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Hidden Valley Models
Hidden sectors which are on the verge of 
discovery through some TeV scale bridge

Poorly constrained 
(no LEP - TeVatron bounds) 

Many potential unique signatures 

displaced vertices - long “tunneling” rate

non-standard Higgs decays: 
http://arxiv.org/abs/hep-ph/0605193 

e.g. dramatic multi-leptons, etc.

http://arxiv.org/abs/hep-ph/0605193
http://arxiv.org/abs/hep-ph/0605193


RS “Higgs” Models
Many models of electroweak symmetry breaking 
in RS geometry

Higgsless models (review: hep-ph/0510275)

5D Composite Higgs (ph/0412089 ph/0306259)

RS flavor arXiv:0904.2137 [hep-ph]     

Geometric warping explains the hierarchy 
between the Planck and electroweak scales

AdS/CFT relates such models to 4D strongly 
coupled theories (but 5D model is calculable)
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Higgsless Models
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Figure 6: The symmetry breaking structure of the warped higgsless model.

of the warping so the BC’s derived for the flat space model will be applicable here as well).
This implies that the gauge fixing term necessary in the warped case is given by

Sgf = −
∫

d4x

∫ R′

R
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Due to the chosen BC’s the A5 fields will have no zero modes they will all again become
massive gauge artifacts and can be eliminated in the unitary gauge. The quadratic piece
of the action for the gauge fields will be then given by

∫
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As before, we go to 4D momentum space by writing Aµ(x, z) = εµ(p)f(z)eip·x. The equation
of motion for the wave function f(z) will then become (p2 = M2):

[

−M2 − z∂5

(

1

z
∂5

)]

f(z) = 0. (3.51)

Equivalently it can be written as

f ′′ − 1

z
f ′ + M2f = 0. (3.52)

This will lead to a Bessel equation for g(z) after the substitution f(z) = zg(z):

g′′ +
1

z
g′ + (M2 − 1

z2
)g = 0, (3.53)

which is a Bessel equation of order 1. The solution is of the form

f(z) = z (AJ1(qkz) + BY1(qkz)) . (3.54)
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Higgsless Models + U(1)HS
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Figure 6: The symmetry breaking structure of the warped higgsless model.
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x U(1)HS Bµ = 0Bµ = 0

massless B5 and massive (TeV) B  KK-modesµ

B5 is a Goldstone boson (associated shift symmetry)



Hiding the Hidden Sector
I.  Take a very small gauge coupling

II.  SM has no direct interactions with 
hidden sector

B5

f

f̄

B5 = 0

∝ 1
feff

=
√

2g5DR′
√

R



RS Gravity as a Bridge
Usual gravity couples proportional to 1/MPl

In RS, warping causes radion and KK-
gravitons to couple proportional to 1/TeV

radion (relative motion of the two branes)
particle with mass - 114-1000 GeV

very well studied (lightest new particle?)

KK-gravitons - 1000-3000 GeV

COUPLINGS ARE INDEPENDENT OF g5D



Simple Picture

communicator

Hidden Sectorstandard 
model



Simple Picture

communicator

Hidden Sectorstandard 
model

r, G(n)
µν

B5

B5g

g

SM HS
Communicator



Radion Couplings
arXiv:0705.3844 [hep-ph] (Csaki JH and Lee)

rGµνGµν R′

4
√

6 log R′/R

r∂µB5∂
µB5

R′
√

6

Both SM and Hidden sector couple with TeV scale 
strength to RS gravity
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ĥµν

(2)B
(1)
µ ∂νB5 .099M1

κ Λ2

rB(1)
µ B(1)µ 4

3
M2

1
2κΛr
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Table 1: This table contains the Lagrangian coefficients for interactions between RS gravi-
tational excitations and the modes associated with the bulk gauge symmetry that produces
light Goldstone modes.
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Table 2: This table contains the Lagrangian coefficients for interactions between the radion
and the zero and KK-modes of an unbroken RS gauge symmetry.

non-redundant hidden sector gauge field configurations. This is to ensure we do not create
spurious interactions which are artifacts of over-constraining the gauge freedom. Note that
the general R-ξ gauges often chosen in such models break 5D covariance, even in the bulk,
so we must find a new gauge fixing potential. The one we choose is, in the end, equivalent at
the quadratic level to the 5D R-ξ gauges with the choice ξ = 1, however the non-covariant
R-ξ gauge still generates spurious 3-point couplings involving KK-gravitons and the radion.

