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A generator of tiny couplings.

First proposed to generate a tiny coupling to a scalar

in relaxion models.                      Choi, Im [1511.00132]

Kaplan, Rattazzi [1511.01827]

Later,

 Generalized to fermions, gauge bosons, gravitons.

 Obtained from deconstruction of an extra dimension.

 Applied to the electroweak-Planck hierarchy directly.

Giudice, McCullough [1610.07962]

Further discussion:  Craig, Garcia Garcia, Sutherland [1704.07831]

Giudice, McCullough [1705.xxxxx]

The clockwork mechanism



➢ Consider a particle 𝑃 kept massless by a symmetry 𝑆.

For example:

⦁  Shift symmetry for a spin-0 particle

⦁  Chiral symmetry for a spin-1/2 particle

⦁  Gauge symmetry for a spin-1 particle

⦁  Diffeomorphism invariance for a spin-2 particle

The clockwork mechanism



➢ Consider 𝑁 + 1 such particles 𝑃𝑖 (𝑖 = 0, … , 𝑁)

kept massless by symmetries 𝑆𝑖 .

The clockwork mechanism



➢ Consider 𝑁 + 1 such particles 𝑃𝑖 (𝑖 = 0, … , 𝑁)

kept massless by symmetries 𝑆𝑖 .

➢ Break the symmetries by nearest-neighbor mass mixings. 
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➢ Consider 𝑁 + 1 such particles 𝑃𝑖 (𝑖 = 0, … , 𝑁)

kept massless by symmetries 𝑆𝑖 .

➢ Break the symmetries by nearest-neighbor mass mixings. 

One combination

𝒫 = σ 𝑐𝑖𝑃𝑖

remains massless.

➢ If the breaking is asymmetric, 𝑐𝑖 vary with 𝑖 exponentially.

➢ Coupling external fields to 𝑃𝑁 will result in their 

exponentially suppressed coupling to 𝒫.

The clockwork mechanism

SM

See McCullough

talk for details.



Linear dilaton scenario

➢ 𝑁 → ∞ clockwork: site 𝑖 spatial coordinate 𝑦

𝑑𝑠2 = 𝑒
4
3 𝑘 𝑦 (𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑑𝑦2)



Linear dilaton scenario

Standard

Model

𝑦 = 0

𝑦 = ±𝜋𝑅

𝑍2

gravity 𝑔𝑀𝑁 (𝑀5 ~ TeV)

scalar 𝑆 (dilaton)

𝑦

another 

brane

𝑆 𝑦 = 2𝑘 𝑦

➢ 𝑁 → ∞ clockwork: site 𝑖 spatial coordinate 𝑦

𝑑𝑠2 = 𝑒
4
3 𝑘 𝑦 (𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑑𝑦2)

Linear dilaton profile

sources the metric.

See McCullough

talk for details.



𝑀𝑃
2 =

𝑀5
3

𝑘
𝑒2𝜋𝑘𝑅 − 1 ⟹ 𝑅(𝑀5, 𝑘)

For 𝑀5 ~ 𝒪(10 TeV):     𝑘𝑅 ≈ 10

Solution to the hierarchy problem

𝐋𝐄𝐃 𝑑𝑠2 = 𝜂𝜇𝜈 𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑑𝑦2 𝑀𝑃
2 = 𝐿5𝑀5

3

𝐑𝐒 𝑑𝑠2 = 𝑒2𝑘𝑦 𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑑𝑦2 𝑀𝑃
2 ≈ 𝑒2𝑘𝜋𝑅

𝑀5
3

𝑘

𝐂𝐥𝐨𝐜𝐤𝐰𝐨𝐫𝐤/𝐋𝐃 𝑑𝑠2 = 𝑒
4
3

𝑘𝑦 𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑑𝑦2 𝑀𝑃
2 ≈ 𝐿5 𝑒

4
3

𝑘𝜋𝑅 𝑀5
3

3

Comparison with other extra dimensional scenarios



Stack of D3 branes

→ 4d strongly coupled SCFT

→ dual to gravitational theory in 𝐴𝑑𝑆5 × 𝑆5 Maldacena [hep-th/9711200]

→ Randall-Sundrum setup with two branes to explain

the TeV-Planck hierarchy                   Randall, Sundrum [hep-ph/9905221]

Stack of NS5 branes

→ 6d strongly coupled non-local theory: Little String Theory (LST)

Berkooz, Rozali, Seiberg [hep-th/9704089]; Seiberg [hep-th/9705221]

