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Clockwork: generic mechanism to generate large hierarchies 

• in couplings: suppressed by N-node ‘gear ratio’ factor 

• in scales:                           ;  M = actual UV d.o.f. mass  

• Example: EW - Planck hierarchy

Can one solve SM flavor puzzle with clockwork? 

⇤e↵ = M/ge↵

vEW ⇠ MPl ⇥ q�N

⇤ ⇤N = qN⇤

Figure 1: A schematic representation of the clockwork mechanism increasing the interac-
tion scale of a non-renormalisable operator.

case, the association between the interaction scale and the energy at which new particles
must enter, although not formally correct, works in practice. The situation is very di↵erent
in presence of couplings which are small, in natural units, as the dynamics associated with
an interaction scale could occur at much smaller energies.

These considerations open the possibility that dynamics, usually associated with very
high-energy phenomena may lie much closer to, and possibly within, accessible energies. If
this were to be the case, a new puzzle arises: why would nature choose extremely small
coupling constants? Since long ago [1, 2] physicists have been reluctant to accept small (or
large) numbers without an underlying dynamical explanation, even when the smallness of a
parameter is technically natural in the sense of ’t Hooft [3]. One reason for this reluctance
is the belief that all physical quantities must eventually be calculable in a final theory with
no free parameters. It would be strange for small numbers to pop up accidentally from the
final theory without a reason that can be inferred from a low-energy perspective.

In this work we propose a general mechanism to generate small numbers out of a the-
ory with only O(1) parameters, and thus large e↵ective interaction scales out of dynamics
occurring at much lower energies. In all of these theories the full UV completion enters at
energies exponentially smaller than suggested by a given interaction strength. The mech-
anism is fairly flexible and can produce exponentially large interaction scales for light or
massless scalars, fermions, vectors, and even gravitons. It provides an interesting theoretical
tool which opens new model-building avenues for axion, neutrino, flavour, weak scale, and
gravitational physics.

The underlying structure is a generalisation of the clockwork models [4, 5], which were
originally used to construct axion (or relaxion [6]) setups in which the e↵ective axion decay
constant f is much larger than the Planck mass M

P

, without any explicit mass parameter
in the fundamental theory exceeding M

P

. In this way, one could circumvent the need for
transplanckian field excursions in models which, for di↵erent phenomenological reasons, re-
quire f > M

P

. These constructions can be viewed as extensions of an original proposal for
subplanckian completions of natural inflation [7–9]. The name clockwork follows from the
field phase rotations with periods that get successively larger from one field to the next (see
fig. 1 for a pictorial interpretation).

The general framework is the following: Consider a system involving a particle P , which
remains massless because of a symmetry S. At this stage neither the nature of P or S, nor
whether the description is renormalisable or not, is crucial. We will give plenty of specific
examples in our paper, but we want to stress that the general mechanism is insensitive to
the details of the model implementation.
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Chain of vectorlike fermions + one chiral node: 

• Results in particular mass structure:

Clockworking fermion
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clockworked fermion

• a chain of vectorlike fermions + one 
chiral node

4

Giudice, McCullough, 1610.07962
R. Alonso, J. Martin Camalich, A. Carmona, B. Dillon, J. Kamenik, JZ, 1705.nnnnn  

 L,0,
 R,0

 L,1
 L,N�1

 R,N�1
 R,1  R,N R,2

 L,2

mq ̄L,0 R,1 mq ̄L,1 R,2 mq ̄L,N�1 R,N

m
q ×m

ψL,0,ψR,0

m

ψL,1,ψR,1

m
q ×m

ψL,N−1,ψR,N−1

ψL,N

Figure 1. The profiles for zero mode and gears for  R JZ: to be improved, if we decide to

keep it.

where for notational simplicity we identified  R,N ⌘  R. The chain of  R,j fermions
carry the same gauge quantum numbers as  R,N , while  L,j are in the complex conjugate
representations. The covariant derivatives are thus the same for all nodes (and related by
complex conjugation from  L,j to  R,j). For successful clockworking one requires q > 1.

