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  Mechanism to obtain a very weak coupling from ordinary couplings
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Clockwork mechanism 



 

 

Why the axion potential is so flat? (e.g. in inflaton, relaxion, QCD axion ) 

Why gravity is so weak? (Gravitational constant << Fermi coupling constant)

Why the neutrino mass is so small?

Spectrum and interactions of massive modes are very important to confirm the 
clockwork mechanism in nature. 
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Ex: Clockwork axion 

 N+1 Goldstone bosons (! i ) with a 2π period (q = integer) 

 One cycle along ! 0  corresponds to the large field excursion of ! (0)  

 Generating the scalar potential for the zero mode with a large period feff 

 Interesting applications for the QCD axion with  f ~ TeV 

! 1

! 2

· · ·

FIG. 1: Flat direction in the fundamental domain of axion Þelds in the limit ! 2 = 0. Even

though the fundamental domain is sub-Planckian with f i ! MP l, the ßat direction can have a

super-Planckian length if one (or both) of ni/ gcd (n1, n2) is large enough. The right panel depicts

the ßat direction in the fundamental domain for which the axion periodicity is manifest.

which can be identiÞed as the inßaton direction. One easily Þnds that the length of this

periodic ßat direction is given by
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2"

!
n2

1f 2
2 + n2

2f 2
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, (12)

where gcd (n1, n2) denotes the greatest common divisor ofn1 and n2. This shows that

a super-Planckian ßat direction with ! ßat " MP l " f i can be developed on the two-

dimensional sub-Planckian domain if
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or

n2
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MP l

f i
" 1. (13)

In Fig. 1, we depict the ßat direction in the fundamental domain of axion Þelds, which has

a length given by (12). Since the axionic inßaton of natural inßation rolls down along this

periodic ßat direction, its e! ective decay constant is bounded as

f e! #
! ßat

2"
,

which means that at least one ofni should be as large as gcd (n1, n2)f e! /f i.

Turning on the second axion potential
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a nontrivial potential is developed along the periodic ßat direction having a length (12).

Even when! ßat " MP l, natural inßation is not guaranteed as the inßaton potential induced
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Ex: Clockwork photon 

 With N Stuckelberg@åi s, gauge U(1)N+1 is spontaneously broken to U(1)CW :

 Unbroken gauge U(1)CW :  " i+1 – q" i = 0  

 Milli-charged particles 

 Interesting dark matter physics can happen. 
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Continuum CW in Extra dimensional models 

 Continuum limit of CW : Nà infinity 

 It is natural to interpret  y as the coordinate of the extra dimension S1/Z2.

 Equivalently, with bulk and boundary mass terms OR in nontrivial 5D geometry 
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Continuum CW in Extra dimensional models 

Constraints from the 5 dimensional diffeomorphism

Ex. CW axion:  compact U(1)N+1à U(1)CW  in  5D models? 
  
 

Scalar zero modes of the 5D Stuckelberg system
are localized at opposite boundaries. But in terms of 
gauge invariant combinations, this just implies the 
exponentially small kinetic mixing.     
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5D Goldstone 

5D Stuckelberg  
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No CW axion (i.e. m=0) 
{! , C5} Two axion system
with Cμ(x,0)=Cμ(x,πR)=0 

AM ! AM + ! M ! (314)

" (x, y) ! " (x, y) + 2 " fn (315)

m ⌘ q� 1
#

(316)

$L = ø%i&µ(! µ � iQA µi )% ) ø%i&µ(! µ � iQe! A(0)
µi )% Qe! = Qq! (N ! i ) (317)

U(1)N +1 : Aµi ! Aµi + ! µ ! i , ' i ! ' i + ! i +1 � q! i (318)

" i ⇠ e�i (319)

U(1)N +1 ! U(1)CW (320)

U(1)N +1 : ( (x, y) ! ( (x, y) + ) (y) (321)

) 0 ) (x, y) (322)

(! M ( )2 = ( ! µ( )2 + ( ! y( )2 (323)

U(1)N +1 : Aµ(x, y) ! Aµ(x, y) + ! µ! (x, y) (324)

A5(x, y) ! A5(x, y) + ! y! (x, y) (325)

Aµ(x, y) =
1

Z0
A(0)

µ (x) + á á á (326)

! y! = 0 (327)

m2(! M ( � CM )2

= m2
!
(! µ( � Cµ)2 + ( ! y( � C5)2

"
(328)

