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Outline

• Motivations and a model for a power-law 
warped extra dimension

• New KK graviton phenomenology

• Experimental and astrophysical limits
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Extra spatial dimensions beyond 4D spacetime

• String theory (6 extra dimensions for consistency of theory)

• Flat 𝑁 extra dimensions (ADD model)

N Arkani-Hamed, S Dimopoulos, G Dvali ‘98 
Our 4D 
world

Compact extra 
dimension

R

𝑀!"#	: Planck scale in 4 + 𝑁	spacetime

𝑀!
" = (𝑀#$%)"$%	𝑅%

𝑀!"# =
$$
%

%&

&/()"#)
∼ TeV   for  𝑅 ∼ 10

'(
&+&, cm 

The hierarchy problem can be solved by large extra dimensions 
(e.g. ~ 0.1 mm for 𝑁 = 2). 

Talk preparation note

February 13, 2025
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µνFµνγ5e , (2)
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Effective 4D Planck scale
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Extra spatial dimensions beyond 4D spacetime

• A warped extra dimension (RS model) L Randall, R Sundrum ‘99 

𝑀-	~	𝑀.𝑒+/0% ∼ TeV   for   𝑅 ∼ 10+1 fm 

4D spacetime

4D spacetime

Extra dimension

𝑑𝑠" = 𝑒"&'𝑔()𝑑𝑥(𝑑𝑥) + 𝑑𝑦"

𝑦 = 0 𝑦 = 𝜋𝑅

𝑒)*+

𝑀!
" ≃

𝑀*
+

𝑘 𝑒"&,-

𝑀, :  5D Planck scale

𝑘	(~𝑀,)	:   AdS, curvature  

A slice of AdS,
Effective 4D Planck scale

The hierarchy problem can be solved by a small extra dimension.
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Extra dimensional models from string theory

• 11D Heterotic M-theory Horava and Witten ‘96
Lukas, Ovrut, Stelle, Waldram ‘98
SHI, Nilles, Olechowski ‘19

𝑉3 

𝑥.. = 0 𝑥.. = 𝜋𝑅.. 

10D spacetime

10D spacetime

Dual theory of strongly coupled 10D 
heterotic string theory

Ø The 11th dimension can be 
parametrically larger than the other 6D 
extra dimensional space.

Ø Consequently, the theory can be 
described by 5D EFT after integrating 
out the 6D extra dimensions.

Ø The effective 5D metric is power-law 
warped due to the growing 6D extra 
dimensional space proportional to 𝑥--. 

𝑑𝑠*/" = 𝑘𝑦 + 1 "0𝑔()𝑑𝑥(𝑑𝑥) + 𝑑𝑦" 𝑞 = .
1
, .
2
, .
.3
, … 
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• Little string theory

Extra dimensional models from string theory

String theory in zero string coupling limit 𝑔4 → 0, which may address 
the hierarchy problem 

𝑀!
" =

1
𝑔4"
𝑀56𝑉1

Its dual theory is given by a 7D theory with a linear dilaton background,
whose 5D approximate theory is described by a power-law warped 
extra dimension.

𝑑𝑠*/" = 𝑘𝑦 + 1 "0𝑔()𝑑𝑥(𝑑𝑥) + 𝑑𝑦" 𝑞 = 1

𝑀. :  fundamental string scale
𝑉/	:  the volume of 6D extra  
       dimensional space

“Linear dilaton model” Antoniadis, Arvanitaki, S Dimopoulos, Giveon ‘11
Giudice, Kats, McCullough, Torre, Urbano ‘17
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• Many 5D EFTs from string theory predict a power-law warped extra 
dimension with 0	(ADD	limit) < 𝑞 < ∞	(RS	limit)

• Nevertheless, its phenomenology has not been studied except 𝑞 = 1 
(linear dilaton model; LD).

• In our work, we demonstrate that the KK gravitons from a power-law 
warped extra dimension with 0 < 𝑞 < 1 have quite distinct collider 
signatures compared with ADD, RS, and LD, while addressing the 
hierarchy problem.

Phenomenology of power-law warped extra 
dimensions?

𝑑𝑠*/" = 𝑘𝑦 + 1 "0𝑔()𝑑𝑥(𝑑𝑥) + 𝑑𝑦"
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String-inspired 5D model
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This form of lagrangian can be generically obtained from string theory 
with the field 𝑆 identified as the string dilaton or a Kähler modulus.

This is due to classical scale invariance (CSI) of EFTs from string theory.