→ dual to 7d gravitational theory w/linearly varying dilaton

Aharony, Berkooz, Kutasov, Seiberg [hep-th/9808149]

Giveon, Kutasov [hep-th/9909110]

→ LST at a TeV (linear dilaton) setup with two branes to explain

the TeV-Planck hierarchy Antoniadis, Dimopoulos, Giveon [hep-th/0103033]

Stringy connection of the linear dilaton



Antoniadis, Arvanitaki, Dimopoulos, Giveon [1102.4043]

KK gravitons for large 𝑘 @ Tevatron, LHC

Baryakhtar [1202.6674]

KK gravitons @ LHC, beam dump, supernova, BBN

Cox, Gherghetta [1203.5870]

KK dilatons / radion for large 𝑘 @ LHC

Giudice, Plehn, Strumia [hep-ph/0408320]

Franceschini, Giardino, Giudice, Lodone, Strumia [1101.4919]

KK gravitons in a low-𝑘 RS scenario @ LEP, LHC

Previous studies of phenomenology

The clockwork KK graviton spectrum

and interaction strengths for 𝑛 ≫ 𝑘𝑅 are 

the same as in RS with
𝑘RS =

1

𝜋𝑅
≈

𝑘

30



KK graviton masses

𝑚0
2 = 0 𝑚𝑛

2 = 𝑘2 +
𝑛2

𝑅2 𝑛 = 1, 2, 3, …

KK graviton couplings

ℒ ⊃ −
1

Λ𝑛
ℎ𝜇𝜈

𝑛
𝑇𝜇𝜈 Λ0

2 = 𝑀𝑃
2 Λ𝑛

2 = 𝑀5
3𝜋𝑅 1 +

𝑘𝑅

𝑛
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KK modes



KK graviton masses

𝑚0
2 = 0 𝑚𝑛

2 = 𝑘2 +
𝑛2

𝑅2 𝑛 = 1, 2, 3, …

KK graviton couplings

ℒ ⊃ −
1

Λ𝑛
ℎ𝜇𝜈

𝑛
𝑇𝜇𝜈 Λ0

2 = 𝑀𝑃
2 Λ𝑛

2 = 𝑀5
3𝜋𝑅 1 +

𝑘𝑅

𝑛

2

KK dilaton / radion masses and couplings

𝑚0
2 = 8

9 𝑘2 𝑚𝑛
2 = 𝑘2 +

𝑛2

𝑅2 𝑛 = 1, 2, 3, …

ℒ ⊃ −
1

Λ𝑛
𝜙(𝑛)𝑇𝜇

𝜇
Λ0

2 ≃
18𝑀5

3

𝑘
Λ𝑛

2 =
3

4
𝑀5

3𝜋𝑅 10 +
𝑘𝑅

𝑛

2
+ 9

𝑛

𝑘𝑅

2

Model dependence in the case of non-rigid stabilization

or Higgs-curvature coupling. 

Kofman, Martin, Peloso [hep-ph/0401189]

Cox, Gherghetta [1203.5870]

KK modes



𝑚𝑛
2 = 𝑘2 +

𝑛2

𝑅2
𝑛 = 1, 2, 3, …

The relative mass splitting starts from

𝑚2 − 𝑚1

𝑚1
≈

3

2 𝑘𝑅 2
≈ 1.5% ,

then grows, but eventually falls as

𝑚𝑛+1 − 𝑚𝑛

𝑚𝑛
≃

1

𝑛

KK mode splittings



For 𝑛 ≲ 100, i.e. 𝑘 ≲ 𝑚𝑛 ≲ 10𝑘, the individual modes can be 

resolved in the 𝜸𝜸 and 𝒆+𝒆− channels in ATLAS and CMS!

𝑚𝑛
2 = 𝑘2 +

𝑛2

𝑅2
𝑛 = 1, 2, 3, …

KK mode splittings



The intrinsic widths of at least the first ~30 modes are smaller 

than the resolution in the relevant range of parameters.

𝑀5 = 2 TeV

𝑘 = 1.8 TeV
𝑀5 = 5 TeV

𝑘 = 3 TeV

𝑀5 = 2 TeV

𝑘 = 500 GeV

KK mode splittings



KK graviton decays

Decays to SM particles:

*In the regime where phase space suppressions are negligible.

