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Recapitulation

On Monday we saw that:

1) Compact dimensions are equivalent to new particles

2) Particle wavefunctions can live at different place in the XD
    (this is possible because the higher-d Lorentz invariance is broken by the compactification)

Their masses (spectrum) and couplings contain information about the 
size, shape, etc. of the compact space

Localization manifested (among other places) in strength of the interactions
of the SM particles (some of the parameters in the SM Lagrangian)



XD and the Hierarchy Problem

Recall that EWSB by a light scalar leads to a theoretical puzzle:

Λ can be the Planck or any other scale larger than the weak scale ...

A satisfying solution to this puzzle would involve giving a reason for why the loop
should be ``cut off” near the weak scale (even if there exists heavier physics).

New particle with mass Λ
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Do Extra Dimensions have anything to say?



XD and the Hierarchy Problem

• Generically, theories in more than 4D are intrinsically non-renormalizable.

• This is not a problem per se, but it means that they should be considered as effective
   descriptions that are relevant at scales below some scale Λ

• The effective theory itself tells us what is the highest scale it can reliably describe

E.g. if gluons propagate in 5D:

Λ ∼ l5
NcπR

Λ̃ ∼ l5
Nc(kL)

k̃Flat space: RS:

(l5 = 24π3 is a 5D loop factor)

The point is: cutoff is not far above the KK scale.

• Restate ``hierarchy problem” in XD context as:

``Why is the EW scale close to the KK scale”

• Generically, neither flat XD (e.g. UED), nor warped XD address this question in detail.

• But it is susceptible of being answered in specific XD models (more on this later)

• Note also that one only has to explain a ``little hierarchy” (between EW and    )Λ



Gauge-Higgs Unification
(Dynamical generation of the EW scale)

We already mentioned that when A5 obeys (+,+) b.c.’s, it leads to an IR-localized 0-mode

In the 5D theory, no terms respecting 5D gauge invariance can generate a potential for h.

But due to the compactification, a potential is induced at loop level

V (h) =
∑

r

± Nr

(4π)2

∫ ∞

0
dp p3 log ρ(−p2) (Coleman-Weinberg

Potential)

fh(y) =
√

2kL

e2kL − 1
e2ky

fh ∝ k̃/
√

kL

Higgs is NGB

ρtop(z2) = 1 + F1(z2) sin2

(
h√
2fh

)
+ F2(z2) sin4

(
h√
2fh

)
Most important:

• EW symmetry broken (or not) depending on relative strength of interactions

• The result is finite and cutoff at the scale k̃. Scale of 〈h〉 set by fh!

(Higgs profile)



Gauge-Higgs Unification
(Model Building)

First requirement: the would-be Higgs should have the correct gauge quantum numbers

• But interactions are, at heart, gauge interactions: non-Abelian

Look for a gauge group that contains the SM, and has extra d.o.f., e.g. 

: cannot be a related to SMA5(+,+) ←→ Aµ(−−)• Also, since

SU(3) ⊃ SU(2)L A =
(

!σ · !W H
H† 0

)
Simplest:

But simplest with custodial: SO(5) ⊃ SU(2)L × SU(2)R
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Gauge-Higgs Unification
(Model Building)

• Embedding of SM fermions into SO(5) more model-dependent...

• However, the general feature is that the fundamental interaction between 
   fermions and the Higgs is through the 5D gauge coupling

Non-universal Yukawa couplings arise from b.c.’s and localization→

• The model predicts the existence of KK quarks
   lighter than KK gauge bosons

• Some of these have exotic charges
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Low-Energy Constraints

• KK modes can leave an imprint on low-energy observables

• The fact that observations agree well with the SM can be turned into constraints on 
   new scenarios for physics beyond the SM

Also, constraints are qualitatively different depending on whether

• KK modes couple singly at tree-level to SM fields (tree-level corrections)

• KK modes couple in pairs to SM fields (loop-level corrections)

Differentiate between

• Precision measurements can in principle ``see” the new physics

• Flavor blind constraints (electroweak observables)

• Flavor-dependent constraints



Low-Energy Constraints
Tree-level effects, e.g. Warped Scenarios

Unlike UED’s, warped scenarios do not have a natural KK parity → single KK production

In addition, couplings to KK modes can be large due to
√

2kL enhancements

Therefore, constraints on KK scale are stronger:
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T-parameter S-parameter Fermi constant

• These effects correspond to a deformation
   of the gauge wavefunctions near IR brane.
   (Mixing with ``unperturbed” KK modes)

• Point is: these are different for W, Z and
   photon (no deformation here)
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Low-Energy Constraints
Tree-level effects, e.g. Warped Scenarios

These constraints are strong and place the new physics in the multi-TeV range

• Effects that come via the Fermi constant are controlled if light fermions (muon) near UV

• T parameter controlled by custodial SU(2). Calculable loop effects can play a role.

• Major constraint comes from a sizable, positive contribution to S

Express bound from EWPM in terms of the warped down curvature scale:

KK modes of SM fermions likely heavier 
(mass c-dependent)






However, many well-motivated models also predict additional fields below 1 TeV

• Other constraints such as corrections to the Zb̄b can also be under control

mgauge
KK ≈ 2.5 k̃ > 3.2 TeV

mgraviton
KK ≈ 3.8 k̃ > 5 TeVk̃ = k e−kL > 1.3 TeV



Low-Energy Constraints
Loop-level effects, e.g. Universal Extra Dimension

The KK parity mentioned before leads to the following expectations:

• KK modes either pair produced, or

• KK-parity even modes singly produced with loop-level strength
(This is not necessary, but is technically natural. Should be taken as definition of UED’s)

UED’s do not provide a theory of flavor Flavor structure similar to SM→
Requires assumptions about the flavor structure
of higher-dimension operators (presumably
related to Yukawa couplings)

EW constraints mainly from S and T parameters,
mainly due to top KK tower:

2 KK-mode contributions to the S, T and U parame-
ters

In the analysis of Ref.[1], it was argued that the dominant contributions to S and T come

from KK modes of the top-bottom quark doublet:

T t
j ∼

1

α

3m2
t

8π2v2

2

3

m2
t

M2
j

, St
j ∼

1

6π

m2
t

M2
j

. (2.1)

It was shown that the constraint from T is stronger than that from S. The U parameter

is numerically much smaller than S and T , thus much less important in constraining UED

theories. An important premise in Ref.[1] was that the Higgs mass, mH , is lighter than

250 GeV.

If the Higgs mass mH is large, however, the contributions from the standard model

Higgs and its higher KK modes become important and eventually dominate over the

KK quark contributions. A key point is that the Higgs contribution to T is negative,

which is opposite to the KK quark contribution. (For S, both KK quarks and KK Higgs

contributions are positive.) Thus, the two contributions can compensate each other to

relax the T constraints, allowing an extended region in the (mH , 1/R) parameter space.

