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Introduction to Clockwork



A Burst of Flavor

Flavor Physics in the quark sector is heavily guided by the Yukawa
interactions of the Standard Model (SM),

LY ukawa ⊃ Y dijq
i
LHd

j
R + Y uijq

i
LH̃u

j
R. (1)

These terms are responsible for the quark masses we see in the SM,
after the Electro-Weak symmetry breaking occurs.

• Yukawa Couplings: Increasing per generation - Hierarchic
• Yukawa Couplings: O(1) down to O(10−6)

• One Higgs vev→ range of masses over 6 orders of magnitude!
• Why? ∈ SM Flavor Puzzle
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Fermion Mass Hierarchy

Figure 1: https://cerncourier.com/a/who-ordered-all-of-that/ 4



Clockwork: The Setup

The Clockwork mechanism [Giudice et. al 1610.07962] can generate
small (or large) scales from O(1) numbers. As a quick introduction,
let us consider the simplest SM Clockwork, for the RH up quark
uR ∼ (3, 1, 23 ):

• Introduce N massless LH fermions {ψ(A)
L } and N + 1 RH

counterparts {ψ(A)
R }

• Global chiral symmetry present; Abelian factors U(1)
(A)
L and

U(1)
(A)
R

• Break the symmetry: Spurions m(A) = m charged (+1,−1)

under U(1)
(A)
L × U(1)

(A)
R and m(A)

χ = −mχ, charged (+1,−1)

under U(1)
(A)
L × U(1)

(A+1)
R

• One unbroken U(1) factor =⇒ One massless mode

Lbreaking = −m
N∑
A=1

(
ψ
(A)

L ψ
(A)
R − χψ

(A)

L ψ
(A+1)
R + h.c.

)
. (2)
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Clockwork: The Execution

The exponential suppression is made apparent by going to the mass
eigenbasis {ξ(A)

R }. Observe the massless mode:

ξ
(N+1)
R = N

N+1∑
A=1

ψ
(A)
R

χA−1

N ≃ 1

ψ
(1)
R

ψ
(2)
R

ψ
(3)
R

ψ
(4)
R

χ = 2, N = 3

Massless mode has an exponentially suppressed overlap with ψ(N+1)
R .

Identify it with uR, and make everything else heavy (m≫ v)! Then,

L ⊃ −Ỹ u qLH̃ ψ
(N+1)
R ⊃ − 1

χN
Ỹ u qLH̃ uR (3)
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Clockwork and the SM

We consider the simplest setup:

• All quarks are identified with massless-modes after CW breaking
• Universal Clockwork breaking masses
• Universal gear ratios χ−1 = λ ∼ 0.23

• Gear numbers tune the scales (cf. [Alonso et. al 1807.09792])

Y ikx ≃ Ỹ ikx χ−Ni
q−N

k
x , x ∈ {u, d} (4)

Nq =

 3

2

0

 , Nu =

 5

2

0

 , Nd =

 4

3

3

 (5)
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SUSY



Fixing A Massive Problem

The Higgs mass dependence on the UV cutoff and heaviest fields in
the theory make the SM Higgs mass unlikely in its deviation from the
Planck mass

Supersymmetry is a well known, elegant, solution to the problem→
Provides a superpartner contribution to cancel the aforementioned
corrections

A Clockwork theory can be extended with the SUSY
principle! Our exploration regarded a simple SM flavor extension of
the massless quarks and heavy gears:

W ⊃ ΦQimQiΦQc
i
+ΦUimUiΦUc

i
+ΦDimDiΦDc

i
(6)

+ Ỹ iju HuΦQi∆
ij
uΦUc

j
+ Ỹ ijd HdΦQi∆

ij
d ΦDc

j
,

where Φψi , the chiral super-field corresponding to the SM ψi, is a
vector in Clockwork space, while∆ij

x is a projection operator,
selecting the (N i

q + 1, N j
x + 1) gear fields.