The N ⇥ (N + 1) mass matrix,

M = m

0

BBBB@

1 �q 0 . . . 0

0 1 �q . . . 0

... . . . . . .
0

0 · · · 0 1 �q

1

CCCCA
, (2.2)

is diagonalized by the unitary rotations,
�
~
0, diag(mk)

�
= V L†M V

R. This gives one mass-
less right-handed Weyl-fermion,

 0
R,0 =

NX

j=0

V R
j0 R,j , (2.3)

and N Dirac fermion mass-eigenstates, k = 1, . . . , N (note the change in labeling the left-
handed fields),

 0
R,k =

NX

j=0

V R
jk R,j ,  0

L,k =

N�1X

j=0

V L
kj L,j , (2.4)

with masses

m2
k = m2

⇣
1 + q2 � 2q cos

⇣ k⇡

N + 1

⌘⌘
. (2.5)

There is an O(m) mass gap between the gears and the zero mode, while the masses of
the gears are split by O(qm/N). For N � q the splitting between the gears is thus much
smaller than the mass gap to the zero mode.
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Spectrum: massless zero-mode + N massive ‘gears’ 

Clockworking fermion
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searches at the lhc
• clockwork flavor gears can be at ~1 TeV

• how to search for them at the LHC?

• gears Qgear pair produced

• decay  Qgear → Q'gear +H, Z,W; q+H, Z,W

• can lead to modulation in xsec
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Most of SM Yukawa couplings are tiny: result of clockworking? 

• need to also reproduce alignment & hierarchy of CKM

SM flavor puzzle
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standard model flavor 
puzzle

• how do we address  
the SM flavor  
puzzle using  
clockwork?
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plot due to E. Stamou
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2 12. CKM quark-mixing matrix

Figure 12.1: Sketch of the unitarity triangle.

VCKM =

⎛

⎝
1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

⎞

⎠ + O(λ4) . (12.5)

The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes

∑
i VijV

∗
ik = δjk

and
∑

j VijV
∗
kj = δik. The six vanishing combinations can be represented as triangles

in a complex plane, of which those obtained by taking scalar products of neighboring
rows or columns are nearly degenerate. The areas of all triangles are the same, half of
the Jarlskog invariant, J [7], which is a phase-convention-independent measure of CP
violation, defined by Im

[
VijVklV

∗
il V

∗
kj

]
= J

∑
m,n εikmεjln.

The most commonly used unitarity triangle arises from

Vud V ∗
ub + Vcd V ∗

cb + Vtd V ∗
tb = 0 , (12.6)

by dividing each side by the best-known one, VcdV
∗
cb (see Fig. 1). Its vertices are

exactly (0, 0), (1, 0), and, due to the definition in Eq. (12.4), (ρ̄, η̄). An important goal
of flavor physics is to overconstrain the CKM elements, and many measurements can
be conveniently displayed and compared in the ρ̄, η̄ plane. While the Lagrangian in
Eq. (12.1) is renormalized, and the CKM matrix has a well known scale dependence
above the weak scale [8], below µ = mW the CKM elements can be treated as constants,
with all µ-dependence contained in the running of quark masses and higher-dimension
operators.

Unless explicitly stated otherwise, we describe all measurements assuming the SM,
to extract magnitudes and phases of CKM elements in Sec. 12.2 and 12.3. Processes
dominated by loop-level contributions in the SM are particularly sensitive to new physics.
We give the global fit results for the CKM elements in Sec. 12.4, and discuss some
implications for beyond standard model physics in Sec. 12.5.

October 6, 2016 11:46

� ' sin ✓c ' 0.22

Q

Y
S
M

f
=

m
f
/v

E
W

figure by E. Stamou



Flavor hierarchy from zero mode overlaps with Higgs   

• Higgs couples to N-th node  

• similar to RS with Higgs on IR brane, fermions in bulk 

Clockwork flavor 

m
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Flavor hierarchy from zero mode overlaps with Higgs   

• Higgs couples to N-th node  

•  

Clockwork flavor 
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clockwork flavor

• the flavor hierarchy from zero mode overlaps with the Higgs

• Higgs on the N-th node

• similar to RS with Higgs on the IR brane, fermions in the bulk
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• Realistic examples 

u
(i)
R,j , u

(i)
L,j , on the nodes j = 0, . . . , N � 1, and similarly for right-handed down quarks, d(i)R

and left-handed doublets, Q(i)
L .

