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There are many reasons to study extra dimensions.....

In addition to the potential motivation from string theory,
mostly they provide ways to address well-known issues

by offering enormous model building opportunities...

e sldrassing the hisrardy protlem|il, 5]

- producing alectrowesk symmetry breaking without a Higgs beson[]

» the generstion of the ordirmry fomion and nevtrine mess ierarchy, the CKM matrix and new soomoes of CP
violaticaH]

« Te¥ smle grand uniflation or unifleation without SUSY while suppressing protoo dqm;rE]

o new Dark Matter mandidstes and & new cosmologicel p:-n-p:-:l:i.wﬂ.ﬂ]

= hlark boke production st foture colliders as & window on quantum _gmﬂq.ﬂ

But better still these ideas are both fun & experimentally
testablelll

The “modern era’ of extra dimensions is now 10 years old! ,
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ADD

BULK BULK
g/’a .
\ vigy
*i{e\ The Standard Model
Q‘% (& you!) live on a 4-d
hypersurface
“brane’ at y=0

The Arkani-Hamed, Dimopoulos & Dvali (ADD) scenario postulates
that only gravity can propagate in extra dimensions while the SM
lives on a hypersurface at y=0 in a D=4+n-dimensional space.
These extra n-dimensions are compactified & have a volume V,

The purpose of this model is to address the hierarchy problem:
i.e., why are the weak and Planck scales so different...



Gauss' Law for gravity in n-dimensions tells us several things:

*
2 = Vn M.."*+2 (to be derived below)

Mp|
Here M. is the true, D-dimensional fundamental scale of
gravity. If M. ~1 TeV the hierarchy problem " goes away'.

If the compactified space has a typical size ~ R, then
d(r>>R) ~ 1/r while o¢(r<<R) ~ (R/r)" 1/r

To say more we need to know the nature of the

compactified space
10
* Care required!l note reduced Planck scale here



A Derivation of the ADD Relation

Fnga = | diz dy;hw[x,y]T“”[x,y],
pgitnd

but

J'-w x y Z hm(xjxm(y T#U(x1 y] = T‘*“(m]ﬁ(yj 1

with

1 .
xOw) = "

Trivially mtegrate cver ¢ to obtain S

dg = f e —— 1+n-f2 th (2 (2],

so to recover GR for the massless graviton, § = 0, it must be that

Mo, = VM

Another derivation follows from the Einstein-Hilbert action...



In D=4+n dimensions we have

Mﬂ-l—ﬂ

ftfg‘ﬁ dyn/— g Faya,

Sptd =

Substitute the graviton KK decomposition & demand we
recover GR for the zero-mode after integration over
the extra dimensions & we again get the identical
relationship

This also tells us that M. , which appears in the action

and graviton coupling to matter, is the correct D=4+n
dimensional mass scale

12



ADD use a toroidal compactification: T"= S! x S! x. ..

If all these circles have the same size then V, =(2nR)"
Thus if M.~1 TeV, R is calculable up to a factor of

(1 TeV/M.)r+2)/n
1 AU— SR IR I R

M.=1TeV

..:<_1fm

13




There are well-known constraints on this radius by looking for
deviations from Newton's Law....note the prediction below for
n=2. Putting in the reduced Planck scale & keeping all the «'s,
and use of M. is important!

M.=2 TeV is finell
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In this case, the KK graviton masses are given by

M2 =k.k/R2,  k=(k,,.....k)

Thus the /ightest (massive) KK states have a mass =1/R

- 10~° |—
L}
=
E 1{]—4 -
Lightest KK mass -
1078 «~1 eV —
1078 —

l l l l | l l | l | l l l l | l l l l | l | l l
1 meV— ; 15



Comments:

- Not all the dimensions need to be the same size

 The compactification manifold itself need not be so
trivial

- Watch out for alternative notation & normalization
in the literature -> consistency issues!! This has
been a nightmare for theorists & experimenters

* The reason why the SM is brane localized is now
clear: SM particles, e.g., the photon, do not have
(observablell) KK excitations w/ masses below about
~1TeV

16



How do these massive gravitons decay?
There are 2 interesting decay components:

- Heavy gravitons may decay to, e.g., pairs of lighter
gravitons, as long as n-dimensional momentum is
conserved and the phase space is available, via the
triple graviton coupling in GR...this is non-trivial.

(Momentum is conserved along each of these directions
since any motion corresponds to a sum of that along
a series of orthogonal circles and QM enforces the
individual angular momentum conservation for each
case)

This can lead to complex decay patterns.. 17



* Furthermore, and perhaps more importantly, all
gravitons can also decay through a universal
coupling to the SM fields on the y=0 brane given

by

So we can go ahead and calculate graviton lifetimes
as a function of their mass..