Moreover, a large mH can also bring important constraints from S, requiring a combined

S and T analysis rather than separate ones. It is thus important to do a more complete

analysis allowing for the possibility of a large Higgs mass.

We calculate complete one-loop corrections from a given jth KK level of the standard

model fields (with a single Higgs doublet) to gauge-boson self energies: Πj
WW , Πj

ZZ , Πj
γγ

and Πj
Zγ (See the appendix). Here j represents a positive integer for one extra dimension

or a set of δ non negative integers in the case of δ extra dimensions. The total contribution

from extra dimensions will be the sum over j. In the large KK mass limit Mj " mt, mH ,

the contributions to S, T and U parameters are proportional to m2
t

M2

j
, or

m2

H

M2

j
. In one extra

dimension, there is one KK mode for each positive interger j, and the sum converges.

However, in two or more extra dimensions, there are degenerate KK modes having the

same Mj , which makes the sum divergent. With two extra dimensions, the cutoff sensi-

tivity is logarithmic. In our calculation of S, T and U , we use the tree-level formula for

the masses of KK particles neglecting corrections from one-loop gauge interactions and

boundary terms localized at the orbifold fixed points [10]. This is justified because these

are of one-loop order and the shifts due to them, which are already of one-loop order, are

two-loop effects.
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Figure 3: The 90% C.L. allowed region in the 5D UED model on S1/Z2. Up to 11 KK levels
are included. Also shown is the direct search limit mH ≥ 114GeV.

5 Two universal extra dimensions on T 2/Z2

In the case of one extra dimension, the KK contributions to S, T and U converge rapidly

before encountering the cutoff Ms, and the contributions from physics above Ms are

sufficiently small to be neglected. Thus, practically the presence of Ms is not significant.

However, the KK sum diverges logarithmically in the 6D standard model, so we cannot

expect a reliable estimate from only summing the KK modes. A possible procedure is to

sum the KK modes up to the cutoff of the 6D model and then, as described in section 3,

to represent the physics beyond the cutoff by an appropriate operator. A problem with

this procedure is that while each term in the KK sum maintains 4D gauge invariance, the

truncated sum is not expected to respect the the full 6D gauge invariance upon which the

6D standard model is based 2. As noted below, however, the natural cutoff on the effective

6D theory is at about the fifth or sixth KK level. With successive terms falling like 1/j

and with the high energy contribution represented by a 6D-gauge-invariant operator, we

expect the lack of 6D gauge invariance to be relatively small - perhaps no more than a

20% effect. We adopt this procedure with the understanding that unlike the 5D case,

2H.-U.Y. thanks Takemichi Okui for discussions of this point at TASI 2002.
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(Appelquist & Yee)



Remarks on Collider Phenomenology



RS Collider Phenomenology

Features of signals determined by how the fields are localized along the extra dimension

• Resolution of flavor puzzle (fermion mass hierarchies and FCNC suppression)
   suggests fermions (therefore SM gauge fields) arise from bulk fields

• Light quarks and leptons localized near UV brane

• Q3
L = (tL, bL) almost flat (but somewhat towards IR brane) 

• tR localized near IR brane (hence top mass larger than other fermion masses) 

• All KK modes localized near the IR brane

• Higgs localized near the IR brane

• Pattern of localization leads to

• Couplings between light quarks and leptons to KK physics suppressed

(by 1
kL for gauge KK’s, by Yukawa’s for KK gravitons )

Couplings of tR, photon and transverse W’s & Z’s to KK modes order 1• 

Couplings of tR, Higgs and WL, ZL enhanced by kL• 



RS Collider Phenomenology

In general, KK production suppressed due to small couplings to proton constituents

3

II. LHC SIGNALS

The primary challenge in obtaining a signal at the LHC
for gauge KK modes is that the production is suppressed
due to the small couplings to the proton constituents as
seen in Eq. 1.

We used both CalcHEP 2.42 [15] and Sherpa ver-
sion 1.0.8 [16] 1 for the numerical calculations. The
CTEQ6M parton distribution function (PDF) with the
QCD renormalization and factorization scales equal to
the KK gluon mass (MKKG) was used in CalcHEP 2.42.
The CTEQ6L1 PDF set was used in Sherpa, employing
a running scheme for αS with αS(MZ) = 0.118. We find
that the results do not change significantly between the
two PDF sets 2.

For KK gluons, CalcHEP yields a moderate cross-
section of ∼ 100 fb for MKKG ∼ 3 TeV as indicated in
Fig. 1. The cross section falls very quickly for higher KK
masses, where for MKKG ∼ 5 TeV the cross-section drops
to ∼ 10 fb - probably beyond the reach of LHC (as dis-
cussed below). The dominant production mechanism is
through uū, dd̄ annihilation. We note the production rate
for the EW KK gauge fields is suppressed by (gZ/gQCD)2

relative to KK gluon production.
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FIG. 1: The total cross section of KK gluon production at
the LHC as a function of its mass (MKKG).

Another challenge is that, based again on the couplings
in Eq. 1, the fermionic decays of the gauge KK particles
(in general) are expected to be dominated by the 3rd gen-

1 The authors are grateful to the Sherpa team, especially Tanju
Gleisberg, for the help in embedding the RS1 KK gluon into
Sherpa.

