
Split UED

Jing Shu
IPMU

Park, JS, arXiv:0901.0720, 
Phys. Rev. D 79, 091702 (R)

Chen, Nojiri, Park, JS, 
Takeuchi, arXiv:0903.1971

Chen, Nojiri, Park, JS, 
work in progress

Saturday, May 23, 2009



Outline

Motivation.

Model, mass spectrum and modified couplings.

Cosmic rays in LKP annihilation.

Resonance searches from the dijets channel at LHC.

Missing energy + muti-jets at LHC

Summary.

Saturday, May 23, 2009



Motivation

Recent results in the high energy cosmic rays 
(PAMELA,  ATIC/PPB-BETS) tell us that there 

are excesses in e+, e-, but not anti-p.

The new challenge begins.........

More recently FERMI
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Motivation

O. Adriani et al., Nature 458: 607 (2009). J. Chang et al., Nature 456 (2008) 362.

We see e- and e+ excesses in different 
experiments (PAMELA and ATIC).........Solar modulation
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Motivation

However, cosmic rays from quarks (anti-proton 
and gamma rays) are quite suppressed!
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FIG. 3: The antiproton-to-proton flux ratio obtained in this work compared with theoretical cal-

culations for a pure secondary production of antiprotons during the propagation of cosmic rays

in the galaxy. The dashed lines show the upper and lower limits calculated by Simon et al. [17]

for the standard Leaky Box Model, while the dotted lines show the limits from Donato et al. [18]

for a Diffusion model. The solid line shows the calculation by Ptuskin et al. [19] for the case of a

Plain Diffusion model. The curves were obtained using appropriate solar modulation parameters

(indicated as φ) for the PAMELA data taking period.

was not subtracted from the results and should be considered as a systematic uncertainty.

It is less than a few percent of the signal, which is significantly lower than the statistical

uncertainty.

Figure 3 shows the antiproton-to-proton flux ratio measured by the PAMELA experiment

compared with theoretical calculations assuming pure secondary production of antiprotons

during the propagation of cosmic rays in the galaxy. The PAMELA data are in excellent

agreement with recent data from other experiments, as shown in Figure 4.

We have presented the antiproton-to-proton flux ratio over the most extended energy

range ever achieved and we have improved the existing statistics at high energies by an

order of magnitude. The ratio increases smoothly from about 4 × 10−5 at a kinetic energy

of about 1 GeV and levels off at about 1 × 10−4 for energies above 10 GeV. Our results

are sufficiently precise to place tight constraints on secondary production calculations and

contributions from exotic sources, e.g. dark matter particle annihilations.

PAMELA is continuously taking data and the mission is planned to continue until at

9

O. Adriani et al., Phys. Rev. Lett. 102: 051101, (2009). FERMI preliminary
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Motivation

If the cosmic ray excess is interpreted by the DM 
annilation scenario, the DM will mainly annihilate 

into leptons. 
N.Arkan-Hamed, D. Finkbeiner, T. Slatyer, N. Weiner Phys. Rev. D 79: 015014 (2009)

Conventional wisidom: DM is in the leptonic sector. 

“Lepton Jets”
N.Arkan-Hamed, N. Weiner JHEP 0812: 104 (2008)

M. Baumgart, C. Cheung, J. Ruderman, L-T.  Wang, I. Yavin arXiv: 0901.0283
Y. Bai, Z-Y. Han JHEP arXiv: 0902.0006
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Motivation

We conider to suppress the hadronic BR in mUED to 
explain the cosmic rays signals from DM annihilation.

Novel Jet signals at the LHC......

What if we modify the DM matter 
model in the quark sector instead???

