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Outline

� Why extra dimensions?

� Large Extra Dimensions

� Hasn't everything already been done?

� Implementation in an event generator

� Implementation in an automatic event generator

� Univ ersal Extra Dimensions (bosonic supersymmetry)

� Imp ortance of radiativ e corrections

� Kaluza Klein dark matter

� Collider phenomenology at hadron colliders

� Implementation in an automatic event generator

� Collider phenomenology at lepton colliders

� Contrasting UEDs and supersymmetry

� Conclusions
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Large extra dimensions

Ark ani-Hamed,Dimop oulos,Dvali, hep-ph/9803315

� Standard Model on the brane, gravit y in the bulk

� Two types of collider signatures:
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� Review of available tools:

� PYTHIA: bootleg version by Lykk en&Matc hev used by
CDF and D0 for Run I monojet, single photon analyses.

� ISAJET: monojet courtesy of Hinchli�e&V acavant .

� HERWIG: no ADD, only narrow graviton resonance.

� COMPHEP: no gravitons.
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Virtual graviton exchange

� Many possibilities: f �f , 
 
 , hh, ...
� Angular distributions and asymmetries a�ected at M � 4

s

� Total cross-sectiona�ected at M � 8
s

� Two-fermion �nal states
JoAnne Hewett hep-ph/9811356

� Which is which?

� Which sign is the right one?
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Virtual graviton exchange

� We have fully implemented the ADD model in the
Automatic Matrix Element Generator In C++

� Need to develop the helicit y amplitude formalism for spin 2
particles.

� The AMEGIC result for e+ e� ! � + � � :

Gleisberg,Krauss,KM preliminary

� It works!

� The sign is +!
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Real graviton pro duction

� Real graviton production results in missing energy signals.
Classic signatures: single photon, monojet.

Mirab elli,Perelstein,Peskin, hep-ph/9811291
Giudice,Rattazzi,W ells, hep-ph/9811337

Han,Lykk en,Zhang, hep-ph/9811350

� Complication: integrate over the massspectrum
Lykk en,Matchev, unpublished

� AMEGIC result for e+ e� ! 
 /ET :

� It works! Compare to Cheung,Keung hep-ph/9903294
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What else can AMEGIC do?

� Anything!

� Feynman rules missing in HLZ:

� �
� ; � �

�

Spin-2-KK: � i 3
2 �

m 2
h

v � ��

Spin-0-KK: � 6i! �
m 2

h
v

� �
� ; � �

�

Spin-2-KK: � i 3
2 �

m 2
h

v 2 � ��

Spin-0-KK: � 6i! �
m 2

h
v 2

� Multib ody �nal states! Example: e+ e� 
 .
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Fermionic extra dimensions
(sup ersymmetry)

� Supersymmetry is an extra dimension theory with new
anticommuting coordinates � � :

�( x � ; � ) = � (x � ) +  � (x � )� � + F (x � )� � � �

� If  � are the SM fermions, � are their superpartners
(sfermions) with

� spins di�ering by 1/2

� identical couplings

� unknown masses

� Discovering new particles with those properties IS discovering
supersymmetry

� R-parit y conservation =) stable LSP.

� Neutral LSP (neutralinos) =) SUSY WIMPs.
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Bosonic extra dimensions
(UED, bosonic sup ersymmetry)

App elquist, Cheng, Dobrescu, hep-ph/0012100

� Universal Extra Dimensions is an extra dimension theory with
new bosonic coordinates y (spanning a circle of radius R):

�( x � ; y) = � (x � ) +
1X

i =1

� n (x � ) cos(ny=R) + � n (x � ) sin(ny=R)

� If � is a SM �eld, � n and � n are KK partners with

� identical spins

� identical couplings

� unknown massesof order n=R

� Discovering new particles with those properties IS discovering
extra dimensions

� Conservation of K K -parit y (� 1)K K =) stable LKP .

� Neutral LKP (B 1
� ) =) Kaluza-Klein WIMP .
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Bosonic sup ersymmetry spectrum

� Including radiativ e corrections, the massspectrum of

level 1 KK modes looks something lik e this:
Cheng, KM, Schmaltz, hep-ph/0204342

� Mimics (fermionic) supersymmetry!

� Seemsdi�cult to discover at the LHC, but...

� W �
1 , Z1 have pure leptonic branchings!

� sin2 � 1
W � 0 =) 
 1 � B 1 , similar to ~B in SUSY.

