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Why do we need BSM?
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Higgs boson

The Higgs boson has been
discovered.

The Standard Model
IS now complete!
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The discovery of the Higgs boson has brought the Naturalness problem to
reality! New Physics at the TeV scale needed more than before!

There are other unresolved puzzles: what is Dark Matter made of?
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WIMP miracles in BSM theories

extension of the Poincare algebra
including boson/fermion symmetry

@ Supersymmetry:

s=l/2 els=0." "+ R-parity

more trivial extension of
the Poincaré algebra!

@ Extra space dimensions:

Nordstom (1914), Kaluza (1921) and Klein (1926)
realised that extra dimensions have interesting features:

ARl Can this be the photon?
o (g
gM N e g & Later rediscovered in string theory:

they can be larger than
aV? ¢ the string (Planck) scale
(Antoniadis, 2001)






Extra Dimension primer

Action for a massless
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@ D-dim fields correspond to tower of massive 4-dim fields



Extra Dimension primer

The extra space is

like a vibrating membrane,
a drum!

@ D-dim fields correspond to tower of massive 4-dim fields



Extra Dimension primer

Transferring

energy can excite a
vibration.

@ D-dim fields correspond to tower of massive 4-dim fields

@ KS are like frequencies of vibrating membrane!
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Extra Dimension primer

Increasing energy:

more massive mode!

E:mc2!

D-dim fields correspond fo tower of massive 4-dim fields

k's are like frequencies of vibrating membrane!

Masses and interactions determined by the wave functions f? (ZIZZ) !



Extra Dimension primer

Symmetries

= geometry of
the membrane!

@ D-dim fields correspond to tower of massive 4-dim fields

@ kS are like frequencies of vibrating membrane!

@ Masses and interactions determined by the wave functions f=(z;)!

@ Symmetries of the compact space = global symmeftries of 4-dim fields:
transformation properties of the wave functions!

@ Can such symmeftry stabilise the Dark Matter?
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Stability of the Dark Matter “requires”
a symmetry!

Can it arise “naturally” from extra dimensions?

@ Symmetries of the compact space ARE parities for the Kaluza-Klein modes!

@ The physics is in the wave functions: for instance

Orbifold S'/Z,

rs > TR — 15

Ccos (ka;;) » (—1) cos (k%)

However, fixed points (in red)
are NOT invariant!
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Stability of the Dark Matter “requires”
a symmetry!

Can it arise “naturally” from extra dimensions?

@ Symmetries of the compact space ARE parities for the Kaluza-Klein modes!

@ The physics is in the wave functions: for instance

Orbifold S'/Z,

rs > TR — 15

Ccos (ka;;) » (—1) cos (k%)

However, fixed points (in red)
are NOT invariant!

KK-parity is ad-hoc
symmetry!
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Stability of the Dark Matter “requires”
a symmeitry!

Can it arise “naturally” from extra dimensions?

In Gauge-Higgs Unification models, or models of flavour,
fermion localisation is essential!

Bulk fermion masses break
the KK parity!

Already pointed out by
Barbieri, Contino, Creminelli, Rattazzi, Scrucca

hep-th/0203039

- - -— . _

KK-parity is ad-hoc KK-parity absent
symmetry! in interesting models!




. RPP vs Chi2

[ e -

Real Projective Plane

G.C., A.Deandreaq, L.Llodra-Perez 0907.4993

B.Dobrescu, E.Ponton hep-th/0401032

@ Natural KK parity
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Real Projective Plane

G.C., A.Deandrea, L.Llodra-Perez 0907.4993 B.Dobrescu, E.Ponton hep-th/0401032

@ Natural KK parity (no assumptions!) @ KK parity only if
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Real Projective Plane

G.C., A.Deandreaq, L.Llodra-Perez 0907.4993

@ Natural KK parity (no assumptions!) @ KK parity only if

@ 2 independent radii @ | radius

KK modes labelled by two integers!
KK parity defined as (-1)"(k+l)
Spectra are NOT the same!!!
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Tree level spectra
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Mass splitting given by loops and...
VERY DIFFERENT in the two cases!
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Loop-corrected spectira

Tier (1,0)
RPP | Chi2 RPP | Chi2
Gs 678 516 mKK | 600 516
Gu - Tag Q 645 645
Z: Ws | 615 475 U Y 630
Zu Wy ~ 547 D 639 YA
L 607 537
Au - 100, E 602 5 e 174
H - 542 Mass splittings are
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much larger for the Chi2l!!




Loop-corrected spectra
Tier (1,0)

RPP

Chi2

542
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RPP | chi2
516
D 645
=% 630
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537

Do

Mass splittings are
much larger for the Chi2l!!




Preferred mass ranges:
WMAP (Fermi) data

DM is a U(l)y gauge boson,
thus smallish annihilation xsec!

The process:

Amylay = Al — qql

w/ FS level 2

contributes about 50% of the
total effective xsec!

Co-annihilation of the leptons
R (GeV) does the rest.