Explain all the cosmic anomalies above.
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MUED

We consider a well motivated DM scenario: mUED

Z2

Fixed point

ψ(x,−y) = γ5ψ(x, y)
ψ(x, L + y) = γ5ψ(x, L− y)

φ(x, L + y) = ±φ(x, L− y)
φ(x,−y) = ±φ(x, y)

“+”, “-” stands for the oribifold 
even or odd fields 

     Oribifolds: S1/Z2

ψ(x, y) = ψ(x, 2L + y) φ(x, y) = φ(x, 2L + y)

5D Dirac fermion The two weyl components have 
opposite oribifold condition
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MUED
The KK decomposition for even and odd fields is given by

Φ+(x, x5) =
1√
πR

φ(0)
+ (x) +

√

2

πR

∞
∑

n=1

cos
nx5

R
φ(n)

+ (x),

Φ−(x, x5) =

√

2

πR

∞
∑

n=1

sin
nx5

R
φ(n)
− (x). (25)

The zero mode of the odd field is projected out by the orbifold Z2 symmetry (or Dirichlet

boundary conditions). For a fermion ψ, only ψL (or ψR) has a zero mode, hence we obtain a

chiral fermion in the four dimensional theory. Similarly, the A5 zero mode is projected out

and there is no massless adjoint scalar from the extra component of the gauge field.

The orbifold introduces additional breaking of higher dimensional Lorentz invariance

which leads to further corrections to KK mode masses. The orbifold fixed points break

translational symmetry in the x5 direction, therefore momentum in the x5 direction (KK

number) is no longer conserved, and we expect mixing among KK modes. However, a

translation by πR in the x5 direction remains a symmetry of the orbifold. We can see from

eq.(25) that under this transformation the even number (n =even) KK modes are invariant

while the odd number (n =odd) KK modes change sign. Therefore, KK parity (−1)KK (not

the Z2 in S1/Z2) is still a good symmetry. Note that KK-parity is a flip of the line segment

about it’s center at x5 = πR/2 combined with the Z2 transformation which flips the sign of

all odd fields.

Because 5d Lorentz and translation invariance are broken at the orbifold boundaries, ra-

diative corrections generate additional Lagrangian terms which are localized at the bound-

aries and don’t respect 5d Lorentz symmetry. The boundary terms contribute to masses

and mixing of KK modes. To calculate them, we follow the work by Georgi, Grant, and

Hailu [3]. Fields on the S1/Z2 orbifold can be written as

φ(x, x5) =
1

2
(Φ(x, x5) ± Φ(x, −x5)) ,

ψ(x, x5) =
1

2
(Ψ(x, x5) ± γ5Ψ(x, −x5)) , (26)

where Φ, Ψ are unconstrained 5-dimensional boson and fermion fields, and the upper (lower)

sign, +(−), corresponds to φ, ψR being even (odd) under x5 → −x5. The propagators such

as

S(x − x′, x5 − x′
5) = 〈ψ(x, x5)ψ(x′, x′

5)〉 (27)

11

The flat 
zero mode.

KK decomposition:

All SM fields are zero modes with FLAT profiles 
propagating in the bulk. 

Higher KK modes are sine (oribifold odd) and 
cosine (oribifold odd) functions . 

The wave fuctions and couplings are “universal”.
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KK parity

The reflection symmetry about the mid point + 
a oribifold     transformation.

momentum conservation along 5th 
direction=translational invariance which is 
broken by fixed points

Z2
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KK photo is LKP

RG-running

1. KK photon -0.2%
2. KK gluon +30%
3. KK quarks +14%
4. KK leptons +1%

Masses quite degnerate at the tree level!

(mn)2 =
(π

L

)2
+ (m0)2
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MUED-Spectra

FIG. 6: The spectrum of the first KK level at (a) tree level and (b) one-loop, for R−1 = 500 GeV,

ΛR = 20, mh = 120 GeV, m2
H = 0, and assuming vanishing boundary terms at the cut-off scale Λ.

R−1 = 500 GeV, ΛR = 20, mh = 120 GeV, m2
H = 0 and assumed vanishing boundary

terms at the cut-off scale Λ. We see that the KK “photon” receives the smallest corrections

and is the lightest state at each KK level. Unbroken KK parity (−1)KK implies that the

lightest KK particle (LKP) at level one is stable. Hence the “photon” LKP γ1 provides an

interesting dark matter candidate. The corrections to the masses of the other first level KK

states are generally large enough that they will have prompt cascade decays down to γ1.3

Therefore KK production at colliders results in generic missing energy signatures, similar

to supersymmetric models with stable neutralino LSP. Collider searches for this scenario

appear to be rather challenging because of the KK mass degeneracy and will be discussed

in a separate publication [13].