2 This should not be interpreted as indication of small uncertain-
ties due to PDF’s in the cross section since the two PDF sets
might be correlated. One of the main points of our study is to
identify observables which depend rather weakly on the PDF’s
uncertainties.

eration quarks, especially the top quark, due to enhance-
ment of the corresponding couplings. For example, the
branching ratios for KK gluon decay are shown in Fig. 2.
In the case of EW gauge KK modes (W/Z), decays to
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FIG. 2: The branching ratios of the KK gluon as a function
of its mass.

longitudinal weak gauge bosons and the Higgs field are
also important due to similarly enhanced couplings. In
particular, the leptonic decay channel for KK Z is highly
suppressed. In the absence of golden decays modes for
KK Z/W , we focus on signals for the KK gluon which
has the larger production cross-section. 3

A third challenge is related to the fact that due to the
strong coupling to top pair (and in case of KK W/Z to
Higgs and longitudinal W/Z), a heavy gauge KK mode
is rather broad. For example, a KK gluon above 1 TeV
(as required by precision tests) has decay width of about
MKKG/6 as presented in Fig. 3. Decay widths of KK
Z/W are smaller by ∼ (gZ/gQCD)2. This large width of
KK gauge states creates additional problems for discrim-
inating signal against the background.

A. KK gluons

In the interesting region of MKKG, well above the
tt̄ threshold, the KK gluon decays mainly to tt̄ with
the branching ratio of about 95% (see Fig. 2). Hence,
our main focus here will be on the (ultra-relativistic)
tt̄ pairs from decays of KK gluons. 4 Within the SM
there are two dominant production mechanisms for tt̄,
namely gg (gluon fusion) and qq̄ (quark pair annihila-
tion). At the LHC, tt̄ production proceeds primarily

3 For a related work on KK gluon but with universal couplings
see [13, 14].

4 For the decays of KK gluon to light quarks (which has small BR
in any case), the SM QCD background will also be very large.
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1 The authors are grateful to the Sherpa team, especially Tanju
Gleisberg, for the help in embedding the RS1 KK gluon into
Sherpa.

2 This should not be interpreted as indication of small uncertain-
ties due to PDF’s in the cross section since the two PDF sets
might be correlated. One of the main points of our study is to
identify observables which depend rather weakly on the PDF’s
uncertainties.
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longitudinal weak gauge bosons and the Higgs field are
also important due to similarly enhanced couplings. In
particular, the leptonic decay channel for KK Z is highly
suppressed. In the absence of golden decays modes for
KK Z/W , we focus on signals for the KK gluon which
has the larger production cross-section. 3

A third challenge is related to the fact that due to the
strong coupling to top pair (and in case of KK W/Z to
Higgs and longitudinal W/Z), a heavy gauge KK mode
is rather broad. For example, a KK gluon above 1 TeV
(as required by precision tests) has decay width of about
MKKG/6 as presented in Fig. 3. Decay widths of KK
Z/W are smaller by ∼ (gZ/gQCD)2. This large width of
KK gauge states creates additional problems for discrim-
inating signal against the background.

A. KK gluons

In the interesting region of MKKG, well above the
tt̄ threshold, the KK gluon decays mainly to tt̄ with
the branching ratio of about 95% (see Fig. 2). Hence,
our main focus here will be on the (ultra-relativistic)
tt̄ pairs from decays of KK gluons. 4 Within the SM
there are two dominant production mechanisms for tt̄,
namely gg (gluon fusion) and qq̄ (quark pair annihila-
tion). At the LHC, tt̄ production proceeds primarily

3 For a related work on KK gluon but with universal couplings
see [13, 14].

4 For the decays of KK gluon to light quarks (which has small BR
in any case), the SM QCD background will also be very large.

BR’s can change if additional ``light” KK fermions

• KK gluon are relatively broad resonances

• KK gluons have largest production cross sections

• Decays into third generation fermions, mostly tops
(but can change if other ``light” KK fermions present)

(e.g. somewhat strong couplings to top)

• Preliminary studies indicate LHC reach up to 4 TeV
   with 100 fb−1

• KK EW gauge bosons have smaller production XS

• Decays into leptons suppressed
(i.e. non-standard Z’s: decays into (top, W, Z) preferred)

• In many models, there are also new top-like fermions
   (but vector-like): LHC reach can be up to 1.5 TeV with 
   300        , and more if they are produced singlyfb−1



KK Gravitons

The graviton (spin-2) resonances with couplings to SM particles 
set by the TeV scale are very characteristic of the RS framework.

More likely, both gauge bosons and fermions in the bulk, 
with light fermions near the UV brane

g(1)q(1)q̄(0) coupling
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8.3 Warped extra dimensions

width is not too narrow, and determine their spin-2 nature via the angular distribu-
tions of the final-state lepton pairs [47] if enough statistics are available. An accurate
determination of the branching fractions for the graviton KK decays to various final
states will probe the universal T µν structure of the couplings and verify the produc-
tion of gravity. Numerical studies of such coupling determinations have yet to be
performed, but are likely to demonstrate the benefits of the LC even if the graviton
KK states are kinematically inaccessible at the LC and are produced indirectly; this is
in analogy to the Z ′ studies discussed in the previous chapter.

Figure 8.16: The cross section for e+e− → µ+µ− including the exchange of a KK tower of

gravitons in the RS model with m1 = 500 GeV. The various curves correspond to k/MP l in

the range 0.01 − 0.1. From [46].

If the KK gravitons are too massive to be produced directly, their contributions to
fermion pair production may still be felt via virtual exchange. In this case, the uncer-
tainties associated with a cut-off (as present in the large extra dimensions scenario)
are avoided, since there is only one additional dimension and thus the KK states may
be neatly summed. The resulting sensitivity to the scale Λπ at the LHC and LC is dis-
played in Table 8.5. We see that the reach of the 500 GeV LC is complementary to that
of the LHC and that a 1 TeV LC extends the discovery reach of the LHC. This degree
of sensitivity to virtual graviton KK exchange at the LC implies that the KK coupling
measurements discussed above should be viable.

8.3.2 Extensions of the RS model

• Extended Manifolds

From a theoretical perspective, the RS model may be viewed as an effective theory
whose low energy features originate from a full theory of quantum gravity, such as

459

e
+
e
−

→ µ
+
µ
−

(from Davoudiasl, Hewett & Rizzo)

Clear signal... at least when fermion localized on IR brane

But this scenario is not favored by EW or flavor constraints!

