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outline

•Review Underlying math & physics for 
KK-DM

•Report the current status of KK-DM 
after LHC7& LHC8 

•Possible extensions of KK DM model 
Especially with bulk mass and BLKTs
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some latest 
references

1.	 UED	 an	 effective	 theory	 of	 RS
C,	 Csaki,	 J.	 Heinonen,	 J.	 Hubisz,	 SCP,	 J.Shu	 JHEP01(2011)089

2.	 updated	 experimental	 status	 after	 LHC7/LHC8
G.-Y.	 Huang,	 K.	 Kong,	 SCP,	 JHEP06(2012)099	 

3.	 effects	 of	 boundary	 terms	 
T.	 Flacke,	 K.C.Kong,	 SCP	 (coming	 soon)
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see Tom’s talk on Thursday
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The properties of 
DM tells us about 
some properties of 

New physics



DM is 
heavy 
... most probably 
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[Lee-Weinberg, PRL 1977]



DM is 
stable 
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if not, long lived >>13.7byr

for unstable DM, see e.g. Jongchul’s talk on Friday
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heavy stable

DM

np scale symmetry

symmetric
‘WIMP miracle’
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Z2

•Z2 symmetry can be useful for building 
a model of dark matter ..

•..because the lightest Z2 odd particle is 
automatically stable! 

•R-parity in MSSM, T-parity in Little 
Higgs and KK-parity in extra dimension 
models ...
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Underlying Math

“no odd function can be decomposed 
into a finite number of even functions”
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Physical consequence

“The lightest odd -particle cannot 
decay into even-particles thus is 

stable”
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The properties of 
DM tells us about 
some properties of 
extra dimensions
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[Chen, Nojiri, SCP, Shu 2009]

FERMI, PAMELA fit by UED
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heavy stable

DM

Volume 
of XD

Shape 
of XD

‘WIMP miracle’
symmetric
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A toy model

• The spacetime is 5D

• The 5th dimension is a flat interval [-L, L] or an 
orbifold S1/Z2 .

• Z2 symmetric about the middle point (x5=0)

• A 5D field is Fourier decomposed into cosine 
and sine functions. 

• L~1/TeV

• If the lightest sine mode is neutral, it can be a 
candidate of KKDM!
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minimal UED

• The spacetime is 5D

• The 5th dimension is a flat interval [-L, L] or an 
orbifold S1/Z2 .

• Z2 symmetric about the middle point (x5=0)

• L~1/TeV

• All the SM fields are in 5D (Universal) and they are 
Fourier decomposed by cosine and sine functions. 

• The lightest sine mode (LKP) is B1, it is a 
candidate of KKDM!



In ‘symmetric’ extra dimension, we can 
immediately find a good geometric z2 symmetry: 

the reflection about the middle point: 
KK-parity
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In general..



In symmetric space, the KK-basis functions are 
even or odd under the reflection about the middle 

point .

f(y)=(en(y),on(y))
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if flat



There always exists the  lightest 
odd state, which is automatically 

stable!
f(y)=(fn(y))=(en(y),on(y)),

O1 is stable!
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LESSON: 
O1 (the LKP) in any symmetric extra 

dimension can be a good DM candidate, KKDM



Q. How to 
construct a 
symmetric 

space?
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DIY 
:Symmetric Space
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IR UV IR

[Agashe, Falkowski,Low, Servant 2008]

(ex)Two throats RS



2T-RS
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2T-RS

• provides a possible understanding of the big 
hierarchy in terms of geometry ~ warp factor

• also provides an interesting (best to date?) 
framework to understand the flavor 
structure of the SM ~the localization of wave 
function

• LKP dark matter ~KK-parity

• theoretically profound (AdS/CFT) and 
phenomenologically rich

22
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the vicinity of the IR boundary.
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• The LHC is limited so that the LHC may not 
be able to probe the full RS geometry but only 
the vicinity of the IR boundary.

• Thus, for the purpose of the LHC, we only 
need Low energy effective theory of RS for a 
few KK modes.

• Near the IR boundary, the AdS curvature is 
highly red- shifted.  

•Effectively, the LHC may only see ‘flat’ 
geometry rather than  the 
curved‘AdS’geometry .
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Effectively RS 
looks like UED!

Csaki, Heinonen, Hubisz, SCP, Shu, JHEP 1101 (2011) 089
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5D Lorentz invariant
Gauge covariant Kinetic terms + Mass terms

4D Lorentz invariant
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Flat geometry 
assumed
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general UED  Lagrangian
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5D Lorentz invariant
Gauge covariant Kinetic terms + Mass terms

4D Lorentz invariant
BLKT

‘minimal UED’

Flat geometry 
assumed

Schematic form of the 
general UED  Lagrangian
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5D Lorentz invariant 
terms in the bulk
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4D Lorentz invariant 
terms on bdys



28

Model 
parameters

•1/R���������	
��
������������������  ~geometrical���������	
��
������������������  data

•M’s:���������	
��
������������������  5D���������	
��
������������������  Dirac���������	
��
������������������  masses���������	
��
������������������  for���������	
��
������������������  
fermions���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  :���������	
��
������������������  ���������	
��
������������������  0���������	
��
������������������  in���������	
��
������������������  mUED���������	
��
������������������  