V. CONCLUSIONS

Loop corrections to the masses of Kaluza-Klein excitations can play an important role

in the phenomenology of extra dimensional theories. This is because KK states of a given

level are all nearly degenerate, so that small corrections can determine which states decay

and which are stable.

3 The first level graviton G1 (or right-handed neutrino N1 if the theory includes right handed neutrinos N0)

could also be the LKP. However, the decay lifetime of γ1 to G1 or N1 would be comparable to cosmo-

logical scales. Therefore, G1 and N1 are irrelevant for collider phenomenology but may have interesting

consequences for cosmology.

20

Tree level mass spectra, 
very degenerate

WIth radiative corrections, 
quasi-degenerate

H-C. Cheng, K. Matchev, M. Schmaltz, Phys. Rev. D 66, 036005 (2002)

Free parameter: (1/R,Λ)
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DM in MUED

Figure 3: Relic density of the LKP as a function of R−1 in the Minimal UED model. The (red) line
marked “a” is the result from considering γ1γ1 annihilation only, following the analysis of Ref. [6],
assuming a degenerate KK mass spectrum. The (blue) line marked “b” repeats the same analysis,
but uses T -dependent g∗ according to (3.6) and includes the relativistic correction to the b-term
(3.19). The (black) line marked “c” relaxes the assumption of KK mass degeneracy, and uses the
actual MUED mass spectrum. The dotted line is the result from the full calculation in MUED,
including all coannihilation processes, with the proper choice of masses. The green horizontal band
denotes the preferred WMAP region for the relic density 0.094 < ΩCDMh2 < 0.129. The cyan
vertical band delineates values of R−1 disfavored by precision data.

correspondingly, increasing the prediction for Ωh2. This, in turns, lowers the preferred

mass range for γ1. Next, comparing lines “b” and “c”, we see that dropping the mass

degeneracy assumption has a similar effect on σeff (xF ) (see Fig. 1), and further increases

the calculated Ωh2. This can be easily understood from the t-channel mass dependence

exhibited in (4.3) and (4.7). The t-channel masses appear in the denominator, and they

are by definition larger than the LKP mass. Therefore, using their actual values can only

decrease σeff and increase Ωh2.

The dotted line in Fig. 3 is the result from the full calculation in MUED, including

all coannihilation processes, with the proper choice of masses. The green horizontal band

denotes the preferred WMAP region for the relic density 0.094 < ΩCDMh2 < 0.129. The

cyan vertical band delineates values of R−1 disfavored by precision data [41]. We see that

according to the full calculation, the cosmologically ideal mass range is mγ1 ∼ 500 − 600

GeV, when γ1 accounts for all of the dark matter in the Universe. This range is somewhat

– 13 –

It natually predicts 
the LKP mass around 

600 ~ 800 GeV

K. Kong, K. Matchev, JHEP 0601:038, (2006)
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Figure 4: Feynman diagrams for B(1)B(1) annihilation into fermions.
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Figure 5: Feynman diagrams for B(1)B(1) annihilation into Higgs scalar bosons.

possibility of a sterile neutrino or its KK modes. For the purposes of this discussion,
we assume a neutrino which is the weak partner of the left-handed electron; the results
for the weak partners of the muon or tau are simply obtained by appropriately replacing
the exchanged particles in specific processes. We continue to neglect fermion and boson
masses, and ignore fermion mixing.

The ν(1) can annihilate with ν(1) into quark (and other family lepton) zero modes
through an s-channel Z zero mode (Figure 6). The cross section is given by,

σ(ν(1)ν(1) → ff) =
Ncg2

Z (ḡ2
L + ḡ2

R) (s + 2 m2)

24 π β s2
, (48)

where,

gZ =
e

2sW cW
, (49)

are the couplings of the Z0 to ν(1)ν(1) and ḡL(R) are the standard zero mode couplings
between the Z0 and f f̄ ,

ḡL(R) =
e

sW cW

[

T 3 − Qfs
2
W

]

(50)

where T 3 is the third component of weak iso-spin of f and Qf its charge. Nc accounts for
the sum over final state color configurations, as before.