→ KK graviton couplings to fermions suppressed

Decays into longitudinal gauge bosons, top
and Higgs dominant

→

→ Couplings to massless gauge bosons somewhat
suppressed, but gluon fusion possible

Unfortunately, KK gravitons expected to be above ~ 4 TeV

but discovery unlikely

→ gg → G→ ZZ → 4lBetter prospects for (from Agashe, Davoudiasl,
Perez & Soni)
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FIG. 3: The total number of expected events for the purely
leptonic decay mode for Z pairs from KK graviton decay using
300 fb−1 with η < 2. See also Fig. (1)
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FIG. 4: Significance for the purely leptonic decay mode for Z
pairs from KK graviton using 300 fb−1. See also Fig. (1)

the KK masses before.4

Finally, it is interesting that, although we might not
have enough statistics for a few TeV KK graviton masses,
the Z/W pairs from KK graviton can be discriminated
from SM background as follows. First of all, the (recon-
structed) Z/W pairs from KK graviton have a charac-
teristic spin-2 angular distribution as opposed to the SM
background. Also, the SM ZZ’s are mostly transverse,
whereas the ones from KK graviton are mostly longitu-
dinal. Hence, the angular distribution of decay products
of Z in the Z rest frame (or their energy distribution in
the lab frame) can also distinguish KK graviton signal
from SM background.

4 For example, references [30] discuss the possibility of suppressing
the S parameter while keeping the solution to the flavor puzzle
intact.
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FIG. 5: Same as FIG. 4, but with η < 2.

c ≡ k/M̄P 0.5 1.0 1.5 2.0

mG
1 (TeV) < 1.5 1.6 1.9 2.2

S/
√

B − 7.0 6.1 6.1

TABLE I: The mass of the first KK graviton for which the
number of signal events is 10 at the LHC, for various choices
of c. See the text for an explanation of the upper limit on
c. The significance S/

√
B of each result is also given. These

numbers correspond to 300 fb−1 of integrated luminosity.

CONCLUSIONS

In this work, we have studied the discovery potential,
at the LHC and its future upgrades, for the first RS
graviton KK mode, assuming bulk SM. Such a discov-
ery will provide strong evidence in favor of the RS model
as the resolution of both the Planck-weak and the fla-
vor hierarchy puzzles. We considered gluon-fusion and
VBF production modes and found that the VBF mode
is sub-dominant. We focused on a remarkably clean 4-
lepton signal, originating from the decay of the graviton
to 2 longitudinal Z’s. With this signal, the reach of the
LHC for the first graviton KK mode extends to around
2 TeV, for an integrated luminosity of 300 fb−1 and for
the ratio of the AdS5 curvature to M̄P modestly above
unity, which as we argued (and contrary to the lore) can
still be within the regime of validity for our computa-
tions. On the other hand, within the (simplest) current
theory understanding, the electroweak and flavor preci-
sion tests disfavor KK graviton masses below ∼ 4 TeV.
However, the discovery reach can be extended at the up-

c ≡ k/M̄P 0.5 1.0 1.5 2.0

mG
1 (TeV) 1.9 2.3 2.6 2.9

S/
√

B 6.1 4.3 4.3 4.3

TABLE II: Same as TABLE I, except for the SLHC with
3 ab−1 of integrated luminosity.



UED Collider Phenomenology

g
g(1)

g(1)

q

q(1)

q

Z(1)/W (1)

l1

l(1)2

l

B(1)

0-1

• Expect colored particles (quarks and gluons) to be heavier than leptons and weak gauge bosons

• Assume KK parity, so lightest Kaluza-Klein particle (LKP) is stable

• At a hadron collider, produce gluon or quark pairs, then cascade decays to LKP

• Similar to cascade decays in SUSY (replacing KK modes by superpartners)

• Recall also that KK mass splittings arise at loop level soft jets and leptons (not easy)→

• Second level KK modes are about 2 times as heavy in 5D (and
√

2 heavier in 6D)

These are KK-parity even, can decay into SM particles and lead to (narrow) resonances
(pair production, or loop suppressed single production)

LHC reach with 100 fb−1 about 1.5 TeV in the ``golden” 4l+!ET channel



The RS Radion

ds2 = e−2(ky+F )ηµνdxµdxν − (1 + 2F )2dy2 F (x, y) = r(x)R(y)

f(cL, cR)mψ
r

Λr
ψ̄LψR

Radion is part of the 5D gravity field:

• Couplings to fermions:

Linear couplings through energy-momentum tensor:

Sradion =
∫

d5x
√

g
[
F

(
Tr TMN − 3 T 55g55

)]

In general, couplings proportional to mass, similar to Higgs!

[f(cL, cR) = 1 for IR localized fermions]

• Couplings to massive gauge fields: − r

Λr

(
2M2

W W+
µ Wµ− + M2

ZZµ Zµ
)

+ corrections

• Massless gauge: − r

Λr

1
4(kL)

[
1− 4πα

(
τ (0)
UV + τ (0)

IR

)
+

α

2π

(
b−

∑

i

κiFi(τi)

)
kL

]
FµνFµν

loops

Suppression is Λr ≡
√

6 k̃ =
√

6 k e−kL (order TeV)



Figure 5: In the plot on the left,we show a comparison of the ratio of discovery significance
for a radion vs. a Higgs of the same mass, Rγγ

S , with the scenario where the SM fields are
all localized on the IR brane (the dashed curves). In the plot on the right we show the
ratio of discovery significance R4l

S . We assume that there are no tree level brane localized
kinetic terms for the gluon or photon. For the displayed values of Λr, the corresponding
values of 1/R′ are 408, 816, 2041, and 4082 GeV.

with a similar formula applying for the significance ratio in the r → ZZ discovery channel.

The factor inside the square root measures the ratio of the relative effective total
widths of the Higgs and radion as they would appear in the detector. For smaller widths,
the signal to background ratio is higher, although this effect is limited by the detector
resolution for diphoton (or 4 lepton) invariant masses. If the total width is smaller than
the energy resolution, the entire signal is contained in a single bin, and one then needs to
consider the background over that entire region (rather than only over the energy range
given by the width of the decaying particle).

