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Outline

o .

+ The Hierarchy Problem: Why do we believe there will be new
physics at the TeV scale ?

+ Theories with Extra Dimensions:
» Large Extra Dimensions
# Universal Extra Dimension
» Warped Extra Dimensions

+ Taming the hierarchy with global or discrete symmetries:
# The Little Higgs
» The Twin Higgs
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Limitations of the Standard Model

o .

Many questions unanswered:

® \What is the origin of Fermion masses ?:

In the Standard Model, ad hoc couplings of Higgs to fermions are
adjusted to obtain

(me)/(myg) ~ 1075, m, < leV

® Do interactions Unify at high energies ?

SU3) x SU(2) xU(1) — G ?
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Limitations of the Standard Model

o .

® What is the origin of the Baryon Asymmetry ?
® What is the Dark Matter ?
®» Why is the Cosmological Constant so small ?

® Whatis the Dark Energy ?
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The Question at the TeV Scale
=

® The Hierarchy Problem: T
Why is

My (~ 100 GeV) < Mp (~ 10" GeV)?

If Higgs elementary and the SM is valid up to M p» then what
generates

My
— 1
Mo <K

This requires fine-tuning of the SM parameters.
Quantum corrections naturally drive v to M p
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New Solutions to the Hierarchy Problem — p.5/3



The Hierarchy Problem
fQuantum corrections to m;, = v2\uv: T

2 2 2

= We need

(mgare — Radiative Corrections) ~ 1y, Phys.
(O(Mp) = O(Mp) )~ 100GeV

In the Standard Model weak scale not naturally stable.
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New Solutions to the Hierarchy Problem — p.6/3'



The Hierarchy Problem

New physics at the TeV scale to stabilize the weak scale.

Additional states cancel divergences due to symmetries
(e.g. Supersymmetry)

Higgs is composite and “comes apart” at scale A.

# Technicolor/Topcolor
» Little Higgs: Higgs as a Nambu-Goldstone Boson.

Extra Spatial Dimensions:

» Large Extra Dimensions
» Universal Extra Dimensions
» Warped ED (Randall-Sundrum)

-
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Compact Extra Dimensions

-

® Extra spatial dimensions with points periodically identified
® 1 Extra Dimension: equivalent to a circle

X X+L X+2L x+3L

LN NN

0 L 2L 3L

with R = L/2x. We identified the points

L gt~z + L~z +2L~x 430~ J

New Solutions to the Hierarchy Problem — p.8/3



arge Extra Dimensions

-

® Assume space has 3 + n dimensions.
® The extra n dimensions are compact and with radius R.
® All particles are confined to a 3-dimensional slice (“brane”).

® Gravity propagates in all 3 +n dimensions.

iij\kg gravitons

o -
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arge Extra Dimensions

(Arkhani-Hamed, Dimopoulos, Dvali '98) T
Gravity appears weak (Mp < My, ), because it propagates in large
extra dimensions... Its strength is diluted by the volume of the n
extra dimensions.

Fundamental scale is M, ~ My, not Mp
M]% ~ Mf—I—Q R"

There is no hierarchy problem:
The fundamental scale of Gravity

M, ~1TeV

-
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arge Extra Dimensions

-

If we require M, =1 TeV.:

R~2-10"7 10" cm

® n=1=— R=10% Km. Already excluded!

® n=2— R~ 2mm. Barely allowed by current gravity
experiments.

® n>2— R<107% mm. This is fine.
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Large Extra Dimensions - Compactification

-

® When field propagates in one extra dimension T
Py = P, + Ps

with = 0,1,2,3, M = 1, 5.

® But XD is compact = P;5 is gquantized:
periodicity = wavewlength has to be integer number of 27 R.

P = (n=20,1,2,3,--)

"
R Y
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Large Extra Dimensions - Compactification

L, .

