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LHC-1 problem

Go from data space to theory space

smoking guns: MET + jets = SUSY (MSSM)

NO! 
UED, little Higgs w/ T-parity

high pT photons, Z’s, possible displaced vertex

A surefire SUSY smoking gun (gauge mediation)



Gauge Mediation

Pheno: Gravitino mass:

the condition of vanishing cosmological constant, is given by [272, 81]

m3/2 =
F0√
3MP

. (3.1)

Here MP = (8πGN)−1/2 = 2.4×1018 GeV is the reduced Planck mass. We denote by F0 the total

contribution of the supersymmetry-breaking VEV of the auxiliary fields, normalized in such a

way that the vacuum energy of the globally supersymmetric theory is V = F 2
0 . Thus F0 does

not coincide with the definition of F , which appears in the sparticle masses through Λ = F/M .

While F0 is the fundamental scale of supersymmetry breaking, F is the scale of supersymmetry

breaking felt by the messenger particles, i.e. the mass splitting inside their supermultiplets. The

ratio k ≡ F/F0 depends on how supersymmetry breaking is communicated to the messengers.

If the communication occurs via a direct interaction, this ratio is just given by a coupling

constant, like the parameter λ in the case described by eq. (2.5). It can be argued that this

coupling should be smaller than 1, by requiring perturbativity up to the GUT scale [16]. If the

communication occurs radiatively, then k is given by some loop factor, and therefore it is much

smaller than 1. We thus rewrite the gravitino mass as

m3/2 =
F

k
√

3MP

=
1

k

(
√

F

100 TeV

)2

2.4 eV , (3.2)

where the model-dependent coefficient k is such that k < 1, and possibly k $ 1.

In gauge-mediated models, the gravitino is the lightest supersymmetric particle (LSP) for

any relevant value of F . Indeed, as argued in sect. 2.4, a safe solution to the flavour problem

requires that gravity-mediated contributions to the sparticle spectrum should be much smaller

than gauge-mediated contributions. Since m3/2 is exactly the measure of gravity-mediated

effects, it is indeed the solution of the flavour problem in gauge mediation, see eq. (2.44), which

implies that the gravitino is the LSP.

If R parity is conserved, all supersymmetric particles follow decay chains that lead to grav-

itinos. In order to compute the decay rate we need to know the interaction Lagrangian at lowest

order in the gravitino field. Since, for
√

F $ MP , the dominant gravitino interactions come

from its spin-1/2 component, the interaction Lagrangian can be computed in the limit of global

supersymmetry. In the presence of spontaneous supersymmetry breaking, the supercurrent Jµ
Q

satisfies the equation

∂µJµ
Q = −F0γ

µ∂µG̃ , (3.3)
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which is the equivalent of the usual current algebra relation for soft pions. This can be viewed

as the goldstino equation of motion. The corresponding interaction Lagrangian is

L = −
1

F0
Jµ

Q∂µG̃ . (3.4)

This shows how the goldstino interacts with derivative couplings suppressed by 1/F0, which are

typically more important than the gravitational couplings suppressed by powers of 1/MP . Since

we are interested in the goldstino couplings to field bilinears, we can replace Jµ
Q in eq. (3.4) by

its expression for free fields and obtain

L = −
k

F

(

ψ̄Lγµγν∂νφ −
i

4
√

2
λ̄aγµσνρF a

νρ

)

∂µG̃ + h.c. (3.5)

Here φ and ψ are the scalar and fermionic components of a generic chiral supermultiplet and λa

and F a
µν are the Majorana spinor and gauge field strength belonging to a vector supermultiplet.

The Lagrangian in eq. (3.5) can also be derived by using the supersymmetric analogue of

the equivalence theorem [118, 120, 56, 57]. This theorem allows the replacement, in high-energy

processes, of an external-state gravitino field with
√

2/3 ∂µG̃/m3/2. If this substitution is done

in the relevant supergravity Lagrangian, one indeed recovers eq. (3.5). For this reason, it is

perfectly adequate for our purposes to describe the LSP in terms of the goldstino properties.

The only rôle played by gravity is to generate the LSP mass given in eq. (3.2).

For on-shell particles, by using the equations of motion, the goldstino Lagrangian in eq. (3.5)

can be written as a Yukawa interaction with chiral fields and a magnetic moment-like interaction

with gauge particles,

L =
k

F

[

(m2
ψ − m2

φ)ψ̄Lφ +
Mλ

4
√

2
λ̄aσνρF a

νρ

]

G̃ + h.c. (3.6)

Notice that both goldstino interactions are proportional to the mass splitting inside the super-

multiplet and inversely proportional to the scale of supersymmetry breaking [118, 120].

For our purposes the interaction Lagrangians in eqs. (3.5) and (3.6) are sufficient to describe

the relevant processes involving the goldstino. Derivations of the complete effective Lagrangian

involving multi-goldstino interactions can be found in refs. [68, 134, 47, 187, 48, 69].
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Interactions are due to Goldstino 
(eaten by massive gravitino)

χ0
1 → γ(Z) + G̃

(Giudice, Rattazzi 1998)

which is the equivalent of the usual current algebra relation for soft pions. This can be viewed
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NLSP decays

travelled by an NLSP with mass m and produced with energy E is

L =
1

κγ

(

100 GeV

m

)5




√

F/k

100 TeV





4 √

E2

m2
− 1 × 10−2 cm . (3.16)

Here κγ is given in eq. (3.10) for χ0
1 and it is equal to 1 for the stau. Mainly depending on the

unknown value of
√

F/k, the NLSP can either decay within microscopic distances or decay well

outside the solar system. Therefore from the collider experiments’ point of view, there are two

relevant regimes, which correspond to different search strategies.