In Fig. 5 we plot Rγγ
S and R4l

S in the case that there are no tree level brane localized
kinetic terms for either the gluon or photon. We find that for low values of Λr, the ratio
Rγγ

S is always greater than one, implying that one is more likely to find a radion of this
mass than a Higgs of the same mass. For some values of the radion mass, Rγγ

S , is enhanced
compared to the case with all fields localized on the IR brane, up to a factor of 3 for
large values of Λr. In the r → 4l channel, there is a generic enhancement of the discovery
potential in comparison with the IR brane localized SM scenario due to the larger r → gg
branching fraction.

In Fig. 6 we plot Rγγ
S for different combinations of tree level brane localized kinetic

terms for both the gluon and the photon, taking Λr = 2 TeV. One can see that turning on
positive BKTs generically reduces the potential radion signal in the diphoton channel, and
that the signal can even be reduced compared to the traditional RS1 model.

Finally, in Fig. 7 we plot Rγγ
S and R4l

S for different values of the tree level brane localized

kinetic term for the gluon, taking Λr = 2 TeV, and τ (0)
EM = 0. The signal significance R4l

S is
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(from Csáki, Hubisz & Lee)

Figure 4: In this plot, we show the branching fractions of the radion into on-shell final
states. Again, the dashed curves represent the branching fractions in the RS1 scenario. We
show the effect of introducing tree level brane localized kinetic terms for the photon and
gluon, choosing different combinations for each graph. We set Λr = 2 TeV, corresponding
to an IR brane scale of 1/R′ = 816 GeV.

fraction to gluons (and thus the production rate) for larger radion masses still differs from
the values found in the brane localized SM.

7 Discovery potential at the LHC

In this section we discuss the radion discovery potential at the LHC. We show plots of the
ratio of the discovery significance of the radion in the gg → r → ZZ → 4l and gg → r → γγ
channels and those of a SM Higgs boson with the same mass. An approximate formula for
the ratio of the significance of potential radion discovery compared with a SM Higgs boson
discovery of the same mass for the gg → r → γγ channel is given in [4]:

Rγγ
S ≡

S(r)

S(hSM)
=

Γ(r → gg) B(r → γγ))

Γ(hSM → gg) B(hSM → γγ))

√

max(Γtot(hSM), ∆Mγγ)

max(Γtot(r), ∆Mγγ)
, (7.1)
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the values found in the brane localized SM.

7 Discovery potential at the LHC

In this section we discuss the radion discovery potential at the LHC. We show plots of the
ratio of the discovery significance of the radion in the gg → r → ZZ → 4l and gg → r → γγ
channels and those of a SM Higgs boson with the same mass. An approximate formula for
the ratio of the significance of potential radion discovery compared with a SM Higgs boson
discovery of the same mass for the gg → r → γγ channel is given in [4]:

Rγγ
S ≡

S(r)

S(hSM)
=
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Compare to Higgs discovery potential via

gg → r → γγ

gg → r → ZZ → 4l

Discovery significance:

and similar for 4l



Radion-Higgs Mixing

Previous slide neglects radion-Higgs mixing (a good approx. in many models)

Figure 5: Branching fractions of ϕ′ as a function of its mass given mh = 125GeV, Λϕ =
10TeV and ξ = 0. The left and right panels are the same except a different range in radion
mass is covered.

the radion ϕ and Higgs boson h is large, we must specify which state we choose to call

the radion mass eigenstate ϕ′ and which state we call the Higgs mass eigenstate h′. Our

convention is to identify the radion mass eigenstate with the lighter of the two solutions of

eq. (45) if mϕ < mh, and the heavier of the two solutions if mϕ > mh.

In Fig. 5 we plot the branching fractions of the radion mass eigenstate as a function of its

mass for Λϕ = 10TeV, mh = 125GeV and ξ = 0. Fig. 5a shows the branching fraction over

the light mass range of 50GeV to 200GeV. Here, the branching fractions vary rapidly over

small changes in scale and many final states play a role in the phenomenology of the radion.

Fig. 5b plots the branching fraction over a much wider mass range up to 1TeV. Additional

states become important at higher scales. For example at mϕ′ > 2mt the top quark decay

channel becomes accessible, and if mϕ′ > 2mh′ the ϕ′ → h′h′ decay becomes important.

The most important result of these two figures is the large branching fraction into gluons

for light radion mass. The branching fractions into bb̄ and two photons — the usual modes

to search for the light Higgs boson at colliders — are suppressed in comparison to the SM

Higgs boson. At high mϕ′ we recover branching fractions that are very similar to the SM.

This is because the one-loop ϕ′ → gg partial width starts to become overwhelmed by the

WW , ZZ, and tt̄ partial widths. Since the ratio of these latter partial widths are the same

for ϕ′ as for hsm we recover the SM branching ratios for these massive particles at high mϕ′ .

In Fig. 6 we construct the same branching fraction plots, except this time we choose

22

Figure 5: Branching fractions of ϕ′ as a function of its mass given mh = 125GeV, Λϕ =
10 TeV and ξ = 0. The left and right panels are the same except a different range in radion
mass is covered.

the radion ϕ and Higgs boson h is large, we must specify which state we choose to call

the radion mass eigenstate ϕ′ and which state we call the Higgs mass eigenstate h′. Our

convention is to identify the radion mass eigenstate with the lighter of the two solutions of

eq. (45) if mϕ < mh, and the heavier of the two solutions if mϕ > mh.

In Fig. 5 we plot the branching fractions of the radion mass eigenstate as a function of its

mass for Λϕ = 10TeV, mh = 125GeV and ξ = 0. Fig. 5a shows the branching fraction over

the light mass range of 50GeV to 200GeV. Here, the branching fractions vary rapidly over

small changes in scale and many final states play a role in the phenomenology of the radion.

Fig. 5b plots the branching fraction over a much wider mass range up to 1TeV. Additional

states become important at higher scales. For example at mϕ′ > 2mt the top quark decay

channel becomes accessible, and if mϕ′ > 2mh′ the ϕ′ → h′h′ decay becomes important.

The most important result of these two figures is the large branching fraction into gluons

for light radion mass. The branching fractions into bb̄ and two photons — the usual modes

to search for the light Higgs boson at colliders — are suppressed in comparison to the SM

Higgs boson. At high mϕ′ we recover branching fractions that are very similar to the SM.