8
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A Broken Principle

SUSY has not been observed, to date. As such, it must be broken at a
scale higher than we can currently probe

• Gravity mediated soft SUSY breaking presents us with several
new SUSY voilating terms that induce squark and gear mixing

• We consider soft squark masses generated at the SUSY breaking
scale O(ΛSUSY )

• Gaugino masses are independent parameters

Lsoft ⊃ Q̃†
iµ

2
Qi
Q̃i + Q̃c †

i µ2
Qc

i
Q̃c
i + (M2

Q)ijQ̃
†
i∆

ij
QQ̃j

+ Ũ†
iµ

2
Ui
Ũi + Ũc †

i µ2
Uc

i
Ũc
i + (M2

U )ijŨ
c †
i ∆ij

U Ũ
c
j

+ D̃†
iµ

2
Di

D̃i + D̃c †
i µ2

Dc
i
D̃c
i + (M2

D)ijD̃
c †
i ∆ij

DD̃
c
j ,
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Ũi + Ũc †
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c †
i ∆ij

U Ũ
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Ũc
i + (M2

U )ijŨ
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Squark Mixing

For a simplistic viability test, all soft breaking squark masses are set
to mS , and the gluino mass to mg , with ΛSUSY ∼ max(mS ,mg).

m2
q̃ ≃ m2

S

 1 χ−1 χ−3

χ−1 1 χ−2

χ−3 χ−2 1

 , (7)

m2
ũ ≃ m2

S

 1 χ−1 χ−3

χ−1 1 χ−2

χ−3 χ−2 1

 , m2
d̃
≃ m2

S

 1 χ−1 χ−1

χ−1 1 1

χ−1 1 1


(8)
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Validity



Kaon Mixing and Decay

The tightest bounds on this theory arise from Kaon mixing and decay
processes, via squark-gluino mediated box diagrams.

• Regimes of interest: ∆mSUSY
K < δ(∆mSM

K ), |ϵSUSYK | < δϵSMK
•

⟨K0| dαLγµsαLd
β

Lγ
µsβL |K̄0⟩ = 1

3
B1(µ)mKf

2
K ,

⟨K0| dαRsαLd
β

Ls
β
R |K̄0⟩ = 1

4
B4(µ)mKf

2
K

m2
K

(md(µ) +ms(µ))2
,

⟨K0| dαRs
β
Ld

β

Ls
α
R |K̄0⟩ = 1

12
B5(µ)mKf

2
K

m2
K

(md(µ) +ms(µ))2

CSUSYi ∝ α2
s/Λ

2
SUSY

• Bi(3GeV) from lattice computations [Carrasco et. al 1505.06639]
• Use RGE matrices to flow Wilson coefficients CSUSYi (αs;mS ,mg)

from ΛSUSY → 3 GeV, to evaluate C⃗SUSY · ⟨O⃗⟩
• The real part is ∆mSUSY

K , and the imaginary, ϵSUSYK

11
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Valid Parameter Space
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Figure 2: The ϵK plot indicates some contours labelling the ratio of the
Clockwork SUSY contribution to ϵK to the theoretical uncertainty of the SM
ϵK prediction in [Brod et. al, 1911.06822]. The ∆mK plot tracks the ratio of
the Clockwork SUSY contribution to ∆mK to the Standard Model
experimental value found in the PDG review.

12

https://arxiv.org/abs/1911.06822
https://inspirehep.net/literature/1812251


Conclusion



Summary

• Clockwork is an answer to a part of the SM Flavor Puzzle:
Hierarchies in quark masses, and the CKM matrix

• It is compatible with SUSY, and can thus address another big
discrepancy in scales: mhiggs,MP

• The full theory is valid if ΛSUSY > 3 PeV

• The ”simplest” model works, but must be fine tuned to
ameliorate the Higgs sensitivity to the new UV of ΛSUSY > 3PeV

• Further flavor mixing and fine-tuning can be incorporated and
tweaked by having non-universal masses and gear ratios
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Questions?
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