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       Gauge hierarchy problem: 

 
 
 
   

                This requires a fine tuning if         >>  weak scale.  

           Possible solutions: 

            * New physics to regulate the quadratic divergence near the weak scale  

                 SUSY, composite Higgs, extra dim, … 

             * Multiverse 

                 Anthropic selection for mH  <<  

             * Cosmological relaxation 

                 Cosmological evolution of a scalar field (=relaxion) to select mH <<  

             * N-naturalness, …. 

 



                     Relaxion mechanism Graham, Kaplan, Rajendran ‘15 
 

       * Higgs boson mass is a dynamical field depending on the relaxion field ф. 

 
 
                             
                                     

                                       >>  weak scale  

 
       * Higgs boson mass is vanishing for certain value of ф: 

   
        
      

      * Final Higgs boson mass ( ~ weak scale) is determined by the VEV of ф,  

          which is stabilized at near ф0 :   

    
 
 
 

     



          Stabilizing ф at near ф0 : 
  
  

                                                                                   enforcing ф  

            to slide toward ф0 during the period with                                                   

 
                                       stabilizing ф near ф0 when  

 

     



      Naturalness conditions 

      * should be stable against power-law-divergent radiative corrections 

        * no fine tuning of the initial condition for the relaxion cosmology 

   

    
 
 
 

     

 

 
 

      Big hierarchy between the two relaxion scales:   



  Small back-reaction potential Vbr  and the resulting small slope parameter 𝑔  
  are technically natural, i.e. stable against radiative corrections, as they correspond  
  to tiny breaking of the shift symmetry:  
 

              

  Although technically natural, the required hierarchy in relaxion scales is so large, 
  therefore calls for an explanation:        
 
 
 
      
  In some case,                        , so the scheme requires a much bigger hierarchy. 
 

  Also, typically the scheme requires a trans-Planckian value of      : 
    
   

 Q: What is the origin of this huge hierarchy between relaxion scales? 

      

      
    
       

 
 

 
   

    
 
 
 

     



             

         Clockwork mechanism for hierarchical axion scales 
                                                KC, Im, arXiv:1511.00132;  Kaplan, Rattazzi, arXiv:1511.01827 

   
     
 
   

      
      
   
 
 
 
 

          Recently a similar scheme has been applied for large field inflation:   

                  KC, Kim, Yun, ’14;   Tye, Wong, ’14;   Ben-Dayan, Pedro, Westphal, ’14;  Harigaya, Ibe, ’14;  

                  Bai, Stefanek, ’15;  de la Fuente, Saraswat, Sundrum, ’15; … 

         

 

     

      

        
  
 

 
   

    
 
 
 

     



             

       Clockwork mechanism for hierarchical axion scales 
                                      
   
     
 
   

      
      
   

      

         
 

     
      

      There are two axion scales in the effective theory, which are split by  
      an integer n:   
  
 

 
   

    
 
 
 

     



     We need a big hierarchy:  

       

     * Alignment of two axion couplings:   Kim, Nilles, Peloso ‘05  

 

 

     

   

    * Exponentiation with more (N > 2) axions:   KC, Kim, Yun ‘14 

 

 

 

    

 
 
 
 
                                                                 
                                                                             
 
 
 
 
                                                                                
                                                                                  
                                                                                
                                                                                       
                                                                                 

                                                                     
                                                                                  

   
 

     

      
   
  
  
  
 

 
   

    
 
 
 

     



     Exponentiation of the clockwork mechanism with N axions 
                                           KC, Im, arXiv:1511.00132;  Kaplan, Rattazzi, arXiv:1511.01827  

   
     
 
   

 
      
   
  
  
  
 

 
   

    
 
 
 

     



             
       Effective potential of the collective rotation angle (=relaxion):  
 
   
     
 
   

 
      

         

     

       with an exponential hierarchy between axion scales:  

  
  
  
 

 
   

    
 
 
 

     



    Remark on the Weak Gravity Conjecture (WGC) 
 

    (Mild) WGC on the axion scale  Arkani-Hamed et al, ‘06 
 

    There should exist an instanton which couples to the corresponding axion  
     with a strength stronger than the gravity: 
 

 

                           

       

    

    Relaxion scheme involves an instanton generating                       with  

                                                                     , 

    and therefore the scheme is apparently consistent with the WGC.  

                                                                                     Brown, Cottrell, Shiu, Soler, ’15 

   
 

     

      
   
  
  
  
 

 
   

    
 
 
 

     



         UV completed model with                                 

            N  axions from N   U(1)’s: 

Xi, Yi : gauge-singlet chiral superfields 

: Cut-off scale such as the                                                                                                                                                  
  Planck or GUT scale 

Murayama, Suzuki, Yanagida ‘92 

 Choi, Chun, Kim ‘96 



Hidden sector dynamics for exponentiated clockwork 

• Introduce (N - 1) hidden Yang-Mills sectors. 

 
 
 
 
 

• The previous U(1)i charged field Xi couples to these matter fields through 

Gauge group 

Vector-like charged  
  matter superfields 

Axion-dependent  
holomorphic gauge  
kinetic function of  

SU(pi) 



Hidden sector dynamics for exponentiated clockwork 

Confining scale  
of SU(pi) 

gaugino  condensation 



Relaxion-dependent Higgs mass 

Superpotential to generate 
the MSSM μ-term  

where 
Naturally  
μeff  ~  mSUSY  

The determinant of the Higgs mass matrix can be vanishing for certain value   
of the relaxion field.   

Kim, Nilles ‘84 



Sliding relaxion potential 



Option A:  QCD 

 
 
 

 
 

Option B:  Hidden color dynamics 

Back reaction potential 

Vector-like    
hidden colored  
matter fields                 

SU(2)L doublet 

SU(2)L × U(1)Y   singlet 
Integrating out L + Lc 

to keep the naturalness 

Graham, Kaplan, Rajendran, ‘15 



Conclusion 

• The relaxion mechanism offers an alternative solution to the gauge  
    hierarchy problem, but it requires a huge relaxion excursion (typically 
    trans-Planckian), leading to a big hierarchy between relaxion scales. 

 
• We propose a scheme (=exponentiated clockwork) to generate  
    an exponential hierarchy between axion scales within an EFT of  
    multiple axions where all fundamental axion scales are well below  
    the Planck scale. 

 
• Our scheme finds a natural UV completion in high scale SUSY  
    scenario. 

 
• To complete the relaxion scheme, one needs to accommodate 
    baryogenesis, inflation & dark matter in the scheme.  
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