� ! t
�8/3

� (13)

***

S =

Z
d
4+D

x
p
�g

✓
1

22
R� ⇤�

1

2
g
IJ
@I�@J�+ · · ·

◆
(14)

p
�g /

p
�g4 VD (15)

g
IJ
@I�@J� = g

µ⌫
4 @µ�@⌫�+ g

mn
@m�@n� (16)

(µ, ⌫ = 0, . . . , 3), (m,n = 5, . . . ,D + 4) (17)

g
mn

⇠ VD
�1/3 (18)

E < R
�1
D ! @m� = 0 (19)

S =

Z
d
4
x
p
�g4 VD

 
1

22
R4 +

1

22

D � 1

D

✓
@µVD
VD

◆2

� ⇤�
1

2
(@µ�)

2 + · · ·

!
(20)

VD ! t VD (21)

S ! tS (22)

***

S =

Z
d
5
x
p
�g e

S

✓
1

2
R+

ZS

2
(@↵S)

2
� ⇤

◆
(23)

S ! S +  (24)

S ! e

S (25)

AQM / exp

✓
i

~S
◆

(26)

~ ! e
~ (27)

S1PI =

Z
d
5
x
p
�g e

S

"
1

2
R+

ZS

2
(@↵S)

2
� ⇤+

1X

n=1

Cn

✓
~

16⇡2
e
�S

◆n
#

(28)

e
�S

< 1 (29)

***

S =

Z
d
5
x
p
�g e

S

✓
1

2
R+

ZS

2
(@↵S)

2
� ⇤

◆
(30)

ZS =

8
>><

>>:

1, String dilaton
D�1
D < 1, D-dim internal volumeVD

�
23
18 , Kähler modulus in heterotic M-theory

(31)

2

� ! t
�8/3

� (13)

***

S =

Z
d
4+D

x
p
�g

✓
1

22
R� ⇤�

1

2
g
IJ
@I�@J�+ · · ·

◆
(14)

p
�g /

p
�g4 VD (15)

g
IJ
@I�@J� = g

µ⌫
4 @µ�@⌫�+ g

mn
@m�@n� (16)

(µ, ⌫ = 0, . . . , 3), (m,n = 5, . . . ,D + 4) (17)

g
mn

⇠ VD
�1/3 (18)

E < R
�1
D ! @m� = 0 (19)

S =

Z
d
4
x
p
�g4 VD

 
1

22
R4 +

1

22

D � 1

D

✓
@µVD
VD

◆2

� ⇤�
1

2
(@µ�)

2 + · · ·

!
(20)

VD ! t VD (21)

S ! tS (22)

***

S =

Z
d
5
x
p
�g e

S

✓
1

2
R+

ZS

2
(@↵S)

2
� ⇤

◆
(23)

S ! S +  (24)

S ! e

S (25)

AQM / exp

✓
i

~S
◆

(26)

~ ! e
~ (27)

S1PI =

Z
d
5
x
p
�g e

S

"
1

2
R+

ZS

2
(@↵S)

2
� ⇤+

1X

n=1

Cn

✓
~

16⇡2
e
�S

◆n
#

(28)

e
�S

< 1 (29)

***

S =

Z
d
5
x
p
�g e

S

✓
1

2
R+

ZS

2
(@↵S)

2
� ⇤

◆
(30)

ZS =

8
>><

>>:

1, String dilaton
D�1
D < 1, D-dim internal volumeVD

�
23
18 , Kähler modulus in heterotic M-theory

(31)

2

Low Scale Heterotic M-Theory

January 29, 2019

Abstract

We examine the 11D heterotic M-theory with a low string scale well below the GUT scale.

Possibility to address the hierarchy problem with a large 11th dimension is discussed. Due

to non-trivial scaling behavior of the 6D Calabi-Yau volume along the 11th dimension, the

phenomenology is expected to be distinctive from the ADD, RS, and linear dilaton models.

Also we discuss some implications for axions in the heterotic M-theory.
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5D CSI action
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L⇡N = ḡ0N̄~⌧ · ~⇡N + ḡ1⇡
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5
e)N̄N + CP (ēe)
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@
µ

mN

N̄�µN + CT (ē�
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The General Linear Dilaton model (GLD) gives rise to a power-law warped 
extra dimension with a power 𝑞 determined by the dilaton wave function 
normalization.

Metric in the 
Einstein frame
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Power-law warping solution to the hierarchy problem

Effective 4D Planck scale

power-law warping size of the extra 
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The hierarchy problem can be solved by an intermediate size of 
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KK graviton spectrum and couplings
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Similar to ADD with 𝑁 = -")3
-43

but having larger couplings
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Characteristic features of KK graviton phenomenology
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• RS-like scenarios (𝑞 ≥ 1) :  heavy KK gravitons with sizable couplings 
                                        (determined by 𝑀* > TeV)

• ADD model :  light & heavy KK gravitons with the small coupling 1/𝑀!

Visible KK gravitons at colliders (i.e. short-lived)

Invisible KK gravitons at colliders (i.e. long-lived),
strong astrophysical limits

• Scenarios with 0 < 𝑞 < 1 :  light & heavy KK gravitons with couplings 
                                              growing with KK graviton mass  

Both visible and invisible KK gravitons at colliders,
strong or moderate astrophysical limits
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KK gravitons in colliders and astrophysical sources
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Figure 1 . Limits and projections for the extra dimensional models obtained within the GLD. The
results shown correspond to: the Randall-Sundrum model (top left), linear dilaton background (top
right ), generalized linear dilaton background with ! 2 > 1 (bottom). The RS and LD background
correspond to ! 2 = 0 , 1, respectively. The solid colorful lines indicate projections for future exper-
iments, while grayed out regions are already excluded. The blue numbers 4, 10, 100, 1000 denote
the number of events at CLIC. The Þnal sensitivity projection for CLIC and FCC corresponds to
blue and green solid lines, respectively. The bottom plot contains various astrophysical exclusion
bounds - SN1987 (dotted) and EGRET SN (dashed). We also show astrophysical bounds on larger
values of ! 2 = 2 , 3, 4, 6 (bottom).