Physics with extr a dimensions Konstantin Matchev, University of Florida - 10



'

&

$

%

Bosonic sup ersymmetry discovery reach
at the Tevatron and LHC

� Discovery reach in the Q1Q1 ! 4` /ET channel.

Cheng, KM, Schmaltz, hep-ph/0205314

� Typical signatures include:

� soft leptons, soft jets, not a lot of /ET

� a lot of missing mass (LHC can't measure it)
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Kaluza-Klein dark matter

� Relic density: G.Servant, T.T ait, hep-ph/0206071
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� Unlik e supersymmetry: no helicit y suppression


 h2 =
1:04 109 GeV � 1

M P
p

g�

xF

a + 3b=xF
; xF =

M K K

TF

a =
� 2

1

M 2
K K

380�
81

; b = �
� 2

1

M 2
K K

95�
162

:

� Unlik e supersymmetry: coannihilation lowers the bound
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KK WIMP Direct Detection

� As usual, spin-dependent and spin-independent cross-sections.

Cheng, Feng, KM, hep-ph/0207125

� The signals are enhancednear the s-channel resonance:
� � (mq1 � mB 1 ) � 2 . Unnatural in SUSY, guaranteed here.

Cheng, Feng, KM, hep-ph/0207125
Servant, Tait, hep-ph/0209262

Majumdar, hep-ph/0209277

� Constructiv e interference: lower bound!
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KK WIMP Indirect Detection: Positrons

� Annihilation into fermion pairs is not helicit y suppressed.

B (B 1B 1 ! e+ e� ) = 20%

� There is a bump! The positrons are monoenergetic at birth.
Somesmearing from propagation through the galaxy.

Cheng, Feng, KM, hep-ph/0207125

� A smoking gun signal!
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KK WIMP Indirect Detection: Neutrinos

Cheng, Feng, KM, hep-ph/0207125

� Several channels: � � �� � , � + � � , � + � � , t �t , b�b, c�c, hh...

� Discovery reach of neutrino telescopes: including hadronic �nal
states and neutrino oscillations

Hooper, Kribs hep-ph/0208261
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Bosonic or fermionic sup ersymmetry?

� Can you tell SUSY from UED?

� Yes. Tenth Conferenceon String Phenomenology in 2011.
J.Ellis hep-ph/0208109

� Look for the higher KK levels, e.g. 2 ! 20, 2 ! 11, 2 ! 00.

� Single production of KK level 2 is suppressed(involves
KK-n umber violating couplings). Pair production?

� g2 may appear as a high massdijet resonance.Coloron? Z' ?
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Lo oking for KK lev el 2

� Z2 appears more promising: Z2 ! Q1Q1 and Z2 ! Q2Q0 are
closed. Lots of leptons? No!

� Z2 branching fractions:

� Z2 also a high massdijet resonance. Coloron? Z' ? g2?
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Lo oking for KK lev el 2

� 
 2 appears most promising. All 
 2 ! f 2 f 0 and 
 2 ! f 1 f 1

decays are closed. Every 
 2 decay dumps a lot of energy.

� 
 2 branching fractions:

� 
 2 also a high massdijet resonance.Coloron? Z' ? g2? Z2?

� In all casesthe natural width is negligible compared to the
detector dijet mass resolution.
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UED phenomenology: Lepton colliders

� Implementation of the full UED model in COMPHEP .

� Comparativ e study of SUSY and UED at LCs under way.
Datta,Kong,KM preliminary
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Bosonic vs fermionic extra dimensions

� The spin information is encoded in the angular distributions!

� Compare SUSY and UED for e+ e� ! � +
1 � �

1 :
Datta,Kong,KM preliminary

� Signi�can t di�erence in the total cross-sectionas well!

� The massescan be extracted from the E � distribution.

� Threshold scan would con�rm the spins.
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Summary and Outlo ok

� There are testable signatures of (bosonic) extra dimensions

which (with luck) may be observed at the Tevatron, LHC, NLC...

� In order to identify the nature of the new signals, the
experiments need proper simulation tools.

� ADD is in AMEGIC

� UED is in COMPHEP

� The UEDs have interesting phenomenology which for a long

time went unnoticed.

� The LKP is a good dark matter candidate and o�ers excellent
opportunities for detection.

� Collider signatures similar to \degenerate" supersymmetry.

� motiv ation for studying \degenerate" supersymmetry

� a strawman model for comparing against SUSY

� Bosonic versus fermionic supersymmetry? The role of
astroparticle physics experiments.
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