" (x, y) ! " (x, y) +
emy

Z0
) 0 (329)

" i ' qi

qN
" (0) +

#

n=1

á á á (330)

24

Two axion  model  

¥! Zero mode profiles: 

¥! Possible forms of the potentials from  

    boundaries and the bulk for the Wilson line 

 

 
 

 

 

     

     Each �� s are exponentially sensitive to the size of gauge couplings of 
the boundary gauge group, the masses of the charged fields in the bulk. 
     Difficult to get a trans- Planckian  period. Can have the hierarchically 
different couplings for the axions  (in a mass eigenbasis ) 
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Continuum CW in Extra dimensional models 

Constraints from the 5 dimensional diffeomorphism

Ex. CW axion:  compact U(1)N+1à U(1)CW  in  5D models? 
  
 

Ex. Clockwork photon: compact gauge U(1)N+1à U(1)CW  in  5D models? 
  
 In 5D theory, we also have 

 A5 should be invariant under the unbroken gauge U(1) :                Obviously, 
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Lessons 

 It is important what are the true 5D scalar/gauge fields

     related with each other by y dep. field redefinitions: share same KK spectrum  

     but different physical implications: 
     whether or not coupling hierarchies for different y* are obtained   
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4D scalar from 5th component of 5D vector 

 Although the geometry does not play any role to make a zero mode of the 5D 
goldstone  the CW axion, we can get a hierarchy between the derivative 
couplings if the axion is a 5th component of 5D U(1) gauge field CM.  
For a given 5D metric,

Boundary conditions leaving only 4D scalar zero mode: 
Integrating out massive KK modes,

where     
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4D scalar from 5th component of 5D vector 

 Although the geometry does not play any role to make a zero mode of the 5D 
goldstone  the CW axion, we can get a hierarchy between the derivative 
couplings if the axion is a 5th component of 5D U(1) gauge field CM.  
For a given 5D metric,

Boundary conditions leaving only 4D scalar zero mode: 
Integrating out massive KK modes,

where     
Can we use this as the CW axion? No. forbidden by gauge symmetry
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Hierarchies among 
couplings at different 
boundary interactions 
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Quasi localization 



CW gravitons 

 CW mechanism for graviton in continuum limit requires a nontrivial 5D 
geometry  since the zero mode (4D graviton) should be localized at y=πR.

The action for the 4D graviton fluctuation, hμ#  from Gμ#= e2k1|y|($μ# + 2hμ# )

 Zero mode profile:                                                                     (only depends on k1)

 large 4D Planck mass :  quasi localization (k1) + large volume dilution (k2)

 Detailed structure of the KK graviton spectrum depends on k1-k2  
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CW graviton spectrum 

 Mass spectrums and couplings for given M 5 and R with different k 1-k2   
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CW graviton spectrum 

 Mass spectrums and couplings for given M 5 and R with different k 1-k2   
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lighter KK gravitons : weaker couplings 
CW limit : Compressed KK spectrum 
RS limit : Universal (strong) couplings



Linear Dilaton model  

 CW geometry in a linear dilaton model with brane localized terms 

 In the Einstein frame with a canonically normalized S 

 Softly broken shift symmetry  
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Linear Dilaton model  

 Taking a parameter c :

 the metric solution has the form  

 where                                                  , and 

 c2 à 1/3  (CW limit) 
 c2 à 0 (Randall-Sundrum limit : dilaton is decoupled from the gravity sector)

 We can introduce matter actions with soft breaking mass parameters in this 
background, which is consistent with a dilatonic shift symmetry. 
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Summary 

•! The discrete clockwork mechanism has interesting applications in 
phenomenology to generate hierarchies among couplings   

•! Continuum limit of CW in the extra dimensional model has several 
restrictions due to the 5D diffeomorphism  invariance : No clockwork 
axion  and photons if they are originated from 5D compact U(1).  

•! Hierarchically small or different derivative couplings can be obtained 
in the system with 5 th component 5D U(1) vector field. 

•! For the CW graviton, the localization of zero mode is due to warping 
effect, which is also shared with the RS graviton. The extra volume 
dilution can happens.  Resulting KK spectrum and interactions can 
have interesting phenomenological implications.  

•! The linear dilaton  model can naturally yield the generalized CW 
background by imposing the softly broken dilatonic  shift symmetry  

 

 