If
√

F/k is large (roughly larger than 106 GeV), the NLSP decays outside the detector

and therefore behaves like a stable particle. If χ0
1 is the NLSP, the collider signatures closely

resemble those of the ordinary supersymmetric scenarios with a stable neutralino. The only

handle to distinguish a gauge-mediated origin is given by the properties of the mass spectrum,

described in sect. 2.4. On the other hand, for a τ̃ NLSP, the signature is quite novel, with a

stable charged massive particle going through the detector, leaving an anomalous ionization

track.

For small
√

F/k (typically
√

F/k <∼ 106 GeV), the NLSP promptly decays and the experi-

mental signature is given by events with missing transverse energy, imbalance in the final-state

momenta and a pair of photons or charged leptons, possibly accompanied by other particles.

This is a very characteristic signal, which typically allows better detection efficiency than the

usual missing-energy signal of ordinary supersymmetry. Moreover, in this case, looking for

NLSP pair production, it is possible to extend the search to a portion of the parameter space

not accessible in the corresponding gravity-mediated scenario, where the LSP is invisible.

The intermediate region between the two regimes is particularly interesting. In this case

the NLSP decay length could be measurable as a vertex displacement of the final-state photon

(or tau). It is interesting experimentally, because it allows a better background rejection, but

also theoretically, because a measurement of the decay length gives direct information on the

value of
√

F/k. This is a unique opportunity, since other measurements are mainly sensitive

only to the mass scale Λ = F/M , which roughly determines the mass spectrum. A study of

how hadron collider sensitivity to long-lived NLSP can be maximized can be found in ref. [62].

There has also been a proposal [190] for extending the search to NLSP lifetimes much longer

than allowed by present detectors. The suggestion is to design dedicated collider experiments
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m is NLSP mass, F/k is SUSY breaking scale

Decay length in colliders:

prompt, long lived, or displaced vertex

√
F

k
∼ 106 GeV



Can we get the same 
signals from a very 
different model?

variation on Universal 
Extra Dimensions or Little 

Higgs?



UED
All SM fields propagate in the bulk 

5D - flat extra dimension (size L  O(1/TeV))

SM fermions get zero modes through orbifold 
compactification (boundary cond.)

SM zero modes have ++ BC

KK-parity is imposed (remnant of 5D mom. cons)

EWP, Dark matter (Missing ET)

The first “bosonic” SUSY

(Cheng, Matchev, Schmaltz 2002)



KK-parity

branes break 5D trans. invariance

discrete momentum cons. (KK-number)

Loops further break it to KK-parity

reflection about midpoint of extra dim.

Certain terms forbidden (5D fermion masses)



The Model

SU(3)cxSU(2)LxU(1)y

xU(1)PQ

SU(3)cxSU(2)LxU(1)ySU(3)cxSU(2)LxU(1)y

2 Higgs Doublets
Hu, Hd

1 Introduction

2 Basic Setup

This model is built on 5D Minkowski space, with the distance element on this space given
by:

ds2 = ηµνdxµdxν − dz2, (2.1)

where ηµν is the metric for 4D Minkowski space. The extra dimensional coordinate z is
compactified on an S1/Z2 orbifold, and the z coordinate is taken to range from z = [0, L].
All SM fields are taken to propagate in the bulk, and the Lagrangian is constructed to
obey a discrete symmetry known as KK-number, the remnant of 5D translation invariance
which is broken by the presence of the branes at z = 0, L [?]. KK-number is not conserved
at the quantum level, and is broken by quantum effects to a residual Z2 symmetry known
as KK-parity [?]. At the Lagrangian level, KK-parity forbids bulk Dirac masses for the
fermions, requires that brane localized interactions be identical on the branes at z = 0, L,
and that boundary conditions for bulk fields are chosen to be the same on either brane.
Boundary conditions for the fermions and gauge fields are chosen such that the fermion
and gauge boson zero mode spectrum reproduces the that of the Standard Model. The
bulk Higgs sector then gives mass to these modes in the usual way.

We slightly extend UED to incorporate a new bulk gauge symmetry. This gauge
symmetry is chosen to be chiral in the zero mode spectrum, and the charges are chosen to
match those of a standard Peccei-Quinn global symmetry. In order to do this consistently
we must also have up and down-type Higgs doublets, since the SM with one Higgs does
not have any such symmetry, even at the global level:

Hu Hd Q ū d̄ L ē
Y 1/2 −1/2 1/6 −2/3 1/3 −1/2 1
PQ 1 1 −1/2 −1/2 −1/2 −1/2 −1/2

(2.2)

Note that a µ term, µHT
u (iτ2)Hd, is forbidden with these charge assignments. On the

boundaries, we fix the 4D components of the PQ gauge field, BM to zero: Bµ|z=0,L = 0,
as is consistent with the action principle [?]. In the absence of other symmetry breaking
effects, this leads to a single physical zero mode for the 5-component of the gauge field,
B5 []. As is normally the case, the remaining KK tower of B5 modes can be gauged out of
the spectrum as they are Goldstone bosons eaten by the KK tower of massive Bµ fields. We
discuss this in further detail in Section ??, where we also take into account bulk breaking
of the gauge symmetry due to the Higgs vacuum expectation values. This gauge theory as
constructed is anomalous, and is thus potentially not viable. We show in Section ?? that
all such anomalies are global rather than gauge anomalies, as they arise only on the branes,
and the theory is thus self-consistent.

1

µHT
u iτ2Hd µHT

u iτ2Hd

z=0 z=L

Anomalous



A broken 5D gauge 
symmetry

Gauge a U(1) in the bulk of the flat extra dimension

Break it by boundary conditions:

The anomalies lead to brane localized couplings of the B5 zero mode to the 5D field
strengths and their duals, GG̃, WW̃ and FF̃ . These couplings allow a decay of the lightest
KK-odd particle in UED, which is generally the first KK mode of the hypercharge gauge
boson, down to a photon (or Z), and a PQ B5 field. This is surprising at first glance,
since the B5 has a flat profile, and is naively even under KK-parity. However, we show in
Section ?? the zero mode B5 is in fact a KK-odd mode in all of its interactions, even at
the classical level.