This is because the one-loop ϕ′ → gg partial width starts to become overwhelmed by the

WW , ZZ, and tt̄ partial widths. Since the ratio of these latter partial widths are the same

for ϕ′ as for hsm we recover the SM branching ratios for these massive particles at high mϕ′ .

In Fig. 6 we construct the same branching fraction plots, except this time we choose
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Figure 6: Branching fractions of ϕ′ as a function of its mass given mh = 125GeV, Λϕ =
10TeV and ξ = 1/6. The left and right panels are the same except a different range in
radion mass is covered.

ξ = 1/6. For very light ϕ′ (mass less than 80 GeV) the branching fractions are not much

different than what we obtained for ξ = 0. However, as we go higher in mass the branching

fraction of bb̄ starts to climb and overtakes gg for a radion with mass between 110GeV to

140GeV, and then it falls back down again rapidly. The reason is because the radion mass

eigenstate contains a heavy mixture of the SM Higgs boson when its mass is near mh =

125GeV. In the SM the bb̄ partial width is always larger than gg and so it is not surprising

that Γ(bb̄) > Γ(gg) when the radion mixes heavily in the mass range mϕ′ = 125 ± 15GeV.

We also see from the figure that Γ(gg) falls rapidly at mϕ′ ! 130GeV. This is because the

trace anomaly contribution cancels the one-loop top quark contribution for this highly mixed

state at that mass.

When mϕ′ gets very large, we see in Fig. 6b that the branching fraction into gg becomes

closer to 1 again, while all the others are dropping. This is because when mϕ " mh and

ξ = 1/6 the couplings approach the conformal limit where a1 − a2 in eq. (49) approaches

zero. However, the radion coupling to gluons does not approach zero in this limit because

of the coupling to the trace anomaly term. The photon branching ratio is climbing with the

gg branching ratio as it should since it also couples to the trace anomaly, and it resurfaces

on the plot in the lower right corner.

The two cases ξ = 0 and ξ = 1/6 are somewhat special. For ξ = 0, there is no Higgs-

radion mixing. For ξ close to 1/6, tree-level couplings of the radion to fermions and weak
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125GeV. In the SM the bb̄ partial width is always larger than gg and so it is not surprising
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trace anomaly contribution cancels the one-loop top quark contribution for this highly mixed
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closer to 1 again, while all the others are dropping. This is because when mϕ " mh and

ξ = 1/6 the couplings approach the conformal limit where a1 − a2 in eq. (49) approaches

zero. However, the radion coupling to gluons does not approach zero in this limit because

of the coupling to the trace anomaly term. The photon branching ratio is climbing with the

gg branching ratio as it should since it also couples to the trace anomaly, and it resurfaces
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The two cases ξ = 0 and ξ = 1/6 are somewhat special. For ξ = 0, there is no Higgs-

radion mixing. For ξ close to 1/6, tree-level couplings of the radion to fermions and weak
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ξ = 0, mh = 125 GeV, Λϕ = 10 TeV ξ = 0, mh = 125 GeV, Λϕ = 10 TeV

ξ = 1/6, mh = 125 GeV, Λϕ = 10 TeV ξ = 1/6, mh = 125 GeV, Λϕ = 10 TeV

(from Giudiice, Rattazzi & Wells)
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Black Hole Production?

rS(E) = k(n)
(

E

M!

) 1
n+1 1

M!

If particles are scattered with impact parameter below their Schwarzschild radius

M! ∼ TeV• If we could be producing mini-BH’s at the LHC!

• Black holes decay democratically and promptly into all SM particles 
    (taking spin multiplicities into account)

• The cross section for BH formation is geometrical:

σBH ∼ πr2
S(E)

• Notice it is not suppressed by small couplings nor phase space, and increases 
   with energy

There has been a great deal of work studying the dynamics of BH formation, how energy
and angular momentum are radiated, flat space versus curved space BH’s, etc.

a black hole is formed! Here M! is the effective scale of quantum gravity

k(n) =
(

2 (2π)n

(n + 2)Ω2+n

) 1
n+1

= 0.8(n = 1)− 2.4(n = 6)



Black Hole Production?

However, the previous picture assumes that we produce thermal black holes. This would
be true if produced well-above threshold 

Determining the threshold for BH production, and how it relates to the fundamental scale
in a model is difficult (not least because we do not know the quantum gravity theory!)

→ Hard to translate observation into bounds of a fundamental scale

In addition:

Thus, do not expect many truly thermal BH, if any...

• Rapidly falling pdf’s imply that production at threshold is dominant

• Not all parton energy goes into the BH mass (``inelasticity”)

• Threshold for BH production expected to be a factor of a few above M!

Upshot: initial estimates with large cross section for BH production and spectacular
multi-particle and isotropic decays were probably too optimistic...

(E !M!)



Other Quantum/Strong Gravity Signals

The 2→ 2 production cross section is expected to increase as the energy approaches 

However, the presence of a nearby gravity scale (if sufficiently low) can have 
observable effects: 

the d-dimensional Planck scale (either through virtual BH’s or strong gravity effects)

Rη =
Nevents(0 < |η| < 0.5)
Nevents(0.5 < |η| < 1)

QCD high E−→ ∼ 0.6

Effect may be observable even in dijets, via

since larger transverse momentum than in QCD is expected. 

This would be relevant in ADD type of scenarios, or RS with the SM on the IR brane.

For the better motivated RS models discussed before, the partons see a much larger
Planck scale and BH production at the LHC is hopeless



Dark Matter in UED

Already mentioned that odd-level KK modes are KK-parity odd → lightest is stable

These states have EW scale masses and interactions→ correct order for ΩDM

There are also interesting differences in 5D versus 6D, arising from: 

spin-1 versus spin-0 nature of DM candidate (as suggested by calculable loops)

Couplings to fermions proportional to when spin-0, not so when spin-1mf

Relic density obtained for lower masses in 6D than in 5D→
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Figure 1: Prediction for ΩB(1)h2 as a function of the KK mass (when neglecting coannihila-
tion). The upper horizontal region delimits the values of Ωh2 above which the contribution
from B(1) to the energy density would overclose the universe. The lower horizontal band
denotes the region Ω = 0.33 ± 0.035 (using h = 0.69 ± 0.06) and defines the KK mass
window if all the dark matter is to be accounted for by the B(1) LKP.

that the KK mass must lie in the range mKK ∼ 900 − 1200 GeV, with a corresponding
freeze-out temperature of order TF ∼ 36 − 48 GeV. These results are slightly above the
experimental bounds on universal extra dimensions from precision electroweak data and
collider searches (∼ 350 GeV for one extra dimension [5]), and imply that provided the
fermion KK modes are not very much heavier than the B(1), future collider experiments
will be able to study the region relevant for dark matter.