To begin, we write the gauge kinetic term in an explicitly covariant manner (although
as usual the Christoffel symbols cancel by anti-symmetry of the gauge field strength tensor):

Sgauge = − 1

4g2
5

∫
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5
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where dV is the covariant volume element. We would ideally like to remove the kinetic
mixing between the vector fields and the components which are eaten to produce massive
4D vectors in the effective field theory.

A general covariant gauge fixing term which removes the mixing is given by:
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Here, vM is a vector field whose components we will determine in this section. Expanded
in component form, in the absence of gravity fluctuations, this gauge fixing function is:
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There are many couplings relevant for 
phenomenology

References

[1] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) [arXiv:hep-ph/9905221].

[2] C. Csaki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Phys. Rev. D 69, 055006
(2004) [arXiv:hep-ph/0305237]. C. Csaki, C. Grojean, L. Pilo and J. Terning, Phys.
Rev. Lett. 92, 101802 (2004) [arXiv:hep-ph/0308038]. C. Csaki and D. Curtin, Phys.
Rev. D 80, 015027 (2009) [arXiv:0904.2137 [hep-ph]].

[3] C. Csaki, C. Grojean, J. Hubisz, Y. Shirman and J. Terning, Phys. Rev. D 70, 015012
(2004) [arXiv:hep-ph/0310355].

[4] C. Csaki, J. Hubisz and P. Meade, arXiv:hep-ph/0510275.

[5] R. Contino, Y. Nomura and A. Pomarol, Nucl. Phys. B 671, 148 (2003) [arXiv:hep-
ph/0306259].

[6] K. Agashe, R. Contino and A. Pomarol, Nucl. Phys. B 719, 165 (2005) [arXiv:hep-
ph/0412089].

[7] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976).

[8] C. Csaki, J. Hubisz and S. J. Lee, Phys. Rev. D 76, 125015 (2007) [arXiv:0705.3844
[hep-ph]].

[9] A. L. Fitzpatrick, J. Kaplan, L. Randall and L. T. Wang, JHEP 0709, 013 (2007)
[arXiv:hep-ph/0701150]. K. Agashe, H. Davoudiasl, G. Perez and A. Soni, Phys. Rev.
D 76, 036006 (2007) [arXiv:hep-ph/0701186].

[10] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).

[11] M. J. Strassler and K. M. Zurek, Phys. Lett. B 651, 374 (2007) [arXiv:hep-
ph/0604261].

[12] K. M. Zurek, arXiv:1001.2563 [hep-ph].

[13] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978). F. Wilczek, Phys. Rev. Lett. 40, 279
(1978).

[14] J. E. Kim, Phys. Rev. D 31, 1733 (1985).

[15] L. Randall, Phys. Lett. B 284, 77 (1992).

[16] S. L. Adler, Phys. Rev. 177, 2426 (1969).

[17] J. S. Bell and R. Jackiw, Nuovo Cim. A 60, 47 (1969).

[18] W. A. Bardeen, Phys. Rev. 184, 1848 (1969).

25

Couplings of RS gravity to SM fields:

(our results conform to this previous work in relevant limits)



Accessible Hidden Sector 
Phenomenology

At colliders - without hidden sector, radion 
production and decays are very similar to a 
SM Higgs

new decay mode of the radion:

dominates width for light 
(< 160 GeV) radions

20% of width for higher mass radions

gg → r → B5B5



Weak Coupling:
Displaced vertices!

Γ(r → BµBµ) =
m3

r

128πκ2Λ2
r log2 R′/R

(6.55)

The level-1 KK-graviton width to gauge boson zero modes is given by

Γ(h(1)
µν → BµBµ) =

(
.191

κΛ1 log R′/R

)2 m3
(1)

1536π
(6.56)

6.3 Non-exact shift or gauge symmetries

The symmetries may not be exact, and the hidden sector Goldstone bosons or gauge fields
may obtain a mass (the former via explicit breaking, the latter through spontaneous break-
ing). If the light sector is hidden through a small 5D gauge coupling, and the SM fields
have non-vanishing quantum numbers under the gauge symmetry, the Goldstone bosons
will decay to SM particles. Depending on how small the extra dimensional gauge coupling
is, and the masses of the light pseudo-Goldstone fields, their decays may range from prompt
to cosmological time scales.