3 Bulk Gauged Peccei-Quinn Symmetry

3.1 Residual Gauge Transformations

As described in the previous section, we gauge a U(1)PQ symmetry in the bulk, and break
this symmetry via boundary conditions on the branes at z = 0 and z = L. In this section, we
analyze this theory, identifying the residual gauge symmetry after imposing the boundary
conditions on the branes, and gauge fixing in the bulk.

First we wish to understand the residual gauge symmetry after imposing the boundary
conditions, and projecting out the unphysical eaten Goldstone modes. Requiring preser-
vation of the boundary conditions by the gauge transformations, BM → BM + ∂Mβ(x, z),
gives:

Bµ|z=0,L = 0 =⇒ ∂µβ(x, z)|z=0,L = 0. (3.3)

This condition requires that the gauge transformation on the branes is a constant function
of the 4D coordinates, or is a global symmetry from the perspective of the 4D theory.

We now turn to gauge fixing the U(1)PQ in the bulk. The 5D Lagrangian for a free
U(1) gauge field is given by:

LU(1)PQ
=

∫
dz
−1

4g2
PQ

BMNBMN

=

∫
dz
−1

4g2
PQ

[
BµνB

µν − 2(∂5Bµ)2 − 2(∂µB5)
2 + 4(∂5B

µ)(∂µB5)
]

=

∫
dz
−1

4g2
PQ

[
BµνB

µν − 2(∂5Bµ)2 − 2(∂µB5)
2 + 4(∂µB

µ)(∂5B5)
]

+
1

g2
PQ

∂µB
µB5

∣∣∣∣∣

L

0

, (3.4)

where we have rearranged the interaction that mixes Bµ and B5 through integration by
parts in the last step. Note that the boundary localized term vanishes for the boundary
conditions that we have chosen, Bµ|L,0 = 0, so there is no brane localized mixing between
B5 and Bµ.
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(bulk gauge coupling gPQ)



Gauge fixing in the bulk

As we gauge fix, it is convenient to remove the terms that mix B5 and Bµ in the bulk.
This is achieved by adding a gauge fixing term to the Lagrangian given by:

LGF = −
∫

dz
1

2
G2 ≡

∫
dz

−1

2g2
PQξB

[∂µB
µ − ξB∂5B5]

2 . (3.5)

Note that there is a residual gauge symmetry where the gauge transformation parameter
obeys the following equation:

∂µ∂
µβ(x, y)− ξB∂2

5β(x, y) = 0 (3.6)

We choose to go to unitary gauge, ξB → ∞ where the eaten B5 modes are projected out
of the spectrum. In this limit, the solutions are:

β(x, z) = β+(x) +

(
2z − L

2L

)
β−(x) =⇒ βres(x, z) = β+ + β−

(
2z − L

2L

)
(3.7)

where we have imposed the boundary conditions in Eq. 3.3 for the gauge transformation
in the second step.

Under this residual transformation, the PQ gauge fields transform as:

Bµ → Bµ B5 → B5 +
β−

L
(3.8)

Thus the physical B5 zero mode acts as a Goldstone boson, undergoing a constant shift
under the KK-odd part of the residual gauge transformation. This implies that the choice of
these boundary conditions is equivalent to having spontaneously broken a global symmetry.

Note that the constant transformations β+ correspond to a true PQ global symmetry in
terms of the transformation properties of the light SM fields. This residual transformation
is unbroken at this stage, and thus the B5 cannot play the role of a usual axion in resolving
the strong CP problem. We revisit this in Section ??.

3.2 Tree level interactions of the B5 zero mode

In this section, we study the interactions of the PQ B5 with the KK-modes and SM fields.
In doing so we dispel the naive notion that the KK-parity transformation properties of a
KK mode are determined solely by the transformation properties of the wave function.

This can be seen in a simple way. First we note that 5D gauge invariance associates
every ∂5 with a B5 and vice versa through the covariant derivative:

D5 = ∂5 + iB5 (3.9)

Now 5D Lorentz invariance also requires that any index must be repeated an even number of
times in any single term in the Lagrangian.∗ This is because everything must be contracted

∗Except in the case of contraction through the Levi-Civita tensor. This is an important point when
considering the anomalies which give rise to the decays we are interested in. We give this further attention
in Section ??.
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LU(1)PQ
=
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dz
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4g2
PQ

BMNBMN

=
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dz
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4g2
PQ

[
BµνB

µν − 2(∂5Bµ)2 − 2(∂µB5)
2 + 4(∂5B

µ)(∂µB5)
]
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∫
dz
−1

4g2
PQ

[
BµνB

µν − 2(∂5Bµ)2 − 2(∂µB5)
2 + 4(∂µB

µ)(∂5B5)
]
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PQ

∂µB
µB5
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L

0

, (3.4)

where we have rearranged the interaction that mixes Bµ and B5 through integration by
parts in the last step. Note that the boundary localized term vanishes for the boundary
conditions that we have chosen, Bµ|L,0 = 0, so there is no brane localized mixing between
B5 and Bµ.
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Residual gauge symmetry:

5D unitary gauge:

As we gauge fix, it is convenient to remove the terms that mix B5 and Bµ in the bulk.
This is achieved by adding a gauge fixing term to the Lagrangian given by:

LGF = −
∫

dz
1

2
G2 ≡

∫
dz

−1

2g2
PQξB

[∂µB
µ − ξB∂5B5]

2 . (3.5)

Note that there is a residual gauge symmetry where the gauge transformation parameter
obeys the following equation:

∂µ∂
µβ(x, y)− ξB∂2

5β(x, y) = 0 (3.6)

We choose to go to unitary gauge, ξB → ∞ where the eaten B5 modes are projected out
of the spectrum. In this limit, the solutions are:

β(x, z) = β+(x) +

(
2z − L

2L

)
β−(x) =⇒ βres(x, z) = β+ + β−

(
2z − L

2L

)
(3.7)

where we have imposed the boundary conditions in Eq. 3.3 for the gauge transformation
in the second step.