5 ν(1) without Coannihilation

The situation is slightly more intricate in the case where the the neutrino is the LKP. To
begin with, we now have a relic density composed of both the ν(1) and its anti-particle,
both of which annihilate among themselves as well as with each other. We assume that
there is no cosmic asymmetry between particle and anti-particle in the analysis below.

10

(from Servant & Tait)

Figure 5: The region (shaded) of the mh vs. MB plane in which the BH thermal relic abundance is
within the range measured by WMAP (0.096 < ΩBH

h2 < 0.122).

denominator, in comparison with the a-term. Even near the resonance, however, the effect of

the b-term contribution on the relic abundance is suppressed by the velocity (v2
r ∼ 0.1) and

impacts the dark matter density at about the 10% level or less.

As shown in the left frame of Fig. 4, there are two regions consistent with WMAP around

the Higgs resonance, MB ∼ 180 GeV and MB ∼ 350 GeV. Note that in contrast to the 5D

case [3, 6] a light range of dark matter masses is preferred by data. This difference is to a

large extent due to the spin of the dark matter candidate. The dominant annihilation channel

of the spin-1 dark matter candidate in 5D is to fermion pairs, whereas annihilation of spinless

photons to pairs of light fermions is helicity suppressed. The multiplicity of light fermion

final states allows the former to annihilate more efficiently, leading to an increase in its mass

in order to remain consistent with data.

The relative contributions to the total annihilation cross section from different final states

are plotted for a large Higgs mass in the right frame of Fig. 4. We see that annihilation

to boson final states is dominant for a spinless photon mass above the boson production

threshold. As expected from the Goldstone boson equivalence theorem, the a-term for the

W+W− final state is twice that for the ZZ and hh final states in the limit of large MB. The

top quark final state is only significant for a small range of parameters; it is below threshold

for MB ! 170 GeV and helicity suppressed for large values of MB .

Note that the results in this figure are not reliable in the region of MB ≈ 250 GeV

as this corresponds to a spinless photon mass that is exactly half the Higgs mass and the

– 11 –

(from Dobrescu, Hooper,  Kong & Mahbubani)



Dark Matter in UED

Notice: 6D UED’s with a scalar DM candidate is more similar to neutralino in SUSY!

The prospects for direct and indirect detection in 5D and 6D are also different:

spin-dependent ones by !mp=mB1 . However, this effect is
compensated in large nuclei where spin-independent
rates are enhanced by !A2. In the case of bosonic KK
dark matter, the latter effect dominates, and the spin-
independent experiments have the best prospects for de-
tection, with sensitivity to mB1 far above current limits.

Dark matter may also be detected when it annihilates
in the galactic halo, leading to positron excesses in space-
based and balloon experiments. The positron flux is [19]

d!e"

d"dE
# !2

m2
B1

X

i

h"iviBi
e"

Z

dE0fi$E0%G$E0; E%; (12)

where ! is the local dark matter mass density, the sum is
over all annihilation channels i, and Bi

e" is the e" branch-
ing fraction in channel i. The initial positron energy
distribution is given by f$E0%, and the Green function
G$E0; E% propagates positrons in the galaxy.

Several channels contribute to the positron flux. Here
we focus on the narrow peak of primary positrons from
direct B1B1 ! e"e& annihilation. (Annihilation to
muons, taus, and heavy quarks also yield positrons
through cascade decays, but with relatively soft and
smeared spectra.) In this case, the source is monoener-
getic, and Eq. (12) simplifies to

d!e"

d"dE
# 2:7' 10&8 cm&2 s&1 sr&1 GeV&1 h"eevi

pb

'
!

!
0:3 GeV=cm3

"
2
!
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1;
E
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$
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where the annihilation cross section is

h"eevi #
e4

9# cos4$W

! Y4
e1L

m2
B1 "m2

e1L

" $L ! R%
"

; (14)

and the reduced Green function g is as in Ref. [20].
Positron spectra and an estimated background (model

C from Ref. [19]) are given in Fig. 2. The sharp peak at
Ee" # mB1 is spectacular—while propagation broadens
the spectrum, the monoenergetic source remains evident.
This feature is extremely valuable, as the background,
although resulting from many sources, should be smooth.
Maximal Ee" also enhances detectability since the back-
ground drops rapidly with energy. Both of these virtues
are absent for neutralinos, where Majorananess implies
helicity-suppressed annihilation amplitudes, and posi-
trons are produced only in cascades, leading to soft,
smooth spectra [21]. A peak in the e" spectrum will
not only be a smoking gun for B1 dark matter, it will
also exclude neutralinos as the source.

Of the many positron experiments, the most promising
is AMS [22], the antimatter detector to be placed on the
International Space Station. AMS will distinguish posi-
trons from electrons even at 1 TeV energies [23]. With
aperture 6500 cm2 sr and a runtime of 3 yr, AMS will
detect !1000 positrons with energy above 500 GeV, and
may detect a positron peak from B1 dark matter.

