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Why Extra Dimensions (ED) ?

“Predicted” by String Theory
Depending on their scale, ED provide a promising arena for
physics beyond the Standard Model. Focus on compact
TeV—sized ED, in particular on the idea that the Higgs is the
internal component of a higher-dimensional gauge field,
Gauge—Higgs Unification (GHU) [Fairlie; Manton; Hosotani; ...]

We consider the GHU idea on flat extra dimensions.

Effective description of a more large class of models, including
warped ones (if large boundary kinetic terms are introduced)
and little Higgs (if one relaxes 5D symmetries).
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Interesting proposal because can

stabilize the electroweak scale

Minimal and phenomenologically more interesting set-up:
D 5. Inthis case the Higgs VEV is a Wilson line phase
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Interesting proposal because can

stabilize the electroweak scale )

provide a natural explanation of the hierarchy of fermion
masses

provide a natural DM candidate J

Minimal and phenomenologically more interesting set-up:
D 5. Inthis case the Higgs VEV is a Wilson line phase
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Key points

Electroweak SB = Wilson Line SB
Higgs potential V H is radiatively generated and non-local in
the extra dimension V H s finite to all orders in
perturbation theory
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Reduction of fine-tuning in the model can be achieved by
introducing a Z, symmetry that at the same time gives rise to a
stable massive particle, which is a good DM candidate
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Simplest GHU model and Its Problems

[Scrucca, M.S. and Silvestrini (2003)]
G SU3, U1l
Identify As of SU 3 \, with Higgs fieldH: H 2 g4R and
0 1 2 is the value of the Wilson line phase setting the
scale of new physics.

M _
W R

Matter Lagrangian: massive bulk and massless chiral boundary
fermions, mixed with each other. Zero modes are SM fermions.
They have a non-trivial profile in the extra dimension, leading to
non-local interactions between matter and the Higgs field.
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Fermion masses naturally hierarchical.
This minimal model has all features to nicely include the SM,
but it fails at the quantitative level

V  is all radiatively generated, Higgs quartic coupling small,
Higgs too light J

Problems not unrelated. Increasing the bulk fermion (gauge)
Yukawa couplings would lead to an increase of both My and
m;. The symmetry which links the Yukawa and gauge couplings
to be equal is 5D Lorentz symmetry.

Solve first two problems by breaking 5D Lorentz symmetry
and third one by imposing an extra Z, symmetry in the model.
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Fermion masses naturally hierarchical.
This minimal model has all features to nicely include the SM,
but it fails at the quantitative level

V  is all radiatively generated, Higgs quartic coupling small,
Higgs too light J

Top mass too low, m¢ My J

min 01, scale of new physics too low J

Problems not unrelated. Increasing the bulk fermion (gauge)
Yukawa couplings would lead to an increase of both My and
m;. The symmetry which links the Yukawa and gauge couplings
to be equal is 5D Lorentz symmetry.

Solve first two problems by breaking 5D Lorentz symmetry
and third one by imposing an extra Z, symmetry in the model.

M.S. EWSB and DM from Extra Dimensions



Break the Lorentz symmetry in the bulk: SO 4 1 SO 31

@ Fermions: iD, kDs °®

. 1
© Gauge fields: >TrF F 2TrF sF °
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Break the Lorentz symmetry in the bulk: SO 4 1 SO 31

@ Fermions: i Dy @5 S

. 1
@ Gauge fields: STF F @rF sF °

The top mass is increased: m;  kimyy

The Higgs effective quartic coupling gets larger
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The Z, “Mirror Symmetry”
Address the compactification scale problem

@ Double part of the bulk fields: 1 2

and impose twisted boundary conditions

1y 2R 2Y, 1Y 2y
@ Require interchange symmetry: 1 2

Twisted fields give periodic and antiperiodic fields 1 2
with charges 1 under Z,
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The Z, “Mirror Symmetry”
Address the compactification scale problem

@ Double part of the bulk fields: 1 2

and impose twisted boundary conditions

1y 2R 2Y, 1Y 2y
@ Require interchange symmetry: 1 2

Twisted fields give periodic and antiperiodic fields 1 2
with charges 1 under Z,

An order of magnitude hierarchy between the EW scale
and 1 R is completely natural
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The Model