•r’s~the���������	
��
������������������  strength���������	
��
������������������  of���������	
��
������������������  BLTs���������	
��
������������������  relative���������	
��
������������������  to���������	
��
������������������  
the���������	
��
������������������  SM���������	
��
������������������  ones���������	
��
������������������  :���������	
��
������������������  ���������	
��
������������������  0���������	
��
������������������  in���������	
��
������������������  mUED



29

Lower bounds 
on 1/R (set in mUED)



•1/R > 600 GeV (flavor physics .. loose 
bound due to MFV type + KK-parity )

29

Lower bounds 
on 1/R (set in mUED)



•1/R > 600 GeV (flavor physics .. loose 
bound due to MFV type + KK-parity )

•1/R > 700 GeV (LHC7+LHC8)

29

Lower bounds 
on 1/R (set in mUED)



•1/R > 600 GeV (flavor physics .. loose 
bound due to MFV type + KK-parity )

•1/R > 700 GeV (LHC7+LHC8)

•1/R > 750 (300) GeV (EWPT for 
mHiggs=115 (750)GeV )
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Lower bounds 
on 1/R (set in mUED)



Upper bound on 
1/R (allowing mass deform)
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Upper bound on 
1/R (allowing mass deform)

larger Mf1 
⇒smaller cross section
⇒larger Relic abundance
⇒ set “upper bound” on 

KK-scale
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Upper bound on 1/R 
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Belanger, Kakizaki, Pukhov (2011)
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Upper bound on 1/R 
set by DM relic abundance

Belanger, Kakizaki, Pukhov (2011)

LHC7
excluded

upper bound
w/o fine-tuning

upper bound
w/ less than 2-3% fine-tuning

(set in mUED +allowing tuning in KK-mass)
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Required level of fine-
tuning for coannihilation

Belanger, Kakizaki, Pukhov (2011)

Mass splittingFine tuned less tuned
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There are two more 
sets of parameters 

in general UED 



•Bulk masses for fermions : Dim-4 
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There are two more 
sets of parameters 

in general UED 



•Bulk masses for fermions : Dim-4 
operators 

•Boundary localized mass & kinetic 
terms : Dim-5 operators 
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There are two more 
sets of parameters 

in general UED 



A vector like mass

34

the Dirac mass term is generically allowed
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15 (18) bulk 
masses

(MFV)

(simpler)



Wave functions for fermion

“split-UED”
SCP, Shu Phys.Rev. D79 (2009) 091702

KK-parity
conserved!

(bonus)
Room for 

Flavor physics
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“Running” coupling 
constant

37

Kong, Park, Rizzo JHEP 1004 (2010) 081

0-0-(2n) couplings 
can be sizable!



“Running” 
KK-mass

Kong, Park, Rizzo JHEP 1004 (2010) 081
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“Running” 
KK-mass

the domain wall fermion
(an origin of 4th generation)

Kong, Park, Rizzo JHEP 1007 (2010) 059

Kong, Park, Rizzo JHEP 1004 (2010) 081
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Q. What is the 
most preferred 

parameter space 
for

(1/R, M)?
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Theoretically

•“Natural”choice is M~1/R (the only 
scale in the theory)

•Any value of M below cutoff scale is 
allowed, M <  Λ.
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experimentally

•If 1/R≫TeV, theory decouples (hard to 
get tested ..)

•If 1/R~TeV, theory can get constrained 
by EWPD(S,T,U), 4Fermi, g-2 , LHC, 
Dark matter..
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S,T,U
MUED Appelquist-Yee (2001)

KK top

KK Higgs, W,Z

Note
1. other loops with KK fermions are negligible (fermion mass suppression)
2. the Riemann zeta functions are from infinite sum over KK-tower.
3. For Mh=120 GeV, 1/R>700 GeV at 95% CL.
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KK-number 
violating 

contribution

Carena et.al. (2003), Flacke,Pasold (2012), Huang, Kong, Park (2012) 

for fermion KK-tower
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Collider 
bounds
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Collider 
bounds

•remember (0-0-2n) is allowed and can be 
sizable at tree-level in general

•not degenerate mass spectrum..depends 
on the details..

•The existence of the 2nd Gauge boson 
Resonances  is characteristic feature!

★ pp → W2 → l MET 

★ pp → Z2→ ll, jj 

44



Huang, Kong, Park (2012)
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CMS collaboration  (2012)

The 1st official LHC bound on 
split-UED by CMS
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for universal mass

Huang, Kong, SCP (2012)
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for Non-Universal Masses

Huang, Kong, SCP (2012)

** Contours for Ωh2 = 0.1123
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including BLKTs?
See T. Flacke’s talk on Friday!



summary

• In symmetric extra dimension, the LKP is a good DM 
candidate thanks to KK-parity.

• UED, an effective description of more generic geometry, 
e.g. RS, provides a useful framework to study KKDM.

• 1/R~TeV, M’s (and r’s) provide rich phenomenology

• DM+LHC7&LHC8+EWPT already started to probe a 
part of parameter space in mUED and its generalization.

• LHC 14 and future DM searches(Direct/Indirect) will give 
us more definite answers for KKDM.
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