Easiest decays to see:  𝛾𝛾, 𝑒+𝑒−, (𝜇+𝜇−)
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Total rate to SM particles (for 𝑛 ≫ 𝑘𝑅, 𝑚𝑛 ≫ 𝑚𝑡):

Γ𝑛→SM ≃
283

960𝜋2

𝑚𝑛
3

𝑅𝑀5
3

There are also decays to lighter KK gravitons. For 𝑛 ≫ 𝑘𝑅 ≫ 1:

Γ𝑛→KK ≃
5 ∙ 7 ∙ 17

3 ∙ 214𝜋2

𝑘𝑚𝑛𝑚𝑛
3

𝑘𝑅𝑀5
3

Γ𝑛→KK

Γ𝑛→SM
≈ 0.04

𝑚𝑛

𝑘

A huge effect for low 𝑘!



𝑘 = 1 MeV 0.1 GeV 10 GeV 1 TeV

without decays

to KK gravitons

KK graviton decays



𝑘 = 1 MeV

0.1 GeV

10 GeV

1 TeV

KK graviton decays



Production cross sections

Single KK graviton:

𝜎𝑛 =
𝜋

48Λ𝑛
2 3ℒ𝑔𝑔 𝑚𝑛

2 + 4 

𝑞

ℒ𝑞 ത𝑞 𝑚𝑛
2

KK graviton tower approximated by a continuum:

𝑑𝜎

𝑑𝑚
≃

𝜋

48𝑀5
3 1 −

𝑘2

𝑚2 3ℒ𝑔𝑔 𝑚2 + 4 

𝑞

ℒ𝑞 ത𝑞 𝑚2

Independent of 𝑘 for 𝑚 ≫ 𝑘.
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Independent of 𝑘 for 𝑚 ≫ 𝑘.

KK dilaton tower:

𝑑𝜎

𝑑𝑚
≃

49𝛼𝑠
2

864𝜋2𝑀5
3 1 −

𝑘2

𝑚2 1 −
8

9

𝑘2

𝑚2

−1
𝑘2

𝑚2 ℒ𝑔𝑔 𝑚2



Production cross sections

KK graviton

𝑠 = 13 TeV

𝑀5 = 10 TeV

𝑘 = 3, 30, 300, 500, 1000 GeV

𝑠 = 13 TeV



Production cross sections

KK graviton and KK dilaton (× 𝟓𝟎𝟎, dashed)

𝑠 = 13 TeV

𝑀5 = 10 TeV

𝑘 = 3, 30, 300, 500, 1000 GeV

𝑠 = 13 TeV



Production cross sections and lifetimes

𝑠 = 13 TeV

𝑀5 = 10 TeV

𝑘 = 3, 30, 300, 500, 1000 GeV

𝑠 = 13 TeV

KK graviton and KK dilaton (× 𝟓𝟎𝟎, dashed)

prompt displaced detector-stable



Production cross sections and lifetimes

KK graviton and KK dilaton (× 𝟓𝟎𝟎, dashed)

prompt displaced detector-stable

𝑠 = 13 TeV

𝑴𝟓 = 𝟏𝟎𝟎 𝐓𝐞𝐕

𝑘 = 3, 30, 300, 500, 1000 GeV

𝑠 = 13 TeV



Lifetimes

mass gap

prompt

KK dilatons

𝑀5 = 10 TeV

collider-stable

KK dilatons



Standard signatures

➢ Enhancement of the 𝛾𝛾, 𝑒+𝑒−, 𝜇+𝜇− spectra at high mass.

Signatures in ATLAS / CMS



Standard signatures

➢ Enhancement of the 𝛾𝛾, 𝑒+𝑒−, 𝜇+𝜇− spectra at high mass.

Shape qualitatively different from the ADD benchmark models.

Signatures in ATLAS / CMS

ADD

𝑀5 = 3 TeV

Λ𝑇 = 3 TeV

𝑘 = 10, 100, 500, 1000, 2000 GeV



Standard signatures

➢ Enhancement of the 𝛾𝛾, 𝑒+𝑒−, 𝜇+𝜇− spectra at high mass.

Shape qualitatively different from the ADD benchmark models.

➢ Effect on rate and angular distribution in dijets

(important contributions due to 𝑡-channel exchange).

Signatures in ATLAS / CMS
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Standard signatures

➢ Enhancement of the 𝛾𝛾, 𝑒+𝑒−, 𝜇+𝜇− spectra at high mass.
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➢ Distinct 𝛾𝛾 and 𝑒+𝑒− resonances near the turn-on of the 

spectrum (𝑚 ≈ 𝑘).

However, to what extent are resonance searches affected by  

nearby peaks?