If fleld has mass M

n2

PyPM =pP,P* - P? =P,P" — =3

® From the 4D point of view:

n2

_ 2
PPt = M+ —

® E.g. for a photon (or graviton) M = 0.
There is a “n = 0-mode” with zero mass (our photon/graviton), plus
Infinite excitations with masses n/R.
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.

arge Extra Dimensions

Compact extra dimensions = graviton excitations (Kaluza-Klein)

Mass gap Am ~ 1/R

Am

Am

Am

0] 2TTR

-

-
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arge Extra Dimensions

E.g. for
n=2— Am = 1073 eVW.
n=3— Am =100 eV.

n=7— Am = 100 MeV.

-
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=

Large Extra Dimensions - Phenomenology
|7 ® |ndividual KK graviton couplings gravitationally suppressed
(~ 1/Mp).

® Butfor £ > 1/R — sum of KK mode results in

o Mo
k

® Collider Processes:

q Tﬁ Y g g
E.g. Graviton production _ ¢ .. ()
q \\\G(n) g \\E;

Individual graviton decay rates ~ 1/M%, = Fr signals at colliders.
Bounds on M, from LEP and Tevatron (1 — 10) TeV.
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Universal Extra Dimensions

o .

(Appelquist, Cheng, Dobrescu '01)
® |[f some SM fields propagate inthe bulk = |1/R 2 1 TeV|

® But if we assume all fields can propagate in the extra dimensions.
What is the allowed R ?

o -
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Universal Extra Dimensions

o .

For example, a scalar field ®(x, y) in one extra dimension:

S[®(z,y)] = %/d‘lx dy (Op PO @ — M*D?)

® Periodic boundary conditions:

O(y) = ¢(y + 27R)
® Expand in Fourier modes:

1 n -

)= g 5 ot o () #5600 ()

® ¢,(z)and ¢,(z) are 4D fields.
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Universal Extra Dimensions

-

® |Integrate over the compact dimension:

~ 2T R
S4Deff. [gb? gb] — /0 dy S[(I)]

with
1
Sipett, = Y 5 /dw 0 Pn0" pn — M, 7]
n=0
1 T 1 1 2 72
£33 [ @ [9u0006, - m2 2]
n=0
with
2
m2 = M?* + %

o -
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Universal Extra Dimensions

® Momentum conservation in the extra dimensions
At any vertex, P,,, is conserved.
Then 4D-momentum conservation = Ps IS conserved.

® Eqgin(1)+(2) — (3)

p5(1) +p5(2) = p5(3)
In terms of KK modes, this reads

:|:n1 + Nno = :|:7”L3

= | KK-number conservation

o -
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Universal Extra Dimensions

-

For instance,

Forbidden OK

= KK excitations must be pair produced

This leads to
® Boundson 1/R are lower / Distinctive phenomenology

o -
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Universal Extra Dimensions - Fermions

o .

The action for a bulk fermion in 5D:
Sy = /d4:13 dy U (z,y) [i@MFM — M} U(x,y)
/d4ZE dy \Ij(x, y) [’L@MFM — M] \Ij(xa y) T \IJ(ZC, y)7585\1](x7 y)

® Clifford algebra in 5D

{Tar, v} =2nmN

withT'), = v, and I's = iI';.
= U(x,y) are 4-component Dirac spinors.

o -
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Universal Extra Dimensions - Fermions

o .

® After “dimensional reduction” (integrating in y):
_ A - ) no ﬁ
Sy ,,,LZ:% / d”x [wn (z@ufy M + ZR> wn}

® Zero mode (n = 0), is always a vector-like fermion!
But in the SM we need chiral fermions!

o -
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Universal Extra Dimensions - Fermions

-

Chirality: Define

V=WV, + Vg

And ask properties under y — —y reflections (“parity”):

VsV (—y) = +V(y)

Given that
VU (—y) = —Vr(—y) + Yr(—y)
If we have
Vr(~y) = UYr(y)
Ur(—y) = —Yr(y)

then ¥, (x,y) is odd, ¥r(z,y) IS even under parity.

.

=

-
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Universal Extra Dimensions - Fermions

o .

® In this case, expanding in KK modes:

U(x,y) [wnR coSs (%) —|—1EnL(:1:) sin (%)}

“ S
® So that the zero mode is Right-Handed !
® Had we chosen sV (—y) = —VU(y), i.e

Vr(~y) = —Yr(y)
Ur(—y) = ¥r(y)

Then the zero mode would be Left-Handed.

o -
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Universal Extra Dimensions

-

But how do we define “parity” in a circle ?

