  

<𝜙>  𝑫𝑫𝑫 (GeV) 



LUX 2014 

ℎ𝑖 
𝑍𝑍𝑎 𝑍𝑍𝑎 

𝑞 𝑞 
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𝑀ℎ2 ≈ 𝑀ℎ1 
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 Decay asymmetry from interference between tree and loop level 

diagrams 

N 

leptons 

anti-leptons 

baryons 

anti-baryons 

CP violation 
Sphalerons 

[Fukugita and Yanagida 1986]  
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[Di Bari 2012]  

𝑫𝑵 > 𝟏𝟎𝟗 GeV 
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 Usual thermal leptogenesis scenario: 

 Alternative mechanism: Akhmedov-Rubakov-Smirnov mechanism works 

thanks to enhancement of the flavour asymmetries at high 

temperatures T ≫ 𝑀𝑁  
[Drewes and Garbrecht 2013]  

Can work for smaller 𝑀𝑁 if one fine-tunes the mass splittings  Δ𝑀𝑖𝑖   

𝑵𝒊 𝑵𝒋  Lepton flavour asymmetry produced 

via CP-violating oscillations: 

 

 Works for GeV sterile neutrinos, no 

need to fine-tune mass splittings! 



The sterile neutrinos do not participate in Standard Model gauge 

interactions, hence the initial abundances for the Ni is zero 

The characteristic temperature at which oscillations start to occur and the 

lepton asymmetry is generated is usually much larger than the mass of the 

right-handed neutrinos, Tosc >> M_Ni , due to this, lepton number violation 

is highly suppressed and the total lepton number is approximately conserved, 

𝜞𝟏 < 𝑯(𝑻𝑬𝑬) 

One of the sterile neutrinos comes into thermal equilibrium with 

plasma after the universe cools down to   𝑇𝐸𝐺    (when electroweak 

sphaleron processes freeze out) 
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[Hernández, Kekic, López-Pavón, Racker and Salvado 2016]  28 

Normal ordering 

Inverted ordering 
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The matrix 𝑅 is parametrized by three complex angles 𝜔𝑖𝑖  

 In order to parametrize the Dirac Yukawa couplings we use the 

Casas-Ibarra parametrization: 

 - 𝒀𝑫  𝑵 𝑯 𝑳  
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 If we set  Δ𝑀𝑁 > 𝑀𝑁1/ 10 

 

< 𝜎 >   >   2.5 TeV  

Not enough baryon 

asymmetry produced 

/ wash-out criterion 

not satisfied 

Leptogenesis 

works 

  

    



 This mechanism is testable and we want to provide a 

theoretical motivation for light right handed neutrinos 

     (N is SM-singlet, no need for its mass to be around EW scale) 

 

 Classical scale invariance requires all scales in the theory to 

be dynamically generated and related to each other 

 

 Large hierarchies of scales cannot be easily generated in this 

approach (all the physics beyond the SM has to be around 

the EW scale) 

 

 Majorana masses arise from the vacuum expectation value 

of the Coleman-Weinberg scalar: <𝝈>  
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 Then we have: An upper bound on the dynamically 

generated scale from the dark matter relic abundance 

 

 

 

 

 A lower bound coming from explaining the Baryon 

Asymmetry using GeV sterile neutrinos for 

leptogenesis 
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2.5  TeV   <    < 𝝈 >     

< 𝜙 >    <   17  TeV    



 Can we find a connection among these two scales? 

< 𝜙 >    the energy scale responsible for dark matter and 

< 𝜎 >    the energy scale responsible for leptogenesis 

 We know from observation that: 

 Ω𝐷𝑀ℎ2Ω𝑏ℎ2 = 5 

Baryonic 

density 

Dark Matter relic 

abundance 

  𝑀ℎ2≪ 𝑀𝑍′ < 𝑀ℎ3  

𝛼 = 𝛽 = 0  
   sin 𝛾 = 0.9 
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<
 𝝈>  (Ge

V
) 

< 𝝓 >   (GeV) 



 We already know that in the Standard Model lepton number and 

baryon number are accidental symmetries, the latter being responsible for the 

stability of the proton. In our framework the hidden vector DM is stable due to 

the accidental non-Abelian global symmetry SO(3). 

 

 Classical Scale Invariance powerful principle for BSM model 

building. All mass scales in the theory need to be generated 

dynamically.  

 

 Using classical scale invariance as an underlying symmetry, we have 

constructed a minimal extension of the SM that addresses dark 

matter, the baryon asymmetry of the universe and the origin of 

the electroweak scale. 

 

 Under some mild assumptions we found a connection among 
the scales:  < 𝜎 >  responsible for leptogenesis , and  < 𝝓 >  

responsible for dark matter. 
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