Signatures in ATLAS / CMS

𝑀5 = 6 TeV

𝑘 = 500 GeV

𝜸𝜸



Standard signatures

➢ Enhancement of the 𝛾𝛾, 𝑒+𝑒−, 𝜇+𝜇− spectra at high mass.

Shape qualitatively different from the ADD benchmark models.

➢ Effect on rate and angular distribution in dijets

(important contributions due to 𝑡-channel exchange).

➢ Distinct 𝛾𝛾 and 𝑒+𝑒− resonances near the turn-on of the 

spectrum (𝑚 ≈ 𝑘).

However, to what extent are resonance searches affected by  

nearby peaks? 

➢ Strong gravity signatures (black holes etc.) around 𝑚 ~ 𝑀5.

As in other scenarios, unknown and model dependent.

Signatures in ATLAS / CMS



Novel signatures

➢ Periodic peaks in 𝛾𝛾 and 𝑒+𝑒− spectra,

i.e. a peak in the Fourier space.

Signatures in ATLAS / CMS
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𝑘 = 500 GeV
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Novel signatures
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➢ Cascades within the KK graviton and KK dilaton towers:

⦁  Final states with high object multiplicity.

⦁  Events with high multiplicity of special objects

(e.g., multiple leptons).

⦁ Events containing one or multiple displaced objects 

along with prompt objects.

Signatures in ATLAS / CMS



Novel signatures

➢ Periodic peaks in 𝛾𝛾 and 𝑒+𝑒− spectra,

i.e. a peak in the Fourier space.

➢ Turn-on of the 𝛾𝛾, 𝑒+𝑒−, 𝜇+𝜇− spectra near 𝑚 ≈ 𝑘, 

possibly at a low mass, down to sub-GeV.

➢ Cascades within the KK graviton and KK dilaton towers:

⦁  Final states with high object multiplicity.

⦁  Events with high multiplicity of special objects

(e.g., multiple leptons).

⦁ Events containing one or multiple displaced objects 

along with prompt objects.

➢ Resonant production of somewhat long-lived (although 

not very boosted) light KK gravitons.

Signatures in ATLAS / CMS



Fourier analysis of the 𝜸𝜸 spectrum

Is it possible to detect the periodic structure

by analyzing the 𝜸𝜸 spectrum in Fourier space?

𝑃(𝑇) ≡
1

2𝜋
න

𝑚min

𝑚max

𝑑𝑚
𝑑𝜎

𝑑𝑚
exp 𝑖

2𝜋 𝑚2 − 𝑘2

𝑇

2

𝑀5 = 6 TeV

𝑘 = 500 GeV



Fourier analysis of the 𝜸𝜸 spectrum

𝑘 < 𝑚 < 3𝑘

𝑅−1

𝑀5 = 6 TeV

𝑘 = 500 GeV



Fourier analysis of the 𝜸𝜸 spectrum

𝑘 < 𝑚 < 3𝑘

𝑅−1Also divide out the parton luminosity:

𝑀5 = 6 TeV

𝑘 = 500 GeV



Fourier analysis of the 𝜸𝜸 spectrum

Adding background and subtracting

a fit to a smooth function.

𝑀5 = 6 TeV

𝑘 = 500 GeV



Fourier analysis of the 𝜸𝜸 spectrum
Dividing out the parton luminosity and Fourier transforming.



Fourier analysis of the 𝜸𝜸 spectrum

Generating multiple realizations of signal+background (black)

and background alone (gray) to quantify significance.



Limits from high-mass 𝜸𝜸 continuum

Unfortunately, no searches released since 7 TeV.        

ATLAS-CONF-2012-087 (4.9 fb-1); CMS [1112.0688] (2.2 fb-1)

Let us then examine more recent data ourselves:

ATLAS-CONF-2016-059 arXiv:1609.02507



Limits from high-mass 𝜸𝜸 continuum

Will derive:  (1) conservative limits assuming background is 

completely unknown

(2) approximate expected limits assuming signal

is absent and statistics-dominated uncertainties

Search regions:  𝑚𝛾𝛾 > 500, 1000, 2000 GeV

based on ATLAS-CONF-2016-059

𝑀5 = 6 TeV
𝑘 = 500 GeV

𝑀5 = 4 TeV
𝑘 = 2500 GeV

𝑀5 = 3.5 TeV
𝑘 = 0.2 GeV



Limits from high-mass 𝓵+𝓵− continuum

ATLAS-CONF-2017-027

… and analogously for muons.