A canonical graviton decay width is controlled by

the quantity 18



[o = m*/(80nM,°), m is the KK mass
which corresponds to a time scale

19 = 31 Gyr (100 MeV/m)3

The actual decay rate depends upon the available
phase space & the number of open modes. The decay
rate into photons (1), each neutrino species (0.5),
electron & muons (0.5 each), u and d quarks (1.5 each)
are all proportional to I'y (apart from phase space)

Note that the decay to hadrons via gg has a rate 81,

These hadronic modes only open once the 2 pion mass
threshold is reached. 19



Constraints I

Clearly, for n>2 there are no table-top limits so we look for
constraints elsewhere. E.q., at colliders, towers of KK gravitons
can be emitted in SM processes:

qq->96, qg9->96, gg->96 can occur at the Tevatron/LEP

e+e-—yG at LEPII/ILC

The gravitons appear as missing energy since they interact so
weakly in the detector

_____ I COF1 (388 pa ™) ]
" : 2] 00 {Runl) There are serious SM
” i [_JLEP Combined backgrounds that need

to be accounted for
in these searches..

M, Lower Limit (TeV)

Note M. = M (27)™"/"2

20




o(pp — jet + G) (fh)

Events / 20 GeV

10

102

10

— g0ft truncation

mimim e main background

{jet+ Z(v))

Detailed LHC/ATLAS
study by Vacavant &

SM fields also leads to
valuable constraints

1“ — ° [
: Hinchliffe...
i o=4
T E
= Vs =14 TeV
i Iyl <3
10 I A . note M,
200 400 600 800 1000 1200 1400 1600 1300 J
et
Erew Table 3. S-sigma discovery limits on Mp (TeV) for various scenarios.
§ Vo =14 TeV JE=14TeV  Js=14TeV [s=28TeV Js=28TeV
ool H iwew, iwiuv) s 100 fb~! 1000 fb—! 100 fb—! 1000 fb~!
g [ jwiwy 2 9 12 15 19
0L B izow) i 7 8 12 14
E 4 6 7 10 12
C = total background
1w
E ® signal =2 M, =4 TeV
C o signal §=2 M, =8 TeV
10 4 signal 5=3 M, =5 TeV
E ) 15 = °
: sional =4 M, = S Tev Graviton exchange between
w2

S ¥ e

21



Constraints II

As you know there are also constraints from both astrophysics &
cosmology on ADD extra dimensions:

* Overproduction of KK's by gravi-bremsstrahlung in NN scattering
can lead to early matter domination which reduces the allowed
age of the universe”. The bounds might be avoided by some new
cosmological evolution between ~ 1MeV, respecting nucleosynthesis
and the QCD phase transition temperature, Tq.,. Furthermore, if
the KK production scale were as high as ~16eV, the dominant
modes would decay quickly enough to soften these bounds by a
substantial amount®. This softening would also apply to the case
of KK production in SN.

As a non-expert, I think the jury is still out here but I'm happy
to be convinced one way or the other..

#Fairbairn ©Macesanu & Trodden 22



- Cooling of SN by KK production & gamma backgrounds
produced by graviton KKs trapped in the NS remnant
halo can lead to very strong constraints®.

These bounds are summarized in the next set of
tables...again notational confusion has crept into the
literature

*Hannestad & Raffelt 23



Constraints II (cont)

" Age of the Universe'

Table 1: Minimum value of M to prevent t;,4,, < 12.8Gyr for various Tep

Number
of extra | Toep=170MeV | THep=135MeV | 15cp=100MeV
dimensions Phase trapsition temperature
2 1,000TeV 390TeV S6TeV
3 59TeV 26'TeV 7.4TeV
4 0.0TeV 4.4TeV 1.5TeV
divide by this Fairbairn
Y Bounds on M.

n / 1 2 3 4 3 6 7
M,.-‘.ﬁm‘( 2.32 2.08 3.46 3.82 4.10 432 451
Neutrino Signal

SN 1087A 7.4%10° 8.9 0.66 1.18% 107} 3.5% 1077 1.44% 1072 7.2%107°
EGRET y-ray limits
All cosmic SNe 3.4%10° 28. 1.65 2.54% 107! 6.8%x 1072 2.56% 1072 1.21x 1072
Cas A 7.7% 10? 14.5 1.24 2.34% 107! 7.0% 1077 2.80% 1072 1.37x 1072
PSR J09534 0755 2.93%10° 38.6 2.65 0.43 0.116 4.31X1072 1.98X1072
RX J185635— 3754
Neutron-srar SHLOess hea’r
PSR J095240755 1.61x10° 7.01x 107 25.5 2.77 0.57 0.17 6.84x 1072
L“t

Hannestad & Raffelt



The problem with the ADD scenario (one of many) is that it
does not really solve the hierarchy problem, i.e., to eliminate
or explain the large ratio of the weak and Planck scales...it
just hides this problem somewhere else

Te+16

le+14 |
1e+12 |
Te+10 |
Te+08 |
16+06 |
10000 |

100 |
.l

M.R,

0.01

Tn

— h

———

M.=1 TeV

Sn

2 10 15 20 25 30 35 40 45 50

For any typical n, M.R is an enormous number...
other models are better for this.