Under this residual transformation, the PQ gauge fields transform as:

Bµ → Bµ B5 → B5 +
β−

L
(3.8)

Thus the physical B5 zero mode acts as a Goldstone boson, undergoing a constant shift
under the KK-odd part of the residual gauge transformation. This implies that the choice of
these boundary conditions is equivalent to having spontaneously broken a global symmetry.

Note that the constant transformations β+ correspond to a true PQ global symmetry in
terms of the transformation properties of the light SM fields. This residual transformation
is unbroken at this stage, and thus the B5 cannot play the role of a usual axion in resolving
the strong CP problem. We revisit this in Section ??.

3.2 Tree level interactions of the B5 zero mode

In this section, we study the interactions of the PQ B5 with the KK-modes and SM fields.
In doing so we dispel the naive notion that the KK-parity transformation properties of a
KK mode are determined solely by the transformation properties of the wave function.

This can be seen in a simple way. First we note that 5D gauge invariance associates
every ∂5 with a B5 and vice versa through the covariant derivative:

D5 = ∂5 + iB5 (3.9)

Now 5D Lorentz invariance also requires that any index must be repeated an even number of
times in any single term in the Lagrangian.∗ This is because everything must be contracted

∗Except in the case of contraction through the Levi-Civita tensor. This is an important point when
considering the anomalies which give rise to the decays we are interested in. We give this further attention
in Section ??.
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Additional Spontaneous 
Breaking

U(1) is broken by boundary conditions, and there’s 
also a Higgs field(s) with charge under this gauge 

group
The Lagrangian, before gauge fixing, in our toy model is given by

L = −Vbound(H(0))− Vbound(H(L)) +

∫
dz
−1

4g2
5D

BMNBMN +
1

L
|DMH|2 − V (H). (3.14)

With the assumption that there are no brane localized scalar potential terms, the Higgs
gets a z-independent profile. We assume that this is the case, and add brane localized
interactions later, treating them perturbatively in the low-energy 4D effective theory.

First we identify the interactions which kinetically mix the gauge bosons with the
eaten Goldstone bosons, so that we can remove them with a suitable gauge fixing term:

Lmix = − 1

g2
5D

(∂5B
µ)(∂µB5) +

1

L
v∂µπBµ (3.15)

The gauge fixing term that removes the 4D kinetic mixing is:

1

2
G2 =

−1

2ξg2
5D

[
∂µB

µ − ξ

(
∂5B5 +

g2
5D

L
vπ

)]2

(3.16)

The classical equations of motion for B5 and π are then given by:

!π − π′′ + ξ
g2v2

L
π +

v′′

v
π − (1− ξ)vB′

5 + 2v′B5 = 0

!B5 − ξB′′
5 +

g2v2

L
B5 + (1− ξ)

g2v

L
π′ − (1 + ξ)

g2v′

L
π = 0 (3.17)

where we have kept the terms containing varying v for completeness. After enforcing
Bµ|z=0,L = 0, the boundary conditions for π and B5 are given by:

π′ + vB5 −
v′

v
π ± L

δVbound

δπ

∣∣∣∣
z=0,L

= 0

B′
5 +

g2v

L
π

∣∣∣∣
z=0,L

= 0 (3.18)

In the cases where v′ = 0, we can easily decouple the second order bulk equations by
taking the first equation, solving for B′

5,

B′
5 =

1

v(1− ξ)

[
!π − π′′ + ξ

g2v2

L
π

]
, (3.19)

taking the z-derivative of the second equation, and substituting using the above formula.
The result is a 4-th order equation for π:

π′′′′ − 2
g2v2

L
π′′ +

g4v4

L2
π + m2

{
(1 + 1/ξ)π′′ +

[
m2/ξ − g2v2

L
(1 + 1/ξ)

]
π

}
= 0 (3.20)
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H ∼ v(z)√
2

eiπ(x,z)/v(z)

New Gauge fixing potential



Two Zero Modes

The same can be done for π′ from the second equation to get the same exact 4-th order
equation for B5. Note that the only dependance on ξ is in the mass terms. One can
immediately read off the solutions which are physical (don’t depend on ξ). For solutions
to the second order equation

π′′ + (m2 − g2v2/L)π = 0, (3.21)

there is no ξ dependence in the second half of the equation, and the bulk eom is also
automatically satisfied. This means that the remaining two solutions to the full fourth
order equation must be the ones that are eaten/unphysical.

For zero modes, there is trivially no ξ dependence, since it appears only in the mass
terms. The solutions for the massless case are:

π = Aπeκz + Bπe−κz + Cπzeκz + Dπze−κz, (3.22)

and
B5 = ABeκz + BBe−κz + CBzeκz + DBze−κz. (3.23)

with κ ≡ gv/
√

L.

We first eliminate 4 of these 8 coefficients by requiring that the original second order
coupled equations are satisfied. Satisfying the boundary conditions requires that there are
no solutions of the form ze±κz, however there are two remaining undetermined coefficients.
The full massless solution is given by:

B5 = ABeκz + BBe−κz

π = −v

κ

[
ABeκz −BBe−κz

]
(3.24)

We should rewrite this in terms of eigenstates of KK-parity. First we look at the case where
the B5 part has a KK-even wave-function (but remember the interactions are KK-odd):

B(0)odd
5 = A′

B cosh κ(z − L/2)ζodd(x) (3.25)

In this case, the π part of this zero mode is given by:

π(0)odd = A′
B

v

κ
sinh κ(z − L/2)ζodd(x) (3.26)

The subtlety about the KK-parity quantum numbers of the B5 plays out here, as a single
zero mode KK-eigenstate has simultaneous KK-even and KK-odd wavefunctions (although
of course the interactions are all consistent, as they must be).