ATLAS, we can’t read many 

of the numbers here.

Limits from dijet angular distributions

Searches look at angular

distributions in 𝑚jj bins,

using the variable

𝜒 = exp(|𝑦1 − 𝑦2|)

arXiv:1703.09127



Limits from 𝜸𝜸 resonance searches

ATLAS-CONF-2016-059

Caveats: 1. Bump hunting might not work as expected due to 

the additional nearby peaks.

2. Intrinsic background due to the rest of the KK tower

is not taken into account.

arXiv:1609.02507



Limits from 𝓵+𝓵− resonance searches

CMS-PAS-EXO-16-031

Caveats: 1. Bump hunting might not work as expected due to 

the additional nearby peaks.

2. Intrinsic background due to the rest of the KK tower

is not taken into account.

ATLAS-CONF-2017-027



Sensitivity of some of the channels

work in
progress



work in
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Sensitivity of some of the channels



The clockwork / linear dilaton solution to the hierarchy 

problem features novel LHC signatures:

➢ Effects on diphoton / dilepton / dijet spectra 

qualitatively different from ADD benchmark models.

➢ Motivation for searches in Fourier space.

➢ Interesting benchmark models for high-multiplicity 

final states.

➢ Interesting benchmark models for displaced decays.

Conclusions

Thank you 

for your time!
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Consider a compact extra dimension and a metric of the form

and discretize it.

𝑦 = ±𝜋𝑅

𝑦

𝑑𝑠2 = 𝑋 𝑦 𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑌 𝑦 𝑑𝑦2

𝑦 = 0

𝑍2

𝑵 → ∞ clockwork as an extra dimension



Consider a compact extra dimension and a metric of the form

The action for a massless scalar (for simplicity) can be written 

as

where

To have 𝑚𝑖
2 and 𝑞𝑖 uniform across the sites, can take

where 𝑘 is a free parameter, with which 𝑞𝑁 = 𝑒𝑘𝜋𝑅.

𝑚𝑖
2 ≡

𝑁2𝑋𝑖

𝜋2𝑅2𝑌𝑖
, 𝑞𝑖 ≡

𝑋𝑖
1/2

𝑌𝑖
1/4

𝑋𝑖+1
1/2

𝑌𝑖+1
1/4

𝑆 = න 𝑑4𝑥 𝑑𝑦 −𝑔 −
1

2
𝑔𝑀𝑁𝜕𝑀𝜙𝜕𝑁𝜙

→ −
1

2
න 𝑑4𝑥 

𝑖

(𝜕𝜇𝜙𝑖)2 + 

𝑖

𝑚𝑖
2(𝜙𝑖 − 𝑞𝑖𝜙𝑖+1)2

𝑑𝑠2 = 𝑋 𝑦 𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑌 𝑦 𝑑𝑦2

𝑋 𝑦 ∝ 𝑌( 𝑦 ) ∝ 𝑒−
4
3𝑘|𝑦|

𝑵 → ∞ clockwork as an extra dimension



What kind of physics would create such a metric?

A background scalar field linear in 𝑦:

𝑆 𝑦 = 2𝑘|𝑦|

Known in the string theory literature as the

linear dilaton background

𝑑𝑠2 = 𝑒
4
3

𝑘|𝑦| 𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑑𝑦2

𝑦 = 0

𝑦 = ±𝜋𝑅

𝑍2

𝑦

𝑵 → ∞ clockwork as an extra dimension



𝑆 = න 𝑑𝑦𝑑4𝑥 −𝑔
𝑀5

3

2
𝑒𝑆 𝑅 + 𝛻𝑆 2 + 4𝑘2 + 

𝑖=SM,h

𝑒𝑆(𝑦𝑖) න 𝑑4𝑥 −𝑔 ℒ𝑖 − Λ𝑖

where in LST

Going from Jordan to Einstein frame (𝑔𝑀𝑁 → 𝑒−2𝑆/3𝑔𝑀𝑁):

𝑆 = න 𝑑𝑦𝑑4𝑥 −𝑔
𝑀5

3

2
𝑅 − 1

3 𝛻𝑆 2 − 𝑉(𝑆) − 

𝑖=SM,h

𝑒−𝑆(𝑦𝑖)/3 න 𝑑4𝑥 −𝑔 ℒ𝑖 − Λ𝑖

where  𝑉 𝑆 = −4𝑘2𝑒−2𝑆/3.