The long-lived regime is covered by the BBN, SN1987, FCC-ee LLP, and beam dump
experiments or forward LHC detectors: DUNE, FASER2, MATHUSLA, NA62, SeaQuest,
and SHiP. The strongest terrestrial present constraints come from NuCal [58] and E137 [59].
We obtained a similar but slightly weaker exclusion line derived for E137 than the limits
found in [28], which we believe is due to the neglect of the invisible decays (overwhelmingly
into a pair of neutrinos, which constitute roughly 40% of the total decay width when
mG ! 2me) of KK gravitons in [ 28].

Due to suppressed couplings of the GLD model with! 2 > 1, which in the ! ! "
limit are Planck suppressed, it is less constrained by the LEP and the LHC, whose reach
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Future colliders such as CLIC can probe a power-law warped extra dimension 
with both visible KK graviton signatures and missing energy from invisible KK 
gravitons.
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Figure 1 . Limits and projections for the extra dimensional models obtained within the GLD. The
results shown correspond to: the Randall-Sundrum model (top left), linear dilaton background (top
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correspond to ! 2 = 0 , 1, respectively. The solid colorful lines indicate projections for future exper-
iments, while grayed out regions are already excluded. The blue numbers 4, 10, 100, 1000 denote
the number of events at CLIC. The Þnal sensitivity projection for CLIC and FCC corresponds to
blue and green solid lines, respectively. The bottom plot contains various astrophysical exclusion
bounds - SN1987 (dotted) and EGRET SN (dashed). We also show astrophysical bounds on larger
values of ! 2 = 2 , 3, 4, 6 (bottom).

The long-lived regime is covered by the BBN, SN1987, FCC-ee LLP, and beam dump
experiments or forward LHC detectors: DUNE, FASER2, MATHUSLA, NA62, SeaQuest,
and SHiP. The strongest terrestrial present constraints come from NuCal [58] and E137 [59].
We obtained a similar but slightly weaker exclusion line derived for E137 than the limits
found in [28], which we believe is due to the neglect of the invisible decays (overwhelmingly
into a pair of neutrinos, which constitute roughly 40% of the total decay width when
mG ! 2me) of KK gravitons in [ 28].

Due to suppressed couplings of the GLD model with! 2 > 1, which in the ! ! "
limit are Planck suppressed, it is less constrained by the LEP and the LHC, whose reach
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Figure 1 . Limits and projections for the extra dimensional models obtained within the GLD. The
results shown correspond to: the Randall-Sundrum model (top left), linear dilaton background (top
right ), generalized linear dilaton background with ! 2 > 1 (bottom). The RS and LD background
correspond to ! 2 = 0 , 1, respectively. The solid colorful lines indicate projections for future exper-
iments, while grayed out regions are already excluded. The blue numbers 4, 10, 100, 1000 denote
the number of events at CLIC. The Þnal sensitivity projection for CLIC and FCC corresponds to
blue and green solid lines, respectively. The bottom plot contains various astrophysical exclusion
bounds - SN1987 (dotted) and EGRET SN (dashed). We also show astrophysical bounds on larger
values of ! 2 = 2 , 3, 4, 6 (bottom).

The long-lived regime is covered by the BBN, SN1987, FCC-ee LLP, and beam dump
experiments or forward LHC detectors: DUNE, FASER2, MATHUSLA, NA62, SeaQuest,
and SHiP. The strongest terrestrial present constraints come from NuCal [58] and E137 [59].
We obtained a similar but slightly weaker exclusion line derived for E137 than the limits
found in [28], which we believe is due to the neglect of the invisible decays (overwhelmingly
into a pair of neutrinos, which constitute roughly 40% of the total decay width when
mG ! 2me) of KK gravitons in [ 28].

Due to suppressed couplings of the GLD model with! 2 > 1, which in the ! ! "
limit are Planck suppressed, it is less constrained by the LEP and the LHC, whose reach
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Conclusions

• Power-law warped extra dimensions are common in string theory, realized by a 
dilaton field propagating in extra dimensions and the classical scale invariance.

• Their phenomenology has never been seriously studied so far except the power 

𝑞 = 1	(LD model).

• A power-law warped extra dimension can address the hierarchy problem with an 

intermediate size of the extra dimension (~ nm).

•  The associated KK graviton spectrum and couplings show a distinctive pattern 

compared with the conventional models such as ADD, RS, and LD.

• Future colliders can probe a power-law warped extra dimension by visible KK 
graviton signatures and missing energy from invisible KK gravitons. 