The KK-even mode is given by:

B(0)even
5 = B′

B sinh κ(z − L/2)ζeven(x) (3.27)
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In this case, the π part of this zero mode is given by:

π(0)even = −B′
B

v

κ
cosh κ(z − L/2)ζeven(x) (3.28)

Imposing canonical normalization for the 4D fields then fixes the overall coefficients A′
B

and B′
B.

We now analyze what happens when we add explicit symmetry breaking on the bound-
aries. We add PQ breaking µ terms of the form Vbound = −µ

2 (H2 +H∗2) on each boundary.
This is allowed, since the symmetries are only global on the endpoints. Expanding in the
Goldstone fluctuations, this leads to brane localized mass terms for the 5D field π:

Vbound

∣∣
0,L = µπ2

∣∣
0,L

. (3.29)

Keeping track of only the zero modes, this becomes:

Vbound

∣∣∣∣0,L = µ
[
A′

B

v

κ
sinh κ(z − L/2)ζ−(x) + B′

B

v

κ
cosh κ(z − L/2)ζ+(x)

]2
∣∣∣∣
0,L

. (3.30)

The effective 4D potential is obtained by summing over the two boundary contributions,
which gives:

Veff = 2µA′2
B

(v

κ

)2

sinh2 κL

2
ζ2
−(x) + 2µB′2

B

(v

κ

)2

cosh2 κL

2
ζ2
+(x) (3.31)

Expanding in small κ, and imposing canonical normalization on the scalar zero modes in
the 4D effective theory takes this to:

Veff = 2µζ2
+ +

1

2
g2
4Dµv2L2ζ2

− (3.32)

The masses of the KK-even and KK-odd modes are then m2
even = 4µ, and m2

odd = g2
4Dµv2L2.

A full numerical evaluation of the equations of motion including deformation of the VEV
due to the µ terms confirms that these approximations hold at the level of 2% for the
KK-odd mode, and < 1% for the KK-even mode for µ as large as (300 GeV)2. We thus
use the above masses in the remainder of our analysis.

Numerically, the mass of the light mode is given by:

mlight = 74 MeV
( g

3 · 10−4

) ( µ

3002 GeV2

)1/2

(L · 1000 GeV) (3.33)

3.4 U(1)PQ Anomalies

With the fermion charges given in Table 2.2, the U(1)PQ gauge symmetry is clearly anoma-
lous. However, as we have shown in Section 3.1, the residual symmetry after imposing
Dirichlet boundary conditions on the 4D components of the PQ gauge field is global on
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KK-parity odd KK-parity even

Small kappa:
KK-parity odd KK-parity even

B(0)odd
5 ≈ g5D√

L
ζodd

π(0)odd ≈ g5D√
L

v(z − L/2)ζodd π(0)even ≈ ζeven

B(0)even
5 ≈ −g2

5Dv

L
(z − L/2)ζeven

κ ≡ g5Dv/
√

L



The 5D Goldstone
Interactions arise from 5D kinetic term

Field redefinition:

The B5 couples derivatively:

Ψ̄iDMγMΨ ⊃ Ψ̄i

(
∂5 − i

g5D√
L

B(0)
5

)
γ5Ψ

Ψ̄i!∂Ψ→ Ψ̄′i!∂Ψ′ +
∫ z

z0

dz′B(0)
5 ∂µ

(
Ψ̄′γµΨ′)

(Wilson line)



Anomalies in 4D

∫
DΨ̄DΨ→

∫
DΨ̄′DΨ′ [J ]

A =
α

8π
F · F̃

Under chiral redefinitions, the Jacobian in the 
PI measure is generically non-trivial

Where    is the axial vector current anomaly:A

[J ] = exp
[

i

v

∫
d4xπ(x)A

]
Ψ = e−i π

2v γ5
Ψ′



Anomalies in 5D

5D theory is vectorlike in bulk (no anomalies)

Chiral theory is arranged via orbifold projection

Theory is chiral only on the branes (z=0,L)

Anomalies restricted to the branes

(does not follow profile of zero mode)

(Arkani-Hamed, Cohen, Georgi)



Anomalies in 5D

the endpoints of the extra dimension. We review anomalies in 5D theories in this section,
emphasizing that the chiral anomalies are localized on the branes, where the gauge trans-
formation is global rather than local [7]. As a result, the theory remains consistent at the
quantum level. However, as is crucial in our model, the anomalies imply effective interac-
tions between the B5 of the U(1)PQ and SM gauge fields. We focus here on anomalies of
the form U(1)PQ×SM×SM, since these lead to the interactions we are most interested in.

Under an anomalous U(1)PQ gauge transformation BM → BM + ∂Mβ(x, z), the action
shifts by:

δS =

∫
d4x

∫ L

0

dz β∂MJM −
∫

d4x βJ5
∣∣L
0
≡

∫
d5x βA, (3.34)

where JM is the classically conserved PQ current, and A is the anomalous divergence. The
boundary term vanishes by construction, through the assignment of the orbifold boundary
conditions which produce the chiral spectrum in Table 2.2.

We use the final result of [7] for the anomalous divergence of the 5D current. The
anomaly is purely localized on the branes, and is given by:

A(x, z) = 1
2 [δ(z) + δ(z − L)]

∑
f qf

PQ

(
qf2
Y

16π2 F · F̃ + Tr τf
a τf

a
16π2 W · W̃ + Tr tfatfa

16π2 G · G̃
)

≡ 1
2 [δ(z) + δ(z − L)]QPQ(x, z) (3.35)

where F , W , and G are the hypercharge, SU(2)L, and QCD field strengths, and F · F̃ is
given by εµνρσFµν(x, z)Fρσ(x, z) (with similar expressions for W and G). Therefore, the
action shifts under an arbitrary U(1)PQ gauge transformation as:

δS =
1

2

∫
d4x [β(x, 0)QPQ(x, 0) + β(x, L)QPQ(x, L)] (3.36)

For the purposes of discovering the interactions that the anomaly generates, we rearrange
the terms in this expression in the following way:

δS =
1

2

∫
d4x

[
(β0 + βL)Q+

PQ + (β0 − βL)Q−PQ

]
(3.37)

with Q±PQ ≡ 1/2[QPQ(x, z = 0)±QPQ(x, z = L)]. We suppress the x dependence of β since
the boundary conditions on the PQ gauge field impose that the transformation parameter
be constant on the boundaries.