Background solution:

𝑑𝑠2 = 𝑒
4

3
𝑘|𝑦|(𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑑𝑦2) 𝑆 𝑦 = 2𝑘|𝑦|

assuming Λh = −ΛSM = 4𝑀5
3𝑘.

𝑀5 ≃
𝑀𝑠

3𝑉6
1/3

𝑁1/6
, 𝑘 =

𝑀𝑠

2 𝑁
.

Clockwork / linear dilaton setup



Randall-Sundrum

𝑑𝑠2 = 𝑒2𝑘𝑧 𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑑𝑧2 0 ≤ 𝑧 ≤ 𝜋𝑅

𝑅 = −20𝑘2

Clockwork / linear dilaton

𝑑𝑠2 = 𝑒
4

3
𝑘𝑦 𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑑𝑦2 0 ≤ 𝑦 ≤ 𝜋𝑅

= 1 + 2
3
𝑘𝑧

2
𝜂𝜇𝜈𝑑𝑥𝜇𝑑𝑥𝜈 + 𝑑𝑧2 1 ≤ 2

3
𝑘𝑧 ≤ 𝑒

2
3

𝑘𝜋𝑅

𝑅 = −
12

𝑧2

Clockwork vs. RS geometry



𝑀𝑃
2 =

𝑀5
3

𝑘
𝑒2𝜋𝑘𝑅 − 1 ⟹ 𝑅(𝑀5, 𝑘)

4d Planck scale

𝑀5 = 𝟏 𝐓𝐞𝐕, 𝟏𝟎𝟎 𝐓𝐞𝐕

LED

clockwork



𝑀𝑃
2 =

𝑀5
3

𝑘
𝑒2𝜋𝑘𝑅 − 1 ⟹ 𝑅(𝑀5, 𝑘)

4d Planck scale

𝑀5 = 𝟏 𝐓𝐞𝐕, 𝟏𝟎𝟎 𝐓𝐞𝐕

LED

clockwork

Such a large extra 

dimension doesn’t 

exist in nature…

… but this

could work



𝑀𝑃
2 =

𝑀5
3

𝑘
𝑒2𝜋𝑘𝑅 − 1 ⟹ 𝑅(𝑀5, 𝑘)

For 𝑀5 ~ 𝒪(10 TeV):     𝒌𝑹 ≈ 𝟏𝟎

4d Planck scale

𝑀5 = 1 TeV

𝑀5 = 100 TeV



KK graviton width vs. mass splitting

Even with significant decays to lighter KK gravitons, 

the width

Γ𝑛→KK ≃
5 ∙ 7 ∙ 17

3 ∙ 214𝜋2

𝑘𝑚𝑛𝑚𝑛
3

𝑘𝑅𝑀5
3

is smaller than the mass splitting, 1/𝑅, as long as

𝑚𝑛 ≲ 6.8
𝑘

𝑀5

1/7

𝑀5 .

This is satisfied for all 𝑚𝑛 < 𝑀5 as long as

𝑘 ≳ 1.5 × 10−6 𝑀5 ≈ 15 MeV
𝑀5

10 TeV



KK graviton lifetimes

𝑀5 = 1 TeV

𝑀5 = 100 TeV

𝑘 = 100 GeV

𝑘 = 10−3 GeV



KK dilaton decays

For coupling to 𝑇𝜇
𝜇

only and neglecting

phase space suppressions

Γ𝑊𝑊 =
Γ0

2
Γ𝑍𝑍 = Γℎℎ =

Γ0

4

Γ𝑔𝑔 = 49
𝛼𝑠

2𝜋

2

Γ0 ≈ 0.012 Γ0

Γ𝛾𝛾 =
289

72

𝛼

2𝜋

2

Γ0 ≈ 6 × 10−6 Γ0

Γ𝑓 ҧ𝑓 = 𝑁𝑐,𝑓

𝑚𝑓

𝑚𝑛

2

Γ0

where for 𝑛 ≫ 𝑘𝑅

Γ0 ≃
1

54𝜋2𝑘𝑅

𝑘

𝑀5

3

𝑚𝑛



Dependence on stabilization mechanism

KK dilaton/radion mass spectrum



Dependence on stabilization mechanism

KK dilaton/radion couplings

ℒ𝑛 ⊃ −
Φ𝑛 0

2
𝑇𝜇

𝜇
+

𝜑𝑛 0

3
ℒSM 𝑆(𝑛)

𝑀5 = 10 TeV

𝑘 = 1 GeV

𝑀5 = 10 TeV

𝑘 = 1 GeV