The Lagrangian for three generations is thus given by

L =

X

i=1,2,3

⇣
L
u
(i)
R

+L
d
(i)
R

+L
Q

(i)
L

⌘
�
X

i,j

h�
YD

�
ij

¯Q
(i)
L,NH d

(j)
R,N � �

YU
�
ij

¯Q
(i)
L,NHcu

(j)
R,N + h.c.

i
,

(2.12)
where L

u
(i)
R

,L
d
(i)
R

,L
Q

(i)
L

are given in (2.1) with obvious replacements in notation. The Higgs
field is attached only to the N -th node, where the SM sits, and leads to the two Yukawa
interactions between the SM fields on the N -node. Each of the clockworking Lagrangians
L
u
(i)
R

,L
d
(i)
R

,L
Q

(i)
L

comes with a separate mass gap parameter, mu(i),md(i),mQ(i) and the
clockworking factor, qu(i), qd(i), qQ(i).1 For simplicity we take mass gap parameter to be
universal, m = mu(f),md(f),mQ(f), while keeping the clockworking factors qi flavor depen-
dent, but of similar sizes, qi & O(1).

After electroweak symmetry breaking the Yukawa interactions lead to a mass term for
the zero modes (we use the unitary gauge, H =

�
0, (v+h)/

p
2

�
). The zero modes can then

be identified with the SM fermions. Working to leading order in v2/m2 expansion the SM
Higgs Yukawa matrices are simply given by the products of zero mode overlaps with the
N -th node, f0

 ,
�
Y SM
u

�
ij
= f0

Q(i) (YU )ij f
0
u(j) ⇠ q�N

Q(i) (YU )ij q
�N
u(j), (2.13)

�
Y SM
d

�
ij
= f0

Q(i) (YD)ij f
0
d(j) ⇠ q�N

Q(i) (YD)ij q
�N
d(j). (2.14)

Here there is no summation over i, j = 1, 2, 3, while for each of the zero mode overlaps one
needs to use the appropriate clockworking factor qu(i), qd(i), qQ(i) in Eqs. (2.7), (2.10). The
SM Yukawas give the SM quark mass matrices, as in the SM,

�
MSM

u

�
ij
=

vp
2

�
Y SM
u

�
ij
,

�
MSM

d

�
ij
=

vp
2

�
Y SM
d

�
ij
. (2.15)

The O(v2/m2
) corrections to these expressions will be discussed below, in Eq... JZ: refer

The hierarchy of quark masses is naturally obtained, if one has q�N
Q(1) ⌧ q�N

Q(2) ⌧ q�N
Q(3),

as well as q�N
u(1) ⌧ q�N

u(2) ⌧ q�N
u(3) and q�N

d(1) ⌧ q�N
d(2) ⌧ q�N

d(3), so that there is a corresponding
hierarchy between the zero mode overlaps. We take YU and YD to be anarchic 3⇥3 complex
matrices with all entries of O(1). The SM quark mass matrices are then diagonalized
through bi-unitary transformations, diag(mu) = LuM

SM
u R†

u, diag(md) = LdM
SM
d R†

d, where
the entries of the rotation matrices are given by the ratios of the zero mode profiles on the
N�th node. For off-diagonal elements, i < j, one thus has

|Lu|ij ⇠ |Lu|ji ⇠ |Ld|ij ⇠ |Ld|ji ⇠
f0
Q(i)

f0
Q(j)

⇠
⇣qQ(j)

qQ(i)

⌘N
, (2.16)

|Ru|ij ⇠ |Ru|ji ⇠
f0
u(i)

f0
u(j)

⇠
⇣qu(j)
qu(i)

⌘N
, (2.17)

1This is not the most general possibility as the masses and clockworking factors can also have off-diagonal
entries, a possibility that we discuss in more detail in Section 5.
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q�N
Q(1) ⇠ �3, q�N

Q(2) ⇠ �2, q�N
Q(3) ⇠ 1,

q�N
u(1) ⇠ �3, q�N

u(2) ⇠ �, q�N
u(3) ⇠ 1,

q�N
d(1) ⇠ �3, q�N

d(2) ⇠ �2, q�N
d(3) ⇠ �2.