Now we note that the second term in Equation 3.37 can be absorbed by adding an
interaction to the effective action:

Seff =
1

2

∫
d4xQ−PQ

[∫ L

0

dzB5

]
, (3.38)

leaving only an “irreducible” anomaly term, (β0+βL)Q+
PQ. Without adding additional fields

to this construction, there are no couplings which can absorb this remaining anomalous
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The Complete Anomaly:

Our chiral redefinition was:

PI measure shifts, new terms in eff. Lagrangian are:

transformation. This is the manifestation of the usual PQ chiral anomaly in the 4D effective
theory. This approximate symmetry is not spontaneously broken in the theory, and there
is thus no field to absorb the anomalous transformation.

We now turn our focus to the interactions arising from the effective action in Eq. 3.38.
Using the KK decomposition of the gauge bosons (in the absence of electroweak symmetry
breaking) we get

Fµν(x, z) = g′5D

√
1
LF (0)

µν (x) + g′5D

∑
n≥1

√
2
L cos

(
nπz
L

)
F (n)

µν (x),

B5(x, z) =
gPQ
5D√
L

B(0)(x) (3.39)

with similar expansions for the SU(2)L and SU(3)C field strengths. The normalization
coefficients are chosen to produce a canonically normalized 4D effective theory. This yields

Leff
B5AA =

g′25DgPQ
5D

16π2
√

L
B(0)

5 (x)
∑

m≥n≥0

cnmF (n) · F̃ (m)

=
α1

4π

1

fPQ
B(0)

5 (x)
∑

m≥n≥0

cnmF (n) · F̃ (m),

(3.40)

where α1 = g′2

4π , g′ = g′5D/
√

L is the usual hypercharge gauge coupling, fPQ = 1/(gPQ
5D

√
L)

is the effective “axion” decay constant, and the coefficients cnm are given by

cnm =






0 n + m even
∑

f qf
PQqf2

Y n + m odd, n, m ≥ 1
1√
2

∑
f qf

PQqf2
Y n + m odd, n ·m = 0.

(3.41)

3.5 γ(1) decays

The polarization averaged and summed amplitude squared for the decay of the level-1
KK-mode of the hypercharge gauge boson is given by:

1

3

∑

pol

|iM|2 =
16

3
κ2

[(
p(0) · p(1)

)2 − p(0)2p(1)2
]

=
4

3
κ2m(1)4

[
1−

(
m(0)

m(1)

)2
]2

(3.42)

where p(0) is the momentum of the photon or Z, and κ is given by

κγ,Z =

√
2g′25DgPQ

5D

16π2
√

L

∑

f

qf
PQqf2

Y · (cw, sw) (3.43)

In the last step, we have evaluated the products of momenta in the rest frame of the
decaying KK-mode.
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Y n + m odd, n ·m = 0.
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The polarization averaged and summed amplitude squared for the decay of the level-1
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1

3

∑

pol

|iM|2 =
16

3
κ2

[(
p(0) · p(1)

)2 − p(0)2p(1)2
]

=
4

3
κ2m(1)4

[
1−

(
m(0)

m(1)

)2
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(3.42)

where p(0) is the momentum of the photon or Z, and κ is given by

κγ,Z =

√
2g′25DgPQ

5D

16π2
√

L

∑

f

qf
PQqf2

Y · (cw, sw) (3.43)

In the last step, we have evaluated the products of momenta in the rest frame of the
decaying KK-mode.
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Ψ = exp
[
iq

(
π(z0)
v(z0)

+
∫ z

z0

dz′B(0)
5

)]
Ψ′



Massless modes are bad

pi is a would-be “electroweak axion” if it is very 
light (exact PQ symmetry)

(Weinberg-Wilczek)

interactions only suppressed by v = 246 GeV

completely ruled out by astro and nuclear physics

also need at least a small mass for B5



Explicit breaking
In this case, the π part of this zero mode is given by:

π(0)even = −B′
B

v

κ
cosh κ(z − L/2)ζeven(x) (3.28)

Imposing canonical normalization for the 4D fields then fixes the overall coefficients A′
B

and B′
B.

We now analyze what happens when we add explicit symmetry breaking on the bound-
aries. We add PQ breaking µ terms of the form Vbound = −µ

2 (H2 +H∗2) on each boundary.
This is allowed, since the symmetries are only global on the endpoints. Expanding in the
Goldstone fluctuations, this leads to brane localized mass terms for the 5D field π:

Vbound

∣∣
0,L = µπ2

∣∣
0,L

. (3.29)

Keeping track of only the zero modes, this becomes:

Vbound

∣∣∣∣0,L = µ
[
A′

B

v

κ
sinh κ(z − L/2)ζ−(x) + B′

B

v

κ
cosh κ(z − L/2)ζ+(x)

]2
∣∣∣∣
0,L

. (3.30)

The effective 4D potential is obtained by summing over the two boundary contributions,
which gives:

Veff = 2µA′2
B

(v

κ

)2

sinh2 κL

2
ζ2
−(x) + 2µB′2

B

(v

κ

)2

cosh2 κL

2
ζ2
+(x) (3.31)

Expanding in small κ, and imposing canonical normalization on the scalar zero modes in
the 4D effective theory takes this to:

Veff = 2µζ2
+ +

1

2
g2
4Dµv2L2ζ2

− (3.32)

The masses of the KK-even and KK-odd modes are then m2
even = 4µ, and m2

odd = g2
4Dµv2L2.

