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Clockwork mechanism

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

An =g¢"A [Choi, Kim, Yun 14]
[Choi, Im 15]
[Kaplan, Rattazzi 15]

[Kehagias, Riotto 17]
Why the axion potential is so flat? (e.g. in inflaton, relaxion, QCD axion )
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Why gravity is so weak? (Gravitational constant << Fermi coupling constant)

Gy = 10! SSGF = q! NGF [Giudice, McCullough 16]
Why the neutrino mass is so small? [Giudlice, McCullough 16]
m, < 10—12\/ — q—NV [Hambye, Teresi, Tytgat 16]

[Park, CSS 17]

Spectrum and interactions of massive modes are very important to confirm the

clockwork mechanism in nature. N
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Ex: Clockwork axion [Kim. Nilies Peloso 04]

[Choi, Kim, Yun 14]
N+1 Goldstone bosons (!';) with a 2n period (g = integer)
U™ $ U@)cw

1 Pun N—1 ! #
L = é1‘2 (".9%°! 2 mccos %! 9%
i=0 =0

70

One cycle along !, corresponds to the large field excursion of 1©
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Generating the scalar potential for the zero mode with a large period f_g
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Interesting applications for the QCD axion with f ~ TeV

[Higaki, Jeong, Kitajima, Takahashi 14,15,16] [Farina, Pappadopulo, Rompineve, Tesi 16]



Ex: Clockwork photon &araswat 14]

[Giudice, McCullough 16]
With N Stuckelberg@g, gauge U(1)N*T is spontaneously broken to U(1)ay,
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Li(X) = q—Na(x) = Ay ~

Milli-charged particles
S = FBE(") —iQAL)% = R (", —iQu A )% Qo = Qg ('

Interesting dark matter physics can happen.



Continuum CW In Exira dimensional models
C % #ROW, ! (xY)' (X

Continuum limit of CW : N2> infinity | Y
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Quasi localization |
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It is natural to interpret y as the coordinate of the extra dimension S,/Z,.

Equiva/ently, with bulk and boundary mass terms OR in nontrivial 5D geometry

I R
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" ((9M #)? [Craig, Garcia, Sutherland 17]
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Continuum CW in Exira dimensional models

Constraints from the 5 dimensional diffeomorphism

Ex. CW axion: compact U(T)N*"=> U(1),, in 5D models

UMM ((xy) ! (%, y)+ ) (y) =) (X, y) [Choi, Im, CSS]
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(w02 = (10 + (1, 0)? = m? (1,(~ G2+ (1,( G

{!, Cs} Two axion system

No CW axion (i.e. m=0) with C,(x,0)=C,(x,nR)=0
Scalar zero modes of the 5D Stuckelberg system e g
! +
are localized at opposite boundaries. But in terms of
gauge invariant combinations, this just implies the
exponentially small kinetic mixing.
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Continuum CW in Exira dimensional models

Constraints from the 5 dimensional diffeomorphism

Ex. CW axion: compact U(T)N*"=> U(1),, in 5D models

UMM ((xy) ! (%, y)+ ) (y) =) (X, y) [Choi, Im, CSS]
) M(—CM)2
o

2 2"
CmOZ=0C 02+ (1y0)? =m? (Lu( = C)?+(1y( —Cs)

{!, Cs} Two axion system
No CW axion (i.e. m=0) with C,(x,0)=C,(x,nR)=0

Ex. Clockwork photon: compact gauge U(I)N*T> U(1)s,, in 5D models?
UMY AL Y) = AL Y) + 1! (XY)
In 5D theory, we also have

As(x,y) ! As(xy) + Tyl (X y)
As should be invariant under the unbroken gauge U(1) : 1,1 =0 Obviously,

1
Ap(X, y) = Z_OA(O) (X)+ aa No CW photon (i.e. m=0)



Lessons

[Craig, Garcia, Sutherland 17]

It is important what are the true 5D scalar/gauge fields [Choi, Im, CSS]
2 IR
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related with each other by y dep. field redefinitions: share same KK spectrum
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but different physical implications:

whether or not coupling hierarchies for different y. are obtained
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4D scalar from 5™ 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 5" component of 5D U(1) gauge field C,,.

For a given 5D metric, ds® = e2k1|y|(nuu dxtdx’) + e*2lvigy?

‘IR m 70 1 &
L= dy ! G G G ChrCuo
0 g

Boundary conditions leaving only 4D scalar zero mode:C, (X, 0) = Cy(X, %) =0
Integrating out massive KK modes, [Choi 03]

1 ' IR " [Flacke, Gripaios, March-Russell, Maybury 06]

Le = ! 27 ; dye?* kZ)yCHSCHS ' 7R
a(x) = dyCs(x,y)

where Cys=(!,Cs! 1,C,) = e G klz,1 a) 0



4D scalar from 5™ 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 5t auge field C,,.
For a given 5D metric, ds® = Idy?
. &
L =! :MPCNQ
0
Boundary conditions leaving le:Cu(x,0) = Cy(x,R) =0
Int ti t ve KK =
ntegrating ou maSSI\!/e! R y=0 : : .#R ipaios, March-Russell, Maybury 06]
_ 1 q Quasi localization
Leg =! 27 ; ye N Chg ‘7R
W oL a(x) = dyCs(X,
where Cys=(!,Cs! !,C,) = e @ klVz, 1 a) ) 0o 7 ()

Can we use this as the CW axion? No. forbidden by gauge symmetry

CX,O CX1O+!" X’ =
5(X, 0) = Cs(x, 0) + 1y" (X, ) ly=0 [Choi, Im, CSS]
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CW gravitons

[Choi, Im, CSS]

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

ds? = e*Vl(n . dxtdx’) + e*2lVldy?

The action for the 4D graviton fluctuation, h,, from G ,= e®M($ .+ 2h ,)
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Zero mode profile: G+ (x,y) = Zo 92k1|V|hEl0..) (X) + éé‘ i \ (only depends on k,)

large 4D Planck mass : quasi localization (k,) + large volume dilution (k)
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Detailed structure of the KK graviton spectrum depends on k;-k,
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CW graviton spectrum

[Choi, Im, CSS]

Mass spectrums and couplings for given M and R with diﬁZerent K 1-K,
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CW graviton spectrum

[Choi, Im, CSS]
Mass spectrums and couplings for given M . and R with different k ;-k,

4.0 ' T 71 , — ( C(n) h(n) T“’"
3.5¢1 —_ "
3.0} n=1 M 5 g .
. ol ]
5} I |$]! R "
M(n)zz_ - t 3 |$| fOI’ I l kel
ke! . = "
15} % 4 ! for" $ 0O
”" /\/ for " " ke
0.5} \ /
11.0 105 0.0 | ]
#/ ke! #E . . .
I 1"g I #'$ #'# #'$ I"#
Ciny
§ "l lighter KK gravitons : weaker couplings
s CW limit : Compressed KK spectrum
S RS limit : Universal (strong) couplings
" Contribution to e.g. muon g-2 is the same as
- — — those of RS and LED at leading order  [Hong, Kim, CSS 17]



Linear Dilaton model

CW geometry in a linear dilaton model with brane localized terms
o % [Anto:y:ad/s Arvanitaki, Dimopoulos, Giveon 11]
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In the Einstein frame with a canonically normalized S
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Softly broken shift symmetry
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Linear Dilaton model

[Choi, Im, CSS]
Taking a parameterc: S# S+ % (k,E)# e (kF)
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the metric solution has the form
ds* = eYdxg, + e*2Vdy?

2K
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where k, = !

c? 2 1/3 (CW limit)
c? 2 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.



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 ™ 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



