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Motivation: Why this model?

CP-violating  coupling | Enhance RH gravitational wavesχGG̃

, Sym. SU(2)ℒS−CNI = −
1
2

∂μϕ∂μϕ − V(ϕ) −
1
2

∂μ χ∂μχ − V(χ) −
1
4

GaμνGa
μν +

λ
4f

χGa
μνG̃aμν

 requires  . Can this come from UV? ℒS-CNI 60 ≲ λ

RH Tensor Pert.

RH Metric Pert.

x ≡ k /(aH )

Vacuum Fluct.

[ Dimastrogiovanni, Fastello, Fujita, JCAP 01 (2017) 019 ]
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Coupling  is quantized!  λ
Look at the  : χGG̃ ℒ′￼S−CNI ⊃

λ
4fg2

χ ⋅ GG̃

• Shift Symmetry:  


 

 

• We want , thus 

χ ≡ χ + 2π f

→ Δℒ′￼S−CNI =
λ

4fg2
(2π f ) ⋅ GG̃

S = ei ∫ d4x Δℒ′￼S−CNI = 1

λ
4fg2

(2π f ) ⋅ ∫ d4x GG̃

32π2n

∈ 2πℤ → λ = ℓ
α
2π

,with ℓ ∈ ℤ, α =
g2

4π

V(χ)

What UV completions generate large integers  ?ℓ

Fact!
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Method 1:  from Chiral Anomalyℓ
KSVZ axion, coupled to heavy fermions charged under SU(N): 

ℒS−CNI ⊃ y ⋅ f exp (i
χ
f ) ψ̄ ψ + h . c . ℒEFT ⊃

2Nf I2(Q)α
8π f

χGG̃

UV IR

Gauge theory is perturbative at scale : f 2Nf I2(Q) α ≤ 1 → ℓ1 ≲ α−1

We get, ℓ1 ≃ 2Nf I2(Q) , Dynkin Index  I2(Q) δab = Tr[tatb]

χ
Ga

μ

Gb
ν

[ Agrawal, Fan, Reece, JHEP 10 (2018) 193 ]
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Method 2:  from Clockworkℓ

μ1 ∼ μ2

Two-site clockwork: 2-Dim field space to keep  Δχi ∼ fi < MPl

, with ℒS−CNI ⊃ μ4
1 cos ( χ1

F1 ) + μ4
2 cos (ℓ2 ⋅

χ1

F1
−

χ2

F2 ) +
α
8π

χ2

F2
GG̃ F1 = ℓ2 ⋅ F2

What happens when one axion is heavy, ?μ1 ≪ μ2
[ Kaplan, Rattazzi, PRL D 93 (2016) 8 ]
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Method 2:  from Clockworkℓ
Two-site clockwork: 2-Dim field space to keep  Δχi ∼ fi < MPl

, with ℒS−CNI ⊃ μ4
1 cos ( χ1

F1 ) + μ4
2 cos (ℓ2 ⋅

χ1

F1
−

χ2

F2 ) +
α
8π

χ2

F2
GG̃ F1 = ℓ2 ⋅ F2

μ1 ≪ μ2

[ Kaplan, Rattazzi, PRL. D 93 (2016) 8 ]

What happens when one axion is heavy, ?μ1 ≪ μ2

mailto:hengameh@g.harvard.edu


Hengameh Bagherian | hengameh@g.harvard.edu UV-Complete S-CNI

Method 2:  from Clockworkℓ
Two-site clockwork: 2-Dim field space to keep  Δχi ∼ fi < MPl

Integrate out :
μ2

ℓ2 ⋅
χ1

F1
=

χ2

F2

ℒEFT ⊃ μ4
1 cos ( χ1

F1 ) + ℓ2 ⋅
α
8π

χ1

F1
GG̃

With N-Site clockwork: ℓ2 = ΠN−1
i=1 ℓi

μ1 ≪ μ2

, with ℒS−CNI ⊃ μ4
1 cos ( χ1

F1 ) + μ4
2 cos (ℓ2 ⋅

χ1

F1
−

χ2

F2 ) +
α
8π

χ2

F2
GG̃ F1 = ℓ2 ⋅ F2

[ Kaplan, Rattazzi, PRL. D 93 (2016) 8 ]
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Method 2:  from Clockworkℓ
Two-site clockwork: 2-Dim field space to keep  Δχi ∼ fi < MPl

With N-site clockwork: ℓ2 = ΠN−1
i=1 ℓi

μ1 ≪ μ2

Perturbative Unitarity:  cannot be arbitrarily large, either! ℓ2

−Re ℳχχ→χχ

16π
<

1
2

→ μ < f N-site  μ1 < . . . < μn < Fn → μ1 ≲ F1/ℓ2

Integrate out :
μ2

ℓ2 ⋅
χ1

F1
=

χ2

F2

[ Kaplan, Rattazzi, PRL. D 93 (2016) 8 ]
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UV Clockwork in the Parameter Space
Combine the two methods (bounds): 

λ = ℓ1 ⋅ ℓ2
α
2π

≲ α−1 ⋅ ( f
μ ) α

2π
→ 60 ≲ λ ≲

f
2πμ

Are we free to choose  ? λ, μ, f

g ⟨Ga
i ⟩ ∝ mQ H/MPl Λ ∝

λ
f

f Not Free
EOM

μ(Λ, f )

Parameter space is still too large! Any IR constraints?
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IR Constraints

 
Agreement with 

Observation

 
Physical Control

 

 
Small Back Reaction

 
Small Loop Quantum 

Corrections

r = rvac + rsc < 0.036 2 < mQ

ℛGW =
rsc

rvac
> 1

ϵA + ϵχ <
H2

32π2M2
Pl

1
Pξ

Function of  only!g − mQ

[ Papageorgiou, Peloso, Unal, JCAP 09 (2018) 030 ]

mailto:hengameh@g.harvard.edu


Hengameh Bagherian | hengameh@g.harvard.edu UV-Complete S-CNI

IR Constraints to Fix  and g, mQ H/MPl
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, 
4.5 ⋅ 10−3 ≲ g ≲ 1.9 ⋅ 10−2

2.3 ≲ mQ ≲ 3.1
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IR Constraints to Fix  and g, mQ H/MPl

, 
g = 0.01
6.2 ⋅ 10−6 ≲ H/MPl ≲ 1.0 ⋅ 10−5
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IR Constraints to Fix  and g, mQ H/MPl
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    Add the UV clockwork constraint in 

g = 0.014 mQ = 2.7, and H/MPl = 8.2 ⋅ 10−6

→ Λ − f
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S-CNI is not compatible with clockwork UV completions!

Satisfying the UV Clockwork in IR Theory
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Thank you!
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