® Orbifold Compactification:
|dentify points opposite in the circle (y ~ —y).

-y
S'L/ Z, I '

e

y

® Circle now reduced to segment, with “fixed points” at 0 and 7 R.
® Fields can be even or odd under y — —y.
® Bulk fermions have chiral zero modes (either LH or RH).

o -
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Compact Extra Dimensions

o .

Disclaimer: Theories with more than 4D are non-renormalizable.

/\
Enp

5D Eff. Theory (KK)

4D Eff. Theory (~SM)
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Universal Extra Dimensions

|7 ® But Orbifolding breaks KK-number conservation ! T

Translation invariance broken in the y direction
= ps ot conserved !

® The presence of fixed points breaks KK number. By how much ?
Oup

PN

O TR

Localized 4D operators at y = 0 and y = 7R generate
KK-number-violating interactions. E.g:

TR ‘_ . .
Stoc. = / d4a:/ dy 19 (z,y)y, D"V (z, y) (5(y)K1 +46(y — wR)f)
0

o -
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Universal Extra Dimensions

o .

® UV physics might not operate differently in y = 0 and y = 7 R.

Zo

O TR

® If ¢ = co = KK-number violating interactions still respect KK-parity.
E.g.in(1)+(2) < (3)

(_1)n1—|—n2—|—n3 _

o -
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Universal Extra Dimensions

-

Conservation of KK parity =
® Can produce level 2 KK modes in s-channel.

Forbidden OK
® Lightest KK Particle of level 1 (LKP) is stable

Forbidden Forbidden

= LKP is Dark Matter candidate\

-
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UED Phenomenology
=

® Electroweak precision constraints:

1/R =z 300 GeV for 5D
1/R 2 (400 —600) GeV for 6D

® Current direct searches give similar bounds.

o -
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UED Phenomenology

|7 ® Spectrum at each KK level is degenerate at tree level.
Localized operators split the masses (one-loop generated).

® First KK mode in 5D model, with ¢;'s computed at one-loop.

650

650

-1 600

600

M (GeV)

550 -1 650

-1 500

500
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UED Phenomenology
=

® Light KK modes = large cross sections.

® But, almost degenerate KK levels = little energy release.

g1

Best mode qq — Q101 — 2141+ ET — 40+ ET (Cheng, Matchev,
Schmaltz '02).

o -
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UED Phenomenology
=

Reach using this golden mode ¢G —— 4¢(+ Er

g L
10° =
50
1 Tevatron
10+ E -3
100 g |
Q
N
|
10~1 E -
1072 R 41 s
AR=20
10—3 avavarey N B R R
0 500 1000 1500 2000
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L

UED Phenomenology

Production and Decay of Second KK Level:

They couple to 2 zero modes through brane couplings (loop
generated). (Datta, Kong, Matchev '05)

0 0]

with AR > 1 and ¢; ~ O(1).
But has to compete with2 — 1 + 1

-
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UED 6D Phenomenology
=

Two Universal Extra Dimensions(Burdman, Dobrescu, Pontén '06):

® Proton decay is adequately suppressed.
® Number of generations can only be multiple of 3.

® Very different phenomenology:

# Additional “adjoint” scalar: For each gauge boson
Ay — Ay, As, Ag.

In 5D, A5 eaten by KK modes of gauge bosons.
In 6D, one combination survives in the spectrum.
It decays almost exclusively to ¢t.

Is likely the LKP = scalar dark matter.

Mass of level 2 is /2/R (instead of 2/R in 5D).

e o o 0 0

o -
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Spectrum: mass splittings from loops in the bulk:
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UED 6D Phenomenology
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-
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UED 6D Phenomenology
=

Typical diagram:

Other diagrams, with W and B} also important.

o -
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UED 6D Phenomenology
=

® Large enhancement of ¢t at large invariant mass.
® Several resonances closely spaced.
® Tevatron reach: for 10fb~! can see resonances up to 800 GeV.

® Bound in compactification scale
1/R < 600 GeV

o -
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