A full numerical evaluation of the equations of motion including deformation of the VEV
due to the µ terms confirms that these approximations hold at the level of 2% for the
KK-odd mode, and < 1% for the KK-even mode for µ as large as (300 GeV)2. We thus
use the above masses in the remainder of our analysis.

Numerically, the mass of the light mode is given by:

mlight = 74 MeV
( g

3 · 10−4

) ( µ

3002 GeV2

)1/2

(L · 1000 GeV) (3.33)

3.4 U(1)PQ Anomalies

With the fermion charges given in Table 2.2, the U(1)PQ gauge symmetry is clearly anoma-
lous. However, as we have shown in Section 3.1, the residual symmetry after imposing
Dirichlet boundary conditions on the 4D components of the PQ gauge field is global on
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Symmetry is only global on boundaries
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2 (H2 +H∗2) on each boundary.
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Goldstone fluctuations, this leads to brane localized mass terms for the 5D field π:
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. (3.29)
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B
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κ
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. (3.30)

The effective 4D potential is obtained by summing over the two boundary contributions,
which gives:

Veff = 2µA′2
B

(v

κ

)2

sinh2 κL

2
ζ2
−(x) + 2µB′2

B

(v

κ

)2

cosh2 κL

2
ζ2
+(x) (3.31)

Expanding in small κ, and imposing canonical normalization on the scalar zero modes in
the 4D effective theory takes this to:

Veff = 2µζ2
+ +

1

2
g2
4Dµv2L2ζ2

− (3.32)

The masses of the KK-even and KK-odd modes are then m2
even = 4µ, and m2

odd = g2
4Dµv2L2.

A full numerical evaluation of the equations of motion including deformation of the VEV
due to the µ terms confirms that these approximations hold at the level of 2% for the
KK-odd mode, and < 1% for the KK-even mode for µ as large as (300 GeV)2. We thus
use the above masses in the remainder of our analysis.

Numerically, the mass of the light mode is given by:

mlight = 74 MeV
( g

3 · 10−4

) ( µ

3002 GeV2

)1/2

(L · 1000 GeV) (3.33)

3.4 U(1)PQ Anomalies

With the fermion charges given in Table 2.2, the U(1)PQ gauge symmetry is clearly anoma-
lous. However, as we have shown in Section 3.1, the residual symmetry after imposing
Dirichlet boundary conditions on the 4D components of the PQ gauge field is global on
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Goldstone fluctuations, this leads to brane localized mass terms for the 5D field π:
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The effective 4D potential is obtained by summing over the two boundary contributions,
which gives:

Veff = 2µA′2
B

(v
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2
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B
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Expanding in small κ, and imposing canonical normalization on the scalar zero modes in
the 4D effective theory takes this to:

Veff = 2µζ2
+ +

1

2
g2
4Dµv2L2ζ2

− (3.32)

The masses of the KK-even and KK-odd modes are then m2
even = 4µ, and m2

odd = g2
4Dµv2L2.

A full numerical evaluation of the equations of motion including deformation of the VEV
due to the µ terms confirms that these approximations hold at the level of 2% for the
KK-odd mode, and < 1% for the KK-even mode for µ as large as (300 GeV)2. We thus
use the above masses in the remainder of our analysis.

Numerically, the mass of the light mode is given by:

mlight = 74 MeV
( g

3 · 10−4

) ( µ

3002 GeV2

)1/2
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3.4 U(1)PQ Anomalies

With the fermion charges given in Table 2.2, the U(1)PQ gauge symmetry is clearly anoma-
lous. However, as we have shown in Section 3.1, the residual symmetry after imposing
Dirichlet boundary conditions on the 4D components of the PQ gauge field is global on
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∼ µπ2|0,L

(very similar for 2HDM)

Scalar “Axino” gets a potentially small mass:

(has small - negligible - contribution to EWP)



The Model

SU(3)cxSU(2)LxU(1)y

xU(1)PQ

SU(3)cxSU(2)LxU(1)ySU(3)cxSU(2)LxU(1)y

2 Higgs Doublets
Hu, Hd

1 Introduction

2 Basic Setup

This model is built on 5D Minkowski space, with the distance element on this space given
by:

ds2 = ηµνdxµdxν − dz2, (2.1)

where ηµν is the metric for 4D Minkowski space. The extra dimensional coordinate z is
compactified on an S1/Z2 orbifold, and the z coordinate is taken to range from z = [0, L].
All SM fields are taken to propagate in the bulk, and the Lagrangian is constructed to
obey a discrete symmetry known as KK-number, the remnant of 5D translation invariance
which is broken by the presence of the branes at z = 0, L [?]. KK-number is not conserved
at the quantum level, and is broken by quantum effects to a residual Z2 symmetry known
as KK-parity [?]. At the Lagrangian level, KK-parity forbids bulk Dirac masses for the
fermions, requires that brane localized interactions be identical on the branes at z = 0, L,
and that boundary conditions for bulk fields are chosen to be the same on either brane.
Boundary conditions for the fermions and gauge fields are chosen such that the fermion
and gauge boson zero mode spectrum reproduces the that of the Standard Model. The
bulk Higgs sector then gives mass to these modes in the usual way.

We slightly extend UED to incorporate a new bulk gauge symmetry. This gauge
symmetry is chosen to be chiral in the zero mode spectrum, and the charges are chosen to
match those of a standard Peccei-Quinn global symmetry. In order to do this consistently
we must also have up and down-type Higgs doublets, since the SM with one Higgs does
not have any such symmetry, even at the global level:

Hu Hd Q ū d̄ L ē
Y 1/2 −1/2 1/6 −2/3 1/3 −1/2 1
PQ 1 1 −1/2 −1/2 −1/2 −1/2 −1/2

(2.2)

Note that a µ term, µHT
u (iτ2)Hd, is forbidden with these charge assignments. On the

boundaries, we fix the 4D components of the PQ gauge field, BM to zero: Bµ|z=0,L = 0,
as is consistent with the action principle [?]. In the absence of other symmetry breaking
effects, this leads to a single physical zero mode for the 5-component of the gauge field,
B5 []. As is normally the case, the remaining KK tower of B5 modes can be gauged out of
the spectrum as they are Goldstone bosons eaten by the KK tower of massive Bµ fields. We
discuss this in further detail in Section ??, where we also take into account bulk breaking
of the gauge symmetry due to the Higgs vacuum expectation values. This gauge theory as
constructed is anomalous, and is thus potentially not viable. We show in Section ?? that
all such anomalies are global rather than gauge anomalies, as they arise only on the branes,
and the theory is thus self-consistent.