The decay width of a light 5D pseudo-Goldstone boson to SM fermions is given by:

Γ =
q2

4π

(
mf

feff

)2

mB5 (6.57)

The distance traveled by a pseudo-Goldstone boson that couples only to leptons before
decaying to muons (presuming the B5’s have mass less than 2mτ , and assuming a 5D gauge
symmetry charge of q = 1), is given by:

∆x = 58cm

(
feff

106GeV

)2 (
10GeV

mB5

) √(
E

mB5

)2

− 1 (6.58)

The pseudo-Goldstone modes may also couple to SM quark fields, in which case there will
be displaced hadronic decays

Thus these RS Hidden sectors are a concrete example of a “Hidden Valley” model, in
which hidden sector fields may be produced at colliders through on-shell production of RS
gravitations resonances which subsequently decay into the hidden sector. The final decay
products of the hidden sector fields may be substantially displaced from the production
vertex.

6.4 Slightly Massive 5D Gauge Fields

In this case, the width is given simply (in the massless fermion limit):

Γ =
g2mBµ

4π
(6.59)

12

Γ(r → BµBµ) =
m3

r

128πκ2Λ2
r log2 R′/R

(6.55)

The level-1 KK-graviton width to gauge boson zero modes is given by

Γ(h(1)
µν → BµBµ) =

(
.191

κΛ1 log R′/R

)2 m3
(1)

1536π
(6.56)

6.3 Non-exact shift or gauge symmetries

The symmetries may not be exact, and the hidden sector Goldstone bosons or gauge fields
may obtain a mass (the former via explicit breaking, the latter through spontaneous break-
ing). If the light sector is hidden through a small 5D gauge coupling, and the SM fields
have non-vanishing quantum numbers under the gauge symmetry, the Goldstone bosons
will decay to SM particles. Depending on how small the extra dimensional gauge coupling
is, and the masses of the light pseudo-Goldstone fields, their decays may range from prompt
to cosmological time scales.

The decay width of a light 5D pseudo-Goldstone boson to SM fermions is given by:

Γ =
q2

4π

(
mf

feff

)2

mB5 (6.57)

The distance traveled by a pseudo-Goldstone boson that couples only to leptons before
decaying to muons (presuming the B5’s have mass less than 2mτ , and assuming a 5D gauge
symmetry charge of q = 1), is given by:

∆x = 58cm

(
feff

106GeV

)2 (
10GeV

mB5

) √(
E

mB5

)2

− 1 (6.58)

The pseudo-Goldstone modes may also couple to SM quark fields, in which case there will
be displaced hadronic decays

Thus these RS Hidden sectors are a concrete example of a “Hidden Valley” model, in
which hidden sector fields may be produced at colliders through on-shell production of RS
gravitations resonances which subsequently decay into the hidden sector. The final decay
products of the hidden sector fields may be substantially displaced from the production
vertex.

6.4 Slightly Massive 5D Gauge Fields

In this case, the width is given simply (in the massless fermion limit):

Γ =
g2mBµ

4π
(6.59)

12

B5

f
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for small gauge coupling (1/feff), B5 can have 
collider-scale time of flight:



What might such a 
hidden sector be doing?

The light scalar field most prominently 
discussed in the literature is the axion

See Talk by Don Bunk in this session



Conclusions
RS models are natural candidates for Hidden Valley theories

RS gravity automatically and unavoidably bridges 
between SM and hidden RS gauge sectors

Such hidden sectors can dramatically change the 
phenomenology of RS gravity (non-standard radion decays 
which may lead to very non-standard Higgs decays)

Such a hidden sector may be responsible for resolving issues 
with the SM (strong CP - Don Bunk)

such models predict new processes relevant for collider 
pheno of RS gravity (displaced vertices - LHCb)