Annihilation into zero modes of the charged lepton partner e+e− proceeds either
through an s-channel Z or a t-channel W (1)

+ (Figure 7), or into its own zero modes (νν)

21

coannihilation

Coincident with 
the ATIC peak!
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DM in MUED

〈σv〉B1B1→ff̄ # 2g4
1Cf

9πm2
B1

1
(1 + r2

f )2

Cf = NcY
4
f rf =

mf

mB1

Slightly hadrophobic (~40%)

but still hadronic BF is sizable 

lR : qR = 14 : 3× (2/3)4 = 1 : 16/27

We need to 
suppress it!
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Solution.......

1 q0

q0

q1

1

A obivious solution................

suppressIncrease the 
mass of q1

〈σv〉qq̄ ∝ m2
γ1/(m2

γ1 + m2
q1)2

We need a self-consistent way to increase the KK 
quark masses while preserve the KK parity! 

In the NR limit, 
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Model

In flat space, mn =
√

µ2 + k2
n

One way to increase the KK fermion mass is to 
introduce the 5D bulk fermion mass   .  µ

However, a conventional 5D bulk mass will 
violate the KK parity 

ui
R

di
R

Qi
L

y = 0y = −L y = L

5D bulk mass

y = 0y = −L y = L

0

µ λ〈Φ〉

SM zero mode

?
No inversion 

symmetry
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KK parity in ED

For a general 5D Langragian in the oribifolds y ⊂ [−L,L]

Φ(x, y)→ ±Φ(x,−y)

Ψ(x,−y)→ ±γ5Ψ(x, y)
only “+” if there is a cubic term

depends on how one emded the 
zero mode fermion

For the interaction with fermions 

Φ(y)(Ψ̄+Ψ− + Ψ̄−Ψ+)

Ψ+(y)→ ±Ψ+(−y)
Ψ−(y)→ ∓Ψ−(−y)

Φ(y) = −Φ(−y)

)

S =
∫

d5x

(
i

2
(Ψ̄ΓM∂MΨ− ∂M Ψ̄ΓMΨ)− λΦ(y)Ψ̄Ψ

)
)

I start with -L not 0 here.
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KK decomposition
Consider SM quark is embeded in the “+” component:

Ψ+(x, y) =
∑

n

gn(y)χn(x)

Ψ−(x, y) =
∑

n

fn(y)ψn(x)

For the 4D KK even/odd field        ,        must be 
symmetric/asymmetric around y=0, which satisfy the 

+/- boundary condition.

χn(x) gn(y)

5D KK “+” parity

5D KK “-” parity

The 5D profile with even/odd KK parity in the 
interval -L to L is the same as the one with +/- 

boundary condition at y=0.

K. Agashe, A. Falkowski, I. Low, G. Servant, JHEP 0804:027, (2008)
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The set-up

ui
R

di
R

Qi
L

y = 0y = −L y = L

No light mode!

5D anomaly free!

Theoretical considerations suggest that SM quarks 
are localized at the boundary, not the center. 
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The masses

500 1000 1500
m

500

1000

1500

2000

2500

3000

Mn

FIG. 1: The mass of the KK quarks versus the 5D bulk mass m. The 1−, 1+, 2− and 2+ are

labeled by the blue, peak, yellow, green lines.

THE MASSES AND COUPLINGS

We first consider the scenario that only the quarks but not the leptons have the 5D

bulk masses. For the gauge bosons and scalars, and the leptons, the tree level masses are

degenerate which is like the KK even quarks

mn =

√

m2 +
(nπ

L

)2

. (7)

The masses of the KK odd quarks are given by Eq. (5). A typical KK quark masses are

presented in Fig 1.

All the couplings could be calculated by integrating out the 5D profiles of the relevant

fields along the fifth dimension. Here I only present the couplings that is different from the

MUED. For the KK even gauge bosons and SM quarks , the effective coupling between the

nth (n > 0) KK even gauge boson and the SM quarks is:

g2n−0−0 =
√

2g0F2n(mL) (8)

where g0 is the SM gauge interaction between q0 and A0, and the dimensionless function

F(mL) is given by:

F2n(x) ≡
2x

1 − e2x

∫ 1

0

dse2xs cos(πns), (9)

4

In case    >0

m=0, the same as MUED!