1

µHT
u iτ2Hd µHT

u iτ2Hd

z=0 z=L



Spectrum

B5 “axino”

Level 1 hypercharge 
gauge KK-mode

Rest of level 1 KK-modes

mass

~10 keV to GeV

100’s of GeV:



Collider Pheno
NLSP decays:

partner of hypercharge gauge boson
decays through the anomaly

A(1)
µ → γ(Z) + B5 fPQ ≡

1
gPQ
5D

√
L

Other NLSP’s ?

where p(0) is the momentum of the photon or Z, and λγ,Z is given by

λγ,Z =
α1

4π

1

fPQ

√
2
∑

f

qf
PQqf2

Y · (cw, sw). (4.52)

In the last step, we have evaluated the products of momenta in the rest frame of the
decaying KK-mode, and we have neglected the mass of the B5.

For 1/L " v, we can ignore the mass of the Z boson, and the partial widths in this
limit are given by:

Γγ,Z ≈
α2

192π3c4
wf 2

PQ

m(1)3

(
∑

f

qf
PQqf2

Y

)2

(c2
w, s2

w). (4.53)

The sum over charges as can be read in Table 2.2 is
∑

f qf
PQqf2

Y = −5. We express the final
width numerically for reference values of the free parameters as:

Γtot ≈ 4.3 · 10−7 eV

(
m(1)

103 GeV

)3 (
109 GeV

fPQ

)2

, (4.54)

with branching fractions given by

Rγ ≈ c2
w RZ ≈ s2

w (4.55)

up to terms of order m2
Z/m(1)2. The total width corresponds to a lifetime for the NLKP

equal to

τ = 1.5 · 10−9 s

(
103 GeV

m(1)

)3 (
fPQ

109 GeV

)2

. (4.56)

he NLKP is at the bottom of a decay chain of exotica produced at a collider experiment,
and the NLKP may travel some measurable distance before decaying, producing a rather
spectacular signature of high energy photons or Z’s which decay to jets or leptons that do
not point back to a central interaction vertex. The distance traveled by the NLKP is given
by:

∆x = γvτ ≈ 46 cm

(
103 GeV

m(1)

)3 (
fPQ

109 GeV

)2
√(

E

m(1)

)2

− 1. (4.57)

Where γ is the relativistic time-dilation factor, and v is the velocity. The typical range for
the energy E of the NLKP in a collider experiment is both model and analysis dependent.
For larger mass splittings between the different members of the level-1 KK sector, E will
typically be larger, as a greater portion of the parent exotica is converted to kinetic energy.
Also the analyses performed at collider experiments require specific cuts on the sample.
For example, an analysis may focus on a trigger sample in which events are required to
contain large amounts of missing transverse energy. Such requirements again bias towards
larger E for the NLKP, and thus longer decay lengths.
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he NLKP is at the bottom of a decay chain of exotica produced at a collider experiment,
and the NLKP may travel some measurable distance before decaying, producing a rather
spectacular signature of high energy photons or Z’s which decay to jets or leptons that do
not point back to a central interaction vertex. The distance traveled by the NLKP is given
by:
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Where γ is the relativistic time-dilation factor, and v is the velocity. The typical range for
the energy E of the NLKP in a collider experiment is both model and analysis dependent.
For larger mass splittings between the different members of the level-1 KK sector, E will
typically be larger, as a greater portion of the parent exotica is converted to kinetic energy.
Also the analyses performed at collider experiments require specific cuts on the sample.
For example, an analysis may focus on a trigger sample in which events are required to
contain large amounts of missing transverse energy. Such requirements again bias towards
larger E for the NLKP, and thus longer decay lengths.
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Some rough constraints

to be safe, want NLSP lifetime < 1s

hadronic decays of the Z are dangerous

fPQ < 1014 GeV

also want to avoid HDM so mB5 > keV (g>10-9)

for ‘interesting’ coll. pheno, f < 10^10 GeV 



Dark Matter Pheno

Small gauge coupling:

too much if thermal

reheat (what is thy?)

good reason to believe okay
(studies of axino dm)



O(1) gauge coupling 
(weak scale Goldstone mass)

Standard WIMP analysis:

In[16]:= LogPlot@8OMh1@m5, 120D, .12<, 8m5, 10, 100<D
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In[20]:= DMPLOT = ContourPlot@OMh2@m5, mHD, 8m5, 50, 90<, 8mH, 120, 300<,
Contours Ø 8.090, .122<, ContourShading Ø 8None, Green, Black<,
ContourStyle Ø Black, FrameTicksStyle Ø Directive@Black, 15D,
RotateLabel Ø False, PlotPoints Ø 100, ImageSize Ø 8400, 400<D
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Future Study
Can something like this be done in a little Higgs 
with T-parity (deconstruction)?

non-trivial (NN no-go, orbifolds are special)

Warped space

collider study of look-alikes

model distinction?

detailed DM study

Strong CP problem - other related scenarios

other NLSP’s?  Heavy charged tracks - late decay



Conclusions
We found a way to fake signals of GMSB

copious Z’s and photons (displaced decays)

model is a bit of a “straw man” (little Higgs?)

some cool physics along the way

anomalies, spontaneous/explicit symmetry 
breaking, non-local interactions, 5D goldstones

new DM candidate in PQ-UED

Not immediately ruled out - further study