G.Belanger, M.Kakizaki, A.Pukov 1012.2577

1250 < mKK < 1450
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Preferred mass ranges:
WMAP (Fermi) data
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Disfavoured by
T parameter! Cosmologically

excluded

200 400 600 800 1000 1200 1400

m_KK [GeV]

A.Arbey, G.C., A.Deandrea, B.Kubik 1210.0384

700 < mA < 1000
700 < mKK < 1000

20

L} [ - . v - ] ¢ 1 ”
. U o '."'.'. LS GE 44 . 2 | S ) .
i Square
A s R Ot M
+ Le - 4 o 'y

AN T A
» . Ll -y §

Cosmologically
excluded

Qh® < 0.096

Cosmologically
excluded

Oh® > 0.122

B.Dobrescu, D.Hooper, K.Kong, R.Mahbubani 0706.3409

180 < mA < 220
210 < mKK < 255



Spectrum of the SM

Localised: KK number violating!

Bulk: KK number conserving
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Higher order
operators!

1

Counter-terms for
1-loop
log divergences!
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6D loops from 4D

(kD (k1)
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G.C., A.Deandrea, J.Llodra-Perez 1104.3800
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6D loops from 4D
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Phenomenology

5D Real Projective Plane

Mk K & 1.4 TeV mKKNZOO GeV MKK ~ 900 GeV



Phenomenology

Mk K & 1.4 Te\: mKKNQOO GeV MKK ~ 900 GeV

Larger DD xsec!
(spin-0, but
much lighter masses)

Small DD xsec!
(Higgs exchange)




Direct detection: 5D

Relevant if
mC]l o mAl

A |

G.Belanger, M.Kakizaki, A.Pukov 1012.2577

@ Small scattering
cross sections
(Higgs mediated)

@ Very far from
experimental
bounds!

MUED (Z,, = 1.17), m = 220 GeV
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Phenomenology

' |

Small DD xsec! '—0'”96.1” DD xsec! Enhanced DD xsec!

(Higgs exchange) (spin-0, but (s-channel KK quark
33 9 much lighter masses) near resonance)

A(1,0)

mr > 500 = 800




Direct detection: RPP

A(1,0) A(1,0)
Dominant as splitting is very small!
Value of loop corrections is crucial!

A.Arbey, G.C., A.Deandrea, B.Kubik 1210.0384

Bound sensitive to
cut-off A
via log-div. loops!
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Phenomenology

' |

Small DD xsec! Larggr DD xsec! Enhanced DD xsec!

(Higgs exchange) (spin-O, but (s-channel KK quark
o3 9 much lighter masses) near resonance)

A(1,0)
q
Susy-like signatures Susy-like signatures

(High mass - hard to probe) | (small mass likely excluded)




LHC bounds: 5D

Very complex decay patterns!

mUED Signal vs Background @LHC,Vs =8 TeV
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May use the presence of many
(soft) leptons coming from chain decays.

background
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A.Belyaev, M.Brown, J.Moreno, C.Papineau 1212.4858

LHC @ 8 TeV: MUED reach for 3-lepton signature
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For jets + MET signatures, see
A.Datta, A.Datta, S.Poddar 1111.2912



Phenomenology

' |

Small DD xsec! Larggr DD xsec! Enhanced DD xsec!

(Higgs exchange) (spin-O, but (s-channel KK quark
o3 9 much lighter masses) near resonance)

A(1,0)

mir > 500 <+ 800

Ay
q

Susy-like signatures Susy-like signatures

: ; Compressed spectra
(High mass - hard to probe) | (small mass likely excluded)

2nd KK ftier light enough
to be seen in resonances!

Many handles on the model!




LHC bounds: RPP

Very complex decay patterns,
but SMALL mass splittings!

G.C., A.Deandrea, J.Ellis, L.Panizzi, J.Marrouche 1302.4750

Lp

1085.67 63. U 943 631

SEiiii .

400 GeV 600 GeV 700 GeV 400 GeV 600 GeV 700 GeV

Tool by J.Marrouche and L.Panizzi

Bound between *}El- ii

600 and 700 GeV!

ATLAS 20/fb

Tier-2 gauge bosons can decay directly
info two fermions:
di-lepton resonances!

G.C., B.Kubik 1209.6556



LHC bounds: RPP

4-top final state: search in same-sign dileptons

ATLAS Preliminary
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Summary:

The phenomenology depends on the geometfry of the
extra dimensions: 5D, chiral square, Real projective
plane...

The particle content is always complex: co-annihlation
IS important, no trivial connection between relic
abundance and detection!

Pheno depends crucially on the loop-corrected
spectra and coupling: detailed calculations always
indispensable!

Why limit ourselves to flat spaces?
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DM from a sphere

% SpheriCGl RPP H.Dohi, K-y.0da, 1004.3722

® Note: due to curvature, fermions have no zero modes.

KK modes labelled by
angular momentum (I,m)

114 1)
P o
m(lvn) Ty R2

No fixed points:
tiny finite loop corrections

Angular momentum is
conserved on the orbifold!

Each KK ftier contains
a stable DM candidate!

Wikipedia: spherical symmetry groups