Photons from dark matter annihilation in the center of
the galaxy also provide an indirect signal. The line signal
from B1B1 ! %% is loop suppressed, and so we consider
continuum photon signals. The integrated photon flux
above some photon energy threshold Eth is [20]

!%$Eth% # 5:6' 10&12 cm&2 s&1 #JJ$$"%$"

'
!
1TeV

mB1

"
2X

q

h"qqvi
pb

Z mB1

Eth

dE
dNq

%

dE
; (15)

where the sum is over all quark pair annihilation channels

FIG. 2 (color online). Predicted positron signals above back-
ground (light shaded area, yellow) as a function of positron
energy for mB1 # me1L

# me1R
# 300, 500, 750, and 1000 GeV.

FIG. 1 (color online). Predicted spin-dependent proton cross
sections (dark-shaded, blue), along with the projected sensi-
tivity of a 100 kg NAIAD array [14]; and predicted spin-
independent proton cross sections (light-shaded, red), along
with the current EDELWEISS sensitivity [15], and projected
sensitivities of CDMS [16], GENIUS [17], and CRESST [18].
(The CRESST projection is long-term and conditional upon
increased exposure and improved background rejection.)
The predictions are for mh # 120 GeV and 0:01 ( r # $mq1 &
mB1 %=mB1 ( 0:5, with contours for specific intermediate r
labeled.
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(from Cheng, Feng & Matchev)

In 5D with KK-photon LKP, self-annihilation into

e+e− pairs is sizable (not helicity suppressed)

Also, continuum photon signals (from annihilation
products) can also be detectable

In contrast, helicity suppression of the ``spinless
photon” into fermions in 6D, makes such searches
much harder. 

spin-dependent ones by !mp=mB1 . However, this effect is
compensated in large nuclei where spin-independent
rates are enhanced by !A2. In the case of bosonic KK
dark matter, the latter effect dominates, and the spin-
independent experiments have the best prospects for de-
tection, with sensitivity to mB1 far above current limits.

Dark matter may also be detected when it annihilates
in the galactic halo, leading to positron excesses in space-
based and balloon experiments. The positron flux is [19]

d!e"

d"dE
# !2

m2
B1

X

i

h"iviBi
e"

Z

dE0fi$E0%G$E0; E%; (12)

where ! is the local dark matter mass density, the sum is
over all annihilation channels i, and Bi

e" is the e" branch-
ing fraction in channel i. The initial positron energy
distribution is given by f$E0%, and the Green function
G$E0; E% propagates positrons in the galaxy.

Several channels contribute to the positron flux. Here
we focus on the narrow peak of primary positrons from
direct B1B1 ! e"e& annihilation. (Annihilation to
muons, taus, and heavy quarks also yield positrons
through cascade decays, but with relatively soft and
smeared spectra.) In this case, the source is monoener-
getic, and Eq. (12) simplifies to

d!e"

d"dE
# 2:7' 10&8 cm&2 s&1 sr&1 GeV&1 h"eevi

pb

'
!

!
0:3 GeV=cm3

"
2
!
1 TeV

mB1

"
2
g
#

1;
E
mB1

$

;

(13)

where the annihilation cross section is

h"eevi #
e4

9# cos4$W

! Y4
e1L

m2
B1 "m2

e1L

" $L ! R%
"

; (14)

and the reduced Green function g is as in Ref. [20].
Positron spectra and an estimated background (model

C from Ref. [19]) are given in Fig. 2. The sharp peak at
Ee" # mB1 is spectacular—while propagation broadens
the spectrum, the monoenergetic source remains evident.
This feature is extremely valuable, as the background,
although resulting from many sources, should be smooth.
Maximal Ee" also enhances detectability since the back-
ground drops rapidly with energy. Both of these virtues
are absent for neutralinos, where Majorananess implies
helicity-suppressed annihilation amplitudes, and posi-
trons are produced only in cascades, leading to soft,
smooth spectra [21]. A peak in the e" spectrum will
not only be a smoking gun for B1 dark matter, it will
also exclude neutralinos as the source.

Of the many positron experiments, the most promising
is AMS [22], the antimatter detector to be placed on the
International Space Station. AMS will distinguish posi-
trons from electrons even at 1 TeV energies [23]. With
aperture 6500 cm2 sr and a runtime of 3 yr, AMS will
detect !1000 positrons with energy above 500 GeV, and
may detect a positron peak from B1 dark matter.

Photons from dark matter annihilation in the center of
the galaxy also provide an indirect signal. The line signal
from B1B1 ! %% is loop suppressed, and so we consider
continuum photon signals. The integrated photon flux
above some photon energy threshold Eth is [20]

!%$Eth% # 5:6' 10&12 cm&2 s&1 #JJ$$"%$"

'
!
1TeV

mB1

"
2X

q

h"qqvi
pb

Z mB1

Eth

dE
dNq

%

dE
; (15)

where the sum is over all quark pair annihilation channels

FIG. 2 (color online). Predicted positron signals above back-
ground (light shaded area, yellow) as a function of positron
energy for mB1 # me1L

# me1R
# 300, 500, 750, and 1000 GeV.

FIG. 1 (color online). Predicted spin-dependent proton cross
sections (dark-shaded, blue), along with the projected sensi-
tivity of a 100 kg NAIAD array [14]; and predicted spin-
independent proton cross sections (light-shaded, red), along
with the current EDELWEISS sensitivity [15], and projected
sensitivities of CDMS [16], GENIUS [17], and CRESST [18].
(The CRESST projection is long-term and conditional upon
increased exposure and improved background rejection.)
The predictions are for mh # 120 GeV and 0:01 ( r # $mq1 &
mB1 %=mB1 ( 0:5, with contours for specific intermediate r
labeled.
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Indirect detection:

Direct detection:

Feasible in 5D, harder in 6D...



Dark Matter in Warped Scenarios

There has been recent interest in describing DM within the RS framework

• One option is to try to mimic KK parity by doubling the space so it is symmetric 
   about the center (could also lead to light states consistent with EWPM)

• Recently a fully realistic model (no KK-parity) 
   constructed with

• A spin-1 DM candidate of mass

mX− = 300− 600 GeV
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• Decays into tops (and cousins)

• Predicts new fermions nearly degenerate
   with       (these play a role in coannihilations) X−

• Strong connection to EWSB (gauge-Higgs unif.)

Associated fermions easily detectable at colliders. 
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Self- and co-annihilation channels

Direct and indirect searches hard



Other Topics Not Covered Here

• ``Large extra dimensions” (ADD)

• ``Higgsless” theories (no Higgs scalar, unitarization via KK gauge bosons)

• Really small extra dimensions (e.g. at the GUT scale). Not directly observable at
   the LHC but could leave imprints for instance in the characteristics of the soft
   breaking parameters in a SUSY theory

• Flat TeV-scale extra dimensions with some fields on the brane, other in the bulk



Following is a very incomplete set of references. When the subject has evolved over time I chose 
to present the most recent reference. Thus, there is no pretension of historical accuracy.
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