N = 10



• unlike RS, single clockwork cannot solve hierarchy problem 
and SM flavor puzzle at same time  

• clockwork gravity in continuum: hierarchy problem solved 
by large volume not due to warping  

• proposed clockwork flavor does not have continuum limit 

• all nodes gauged by SM group - no gears for gauge 
bosons, gravity 

Comparison with RS 

m
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m
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SU(3)c ⇥ SU(2)L ⇥ U(1)Y

see also Antoniadis et al., 
hep-th/0103033



• unlike RS, single clockwork cannot solve hierarchy problem 
and SM flavor puzzle at same time  

• clockwork gravity in continuum: hierarchy problem solved 
by large volume not due to warping  

• proposed clockwork flavor does not have continuum limit 

• all nodes gauged by SM group - no gears for gauge 
bosons, gravity  

• to address hierarchy problem, could couple whole 
clockwork flavor model to N-th gear of clockworked 
gravity

Comparison with RS 

see also Antoniadis et al., 
hep-th/0103033

Giudice & McCullough, 1610.07962



Clockwork resembles FN models 

Hierarchy generation:  

Interpretation of q (λ):

Comparison with Froggatt-Nielsen

FN Clockwork
different 
chain lengths

different q 
values

� ⇠ h�i/m non-dynamical
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comparison with 
froggatt-nielsen

• clockwork resembles FN models

•  identifying λ~1/q
• instead of different chain lengths in FN, in clockwork flavor different q

• also q assumed to be non-dynamical

• in FN λ=⟨Φ⟩/M
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Mixing of zero mode with gears  

• dominant effect in modified Higgs Yukawas 

• flavor (& CP) violating 

• departures from SM values for 3rd gen. (t,b) 

• modifications of Z,W couplings at 

Flavor constraints
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flavor constraints
• corrections due to mixing of zero mode with the gears

• for instance the flavor violating Higgs Yukawas  
 
 
 
 

• also FV Z couplings, corrections to W

• corrections suppressed by zero mode overlaps

• lead to relatively mild flavor constraints from meson mixing

• gives m≳O(1TeV) from Z, H exchanges

• note: no gluon, Z  gears

10

gears
Q(i)

L,0u(j)
R,0

Hc

u(j)
R,0 Q(i)

L,0QL,k� uR,k

Hc Hc† Hc

Figure 2. The leading contribution to the SM quark masses and Higgs Yukawa couplings (left
diagram) and an example of O(v2/m2

) correction (right diagram).

Currents (FCNCs). This is despite the fact that the clockworking factors, qu(i), qd(i), qQ(i),
are not universal - it suffices that they are all diagonal simultaneously. The induced FCNCs
are then going to be proportional to YU,Dv

2/m2, and are at tree level only due to Higgs
exchanges. The Z couplings remain flavor diagonal and flavor universal.