GaugegroupSU 3, G; Go.withG; U1l; SUS3;g
(SU 3 5 doubling is actually not needed, but changes the DM
analysis)

SM gauge bosons and Higgs field are Z, even. The Z, odd
fields are antiperiodic KK gluons and B-like gauge fields of G .
“Mirror” symmetry doubling

@ , ; chargedunder G,

@ ,  chargedunder G,
in 3 and 6 representations of SU 3 , (fund. rep. of SU 3 1,5)
andU 1 ;,charge 1 3
Boundary fermions (Z, even) aty  O:
QL 11 b|_ t, tr and bR

All SM fields are Z, even  lightest Z, particle absolutely
stable (DM candidate) J
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EWPT fit
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@ Bounds

Compactifi cation scale
1R 4 5TeV

Allowed Higgs masses
up to 600 GeV

@ Predictions (blue dots)
The bounds can be
satisfi ed with
some tuning O few

The Higgs mass is in
the range 100 200 GeV
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Dark Matter and Relic Density

Two basic scenarii, depending on whether we have or not
antiperiodic gluons on S? (i.e. we “double or not” SU 3 ).
Key points in both cases

DM candidate is identified as then 1 2 KK mode of the
U1 Dbulk gauge field A J
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Dark Matter and Relic Density

Two basic scenarii, depending on whether we have or not
antiperiodic gluons on S? (i.e. we “double or not” SU 3 ).
Key points in both cases

DM candidate is identified as then 1 2 KK mode of the
U 1 bulk gauge field A

1
effV

h2

For A alone, v small, h?too large. BUT coannihilations
(resonance) effects present and greatly enhance annihilation
rate, giving realistic relic densities
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Dark Matter and Relic Density

Two basic scenarii, depending on whether we have or not
antiperiodic gluons on S? (i.e. we “double or not” SU 3 ).
Key points in both cases

DM candidate is identified as then 1 2 KK mode of the
U 1 bulk gauge field A

1
effV

h2

For A alone, v small, h?too large. BUT coannihilations
(resonance) effects present and greatly enhance annihilation
rate, giving realistic relic densities

Fine-tuning needed for coannihilations and resonance effects is
O 5 inboth cases.

o

M.S. EWSB and DM from Extra Dimensions



3/4

1/4

| S_(l)
B u+(0) (Vll H H
- @ c® © 9 s
L (1) + (]
L [@) 9 AX
b )
L A
- (t,b) t
i ©
| T, (v, 1) T,C
L (€9
| b+(0) (t,b) b
i M M M
Antiperiodic Antiperiodic Periodic Perturbed Perturbed Periodic
fermion gauge bosons triplet doublet singlet gauge bosons

M.S. EWSB

M from Extra Dimensions




Gluons Periodic on S?

The NLKP in this case is generallythen 1 2 mode of the
bottom quark (6 of SU 3 ). Coannihilations with A , however,
are not sufficient to get correct h?. If Mg 2Mp (n  1KK
gluon), there is a resonance effect, giving further enhancement
to annihilation rate.
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h? vs ma for ma  mg with g onresonanceinb pair annihilations.
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Gluons Periodic and Antiperiodic on S*

The NLKP is generally then 1 2 KK mode of the gluon.
Coannihilations with A are now sufficient to get correct h?.

90% C.L.. excluded
1=

h? vs ma, for mg  ma. Antiperiodic fermions decoupled assuming have a
mass splitting larger than 50%.
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@ Typical problems of GHU models on 5D flat spaces
can be solved by:
breaking the SO 4 1 Lorentz symmetry in the bulk,

introducing a Z, “mirror” symmetry.

@ Realistic model which is compatible with the EW
experimental measurementsfor1 R 4 5 TeV and
automatically provides a DM candidate

@ Higgs mass in the range 100 200 GeV. Lightest exotic
particles are colored fermions with mass 1 2 TeV

@ Some amount of fine-tuning is required to satisfy the EW
precision tests Is it possible to do better?
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@ In warped (composite) Higgs Models fine—tuning and UV
completion are better, but 5D theory is barely perturbative.
Moreover, there is no stable WIMP to be identified as a DM
candidate.

@ Flavour structure of the model requires a careful study (in
flat as well as warped models)

@ Study collider signatures
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