25



NOTE

The hierarchy and flavor problems are best addressed
within models with warped extra dimensions such as

the Randall-Sundrum model. Unfortunately, a discussion
of such scenarios is beyond the scope of this talk.

26



Universal Extra Dimensions (UED)

The goal here is NOT to address the hierarchy but
for other model building purposes..there are several
versions of this model the simplest being the case of
one flat extra dimension compactified on an S!/Z,
orbifold which has a size 1/R ~ 1 TeV.

Orbifolding is a powerful tool and lets us make chiral
(2-component) 4-d fermions from 5-d (4-component)
ones.

SM fields will now have KK excitations with masses
beginning at ~1/R

27



One extra dimension of radius R with -7R ¢ y ¢ nR
and a parity y — -y symmetry, i.e., even or odd
states

All SM fields are "in the bulk’, i.e., will have KK
excitations

M2 = my? + (n/R)?> , n=0,1,2,.. where m, is the
SM particle mass, are the excitation/tower masses.
Even and odd parity states are degenerate.

— The usual SM particles are the " zero modes'
of the KK tower

SM Gauge and Higgs bosons are parity even, i.e.,

have zero modes (obviously) 08



EVEN oDD
KK Tower Structure

etc.
M= 2 ccmmmcee e
Nzl commceee e
n=0 -------- X .. only the even tower

has a zero mode

Y, ~ cos ny/R ~ sin ny/R

- For fermions, even and odd towers BOTH exist and
have opposite helicity. E.g., for SM doublets (singlets),
even tower fields are LH (RH)

— KK fermion excitations are similar to "~ vector-like.,
fermions



Model Parameters : only two — very predictivel

‘1/R, the KK mass scale How large is it ?

* A - the cutoff scale — UED is an effective theory and
needs a cutoff. The practical application is that
the tree level spectrum is highly degenerate so
loop corrections to masses are important. They
behave as a sum of terms that go like

Am? ~ N./R? (a,/4n) log(AR) ( with AR ~ 20)

Note that there is only log sensitivity to A |

— How large is 1/R and what does a realistic spectrum
look like???

30



Precision EWK data — 1/R > 300 GeV

Dark Matter density — 450 < 1/R < 700 GeV (preferred)

0.3

Including _,
co-annihilation.

0.2 MUED .

Oh®

0.1

AP RN B
0 250 500 700

R7! (GeV)

R |
1000

1250

0.0 —
1500
31



M (GeV)

850

€00

550

GO0

Here is the effect of radiative corrections on the
various particle masses for 1/R=500 GeV and AR=20

As can be seen these are substantial
and important to the phenomenology
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Since all fermions have the same wavefunctions etc. and
differ only in their zero mode masses there is an active
GIM mechanism and all flavor interactions are controlled
only by the CKM matrix..so these constraints are weak

— All the new flavor physics comes in loops with KK
tower fields in them

Comments:

- KK towers can talk to each other via Yukawa couplings
and the usual Higgs field that generate SM fermion
masses

- The KK towers of the Higgs doublet whose zero modes
are eaten by the SM W/Z remain in the spectrum

33



Due to the orbifolding mechanism the momentum is
no longer conserved along the 5™ dimension and the
symmeftry is reduced to a KK-parity, P=(-1)" which is
an exact symmetry.

This means that the first-level KK states can only be
pair produced at colliders and that the lightest KK
state, which is ~ the KK excitation of the U(1), gauge
boson, must be stable & is a good DM candidate - the
LKP.

Sound familiar? This is a lot like SUSY & is now seen
as a relatively common feature of many TeV scale
models, e.g., Little Higgs.

34



The production and long decay chains of UED KK
excitations at the LHC with masses in the above
range looks a /ot like SUSY...

35



These decay patterns look very similar except for the
particle spin..note that because of the parity symmetry
the lightest UED KK state is stable (LKP) like the LSP
in SUSY...that's why it can be the dark matter.

These models are generally indistinguishable at LHC &
might require ILC to do the job..info from the flavor

sector may also be of some help here.
36



There are some differences for DM studies as can be
imagined...

LKP & LSP DM annihilation, which occurs at non-
relativistic velocities, is somewhat different due
to the fact that one, the LSP, is a Majorana fermion
while the other, the LKP, is a real spin-1 boson.

The dominant LSP pair annihilation to heavy fermion pairs
via the Higgs is highly suppressed so co-annihilation
channels are critical. In the LKP case there is no such
suppression and light fermions are also allowed as final
states. The favored LKP mass is thus somewhat higher
which is good given the collider limits on 1/R.

Direct DM searches are also different in detail due
to the spin of the two DM candidates. 37



Summary

- Extra dimensional models come in many different shapes
and varieties which serve a number of distinct purposes.
Many possibilities remain to be explored.

+ The phenomenology of these models is quite sensitive to
model details and assumptions

» The LHC will soon open up the possibility to directly
produce TeV KK excitations of gravitons and/or SM
particles. Will we know it?

* In the end, only experiment will tell us if any of these
ideas are relevant to nature

38
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