For very large 
negative mass m, the 

KK quark mass 
could be decoupled!

For large negative mass m, the 
nth KK odd and even quarks 

tend to be degenerate.

µ

µ
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The “well localized” case
µ→ +∞

ui
R

di
R

Qi
L

y = 0y = −L y = L

ui
R

di
R

Qi
L No KK quarks!

g200

g0
=
√

2F2n(x) =
√

2
2x

1− e2x

∫ 1

0
dse2xs cos(πns) −→

√
2
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Violation of KK #
5D translational invariance is violated 

by the bulk profile

ui
R

di
R

Qi
L

y = 0y = −L y = L

KK # violation at 
the tree level!

KK even gauge bosons/scalars 
directly coupled to quarks!
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The couplings

g200

data

0.1 0.0572747

0.2 0.114303

0.3 0.170844

0.4 0.226664

0.5 0.281546

0.6 0.335286

0.7 0.387703

0.8 0.438637

0.9 0.487952

1. 0.535534

1.1 0.581298

1.2 0.625178

1.3 0.667132

1.4 0.707142

1.5 0.745204

1.6 0.781334

1.7 0.815562

1.8 0.847931

1.9 0.878493

2. 0.90731

2.1 0.934448

2.2 0.959979

2.3 0.983979

2.4 1.00652

2.5 1.02769

2.6 1.04755

2.7 1.06618

2.8 1.08366

2.9 1.10006

3. 1.11544

3.1 1.12987

3.2 1.14341

3.3 1.15612

3.4 1.16805

3.5 1.17927

3.6 1.1898

3.7 1.19971

3.8 1.20904

3.9 1.21782

4. 1.22608

4.1 1.23388

4.2 1.24123

4.3 1.24817

4.4 1.25473

4.5 1.26092

4.6 1.26678

4.7 1.27233

4.8 1.27759

4.9 1.28257

5. 1.28729

fitting function

0.614301 x - 0.0743289 x2 - 0.00602752 x3 + 0.00133476 x4

1 2 3 4 5

0.2

0.4

0.6

0.8

1.0

1.2

2   fit.nb

g200/g0

m=0, KK# conservation as 
in MUED!

saturated to 1.4142.......

always increases

Coupling that violate KK number

Lµ
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The couplings

Fitting Functions for SUED
Feb.1, seongchan.park@ipmu.jp

g011

data

0.1 1.01956

0.2 1.03765

0.3 1.05423

0.4 1.06924

0.5 1.08265

0.6 1.09446

0.7 1.10467

0.8 1.11327

0.9 1.12031

1. 1.12582

1.1 1.12985

1.2 1.13245

1.3 1.13369

1.4 1.13362

1.5 1.13234

1.6 1.12991

1.7 1.1264

1.8 1.1219

1.9 1.11649

2. 1.11023

2.1 1.10321

2.2 1.09549

2.3 1.08715

2.4 1.07824

2.5 1.06884

2.6 1.05899

2.7 1.04876

2.8 1.03819

2.9 1.02733

3. 1.01623

3.1 1.00493

3.2 0.99347

3.3 0.981875

3.4 0.970181

3.5 0.958417

3.6 0.946609

3.7 0.934782

3.8 0.922955

3.9 0.911149

4. 0.899381

4.1 0.887666

4.2 0.876018

4.3 0.864451

4.4 0.852974

4.5 0.841597

4.6 0.830329

4.7 0.819177

4.8 0.808148

4.9 0.797247

5. 0.786479

fitting function

0.994805 + 0.233632 x - 0.118394 x2 + 0.0168009 x3 - 0.000825469 x4

1 2 3 4 5

0.85

0.90

0.95

1.00

1.05

1.10

g200

g110/g0

m=0, the same as the zero 
mode coupling

coupling first increases, 
then decreases!