The couplings of up-quark zero modes to the Higgs are, after integrating out the gears,
see Fig. 2 (summations over all repeated indices implied),

Le↵
H � � ¯Q

(i)
L,0f

0
Q(i)(YU )ijf

0
u(j)u

(j)
R,0H

c

� ¯Q
(i)
L,0f

0
Q(i)(YU )ii0

�
fk
u(i0)

�2

mk(i0)
(Y †

U )i0j0

�
fk0

Q(j0)

�2

mk0(j0)
(YU )j0jf

0
u(j)u

(j)
R,0H

c
(H†H)

� ¯Q
(i)
L,0f

0
Q(i)(YD)ii0

�
fk
d(i0)

�2

mk(i0)
(Y †

D)i0j0

�
fk0

Q(j0)

�2

mk0(j0)
(YU )j0jf

0
u(j)u

(j)
R,0H

c
(H†H) + · · ·

(3.1)

The ellipses denote terms with more Higgs field insertions. Similar expressions are obtained
for down-quark zero modes through the replacements, u $ d, U $ D. The summation
over the gear propagators and their N -th node overlaps gives

NX

k=1

�
fk
 (i)

�2

mk(i)
= 1 + O(1/N, 1/q). (3.2)

In the limit of large q,N � 1 we thus have2

Le↵
H ⇠ � ¯Q

(i)
L,0f

0
Q(i)

h
YU +

(H†H)

m2

⇣
YUY

†
U + YDY

†
D

⌘
YU

i

ij
f0
u(j)u

(j)
R,0H

c

� ¯Q
(i)
L,0f

0
Q(i)

h
YD +

(H†H)

m2

⇣
YUY

†
U + YDY

†
D

⌘
YD

i

ij
f0
d(j)d

(j)
R,0H + · · · .

(3.3)

After electroweak symmetry breaking the Higgs Yukawa couplings are in the quark mass
basis schematically given by

�
yHiggs
u

�
ij

' �
Y SM
u

�
ij
+ f0

Q(i)f
0
u(j)

v2

m2
Y 2
U,D,

�
yHiggs
d

�
ij

' �
Y SM
d

�
ij
+ f0

Q(i)f
0
d(j)

v2

m2
Y 2
U,D,

(3.4)

2 In addition to (3.1) there are also corrections to kinetic terms of the form,
ū
(i)
R,0f

0
u(i)(Y

†
UYU )ijf

0
u(j)u

(j)
R,0H

†H/m2, . . .. However, these are absorbed in Le↵
H after using the leading

order equations of motion, giving canonically normalized kinetic terms. JZ: should we be more

explicit?
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dR,k�� QL,k�Q(j)
L,0 uR,k Q(i)

L,0

H† H Hc† Hc

Figure 3. The O(v4/m4
) correction leading to the non-unitarity of the 3 ⇥ 3 CKM matrix.

where we treat all entries in YU,D and the prefactor of the 1/m2 suppressed term as O(1).
The O(v2/m2
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Tree level Higgs exchanges then lead to K0 � ¯K0, D0 � ¯D0, Bd � ¯Bd, Bs � ¯Bs mixing.
The resulting bounds on flavor violating Higgs couplings are
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probably needs to be updated once we do the scan?

There are also corrections to the charged currents between SM quarks because the
CKM matrix is no longer unitary due to the presence of gears. The corrections appear at
O(v4/m4

) and take the form, see Fig. 3,
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After EWSB this gives O(v4/m4
) corrections to the CKM matrix element measurements.

These corrections are further suppressed by zero mode overlaps with the N -th node. JZ:

the constraints from here are thus probably weak
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Corrections suppressed by zero mode overlaps 

• similar to RS-GIM  

➡ Relatively mild flavor constraints from meson mixing  

• dominated by Higgs, Z - exchange 

• note: no gluon, Z gears! 

➡ predictions for Higgs & EW precision observables 

• possibly accessible at next-gen colliders
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Clockwork flavor gears can be at O(TeV) 

• small inter-gear mass gaps O(m/N)  

How to search for them at the LHC?  

• Q gears QCD pair produced  

• decay 

• multiple thresholds at LHC? 

• long decay chains? 

➡ “modulating” x-section 

LHC searches
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Model of flavor based on clockwork mechanism 

• shares particularities with RS & FN 

• obstacles to continuum version 

• no elegant simultaneous solution for EW hierarchy 

• effects in flavor physics under control for O(1TeV) gears!  

• associated effects in Higgs & EW observables 

• gears can be searched for in high pT processes 

• novel x-section ‘modulation’ signatures 

 

Conclusions



Backup