decreases to zero

Lµ
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The couplings

g211

data

0.1 0.692902

0.2 0.678952

0.3 0.665267

0.4 0.651855

0.5 0.638721

0.6 0.625871

0.7 0.613308

0.8 0.601033

0.9 0.589048

1. 0.577352

1.1 0.565943

1.2 0.554821

1.3 0.543981

1.4 0.533422

1.5 0.523137

1.6 0.513124

1.7 0.503377

1.8 0.49389

1.9 0.484659

2. 0.475678

2.1 0.46694

2.2 0.45844

2.3 0.450172

2.4 0.442129

2.5 0.434306

2.6 0.426696

2.7 0.419294

2.8 0.412092

2.9 0.405086

3. 0.39827

3.1 0.391637

3.2 0.385182

3.3 0.3789

3.4 0.372785

3.5 0.366833

3.6 0.361037

3.7 0.355393

3.8 0.349897

3.9 0.344543

4. 0.339327

4.1 0.334245

4.2 0.329292

4.3 0.324464

4.4 0.319758

4.5 0.315169

4.6 0.310693

4.7 0.306328

4.8 0.302069

4.9 0.297913

5. 0.293858

fitting function

0.707617 - 0.146185 x + 0.0165887 x2 - 0.000695582 x3 - 0.0000172193 x4

1 2 3 4 5

0.4

0.5

0.6

0.7

fit.nb  3

g211/g0 coupling always decreases!

decreases to zero

Lµ
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Split-Mass spectrum

m2
n(lepton) =

n2

R2

m2
n = µ2 + k2

n

λq〈Φ(y)〉 = µε(y)

Chen, Nojiri, Park, JS, Takeuchi, arXiv:0903.1971

Consider the one-loop radaitive corrections:
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Branching Fraction

Chen, Nojiri, Park, JS, Takeuchi, arXiv:0903.1971

σqq

σll
=

∑
q Y 4

q∑
l Y

4
l

(
m2

B1
+ m2

l1

m2
B1

+ m2
q1

)2 ! 0.42× (1 + m2
q1

/m2
B1

)−2
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Branching Fraction

Chen, Nojiri, Park, JS, Takeuchi, arXiv:0903.1971

TABLE I: The branching fraction of the LKP pair annihilates into various final states, for different

q1 mass, and different bulk mass parameter µ. The numbers shown are summed over generations.

We neglect the W -boson final state because the SU(2) component of LKP is too small. Here we

fix the LKP mass to be 620 GeV and include the radiative corrections to all the masses according

to Ref. [17].

µ (GeV) 0 200 400 600 800 1000

Mq1 (GeV) 713 863 1026 1198 1378 1566

BR(B1B1 → qq̄) 29.4% 26.4% 20.6% 14.3% 8.9% 5.2%

BR(B1B1 → ll̄) 64.3% 67.1% 72.3% 78.2% 83.0% 86.5%

BR(B1B1 → νν̄) 3.8% 3.9% 4.3% 4.6 % 4.9% 5.1%

BR(B1B1 → φφ∗) 2.3% 2.4% 2.6% 2.8% 3.0% 3.1%

III. COSMIC POSITRON, ANTIPROTON AND PHOTON

LKP dark matter B1 will mainly annihilate into a fermion pair while the W-boson and

Higgs boson modes are suppressed, as shown in Table I. For the quark-pair final state, due to

the QCD hadronization process, a bunch of hadrons will be produced and sequentially decay

into positrons/electrons, protons/antiprotons, photons and neutrinos. Moreover, positrons

and electrons also originate in the leptonic channels: muon and tau (also generate photons)

decay and direct production in B1B1 → e+e− process. In our calculation, we use PYTHIA

[18] for the simulation of the QCD hadronization and the decays of particles. Since these

stable particles from the dark matter annihilation in our Galaxy will propagate to our solar

system and be observed as cosmic-ray signals, we estimate the predictions from our model,

the split-UED, and compared with experimental data in this section. Due to the fact that

excesses were observed in the positron fraction in PAMELA [1] and the flux of electron plus

positron in ATIC/PPB-BETS [2, 3] while the ratio of antiproton to proton, p̄/p, is consistent

with the astrophysical background, we first explain positron and electron data from the dark

matter annihilation. Then base on the parameters set by fitting the ATIC/PPB-BETS and

PAMELA data, we calculate the p̄/p and photon flux. Since the W-boson and the Higgs

boson productions are highly suppressed in UED models we are considering, we will not

take into account their contributions in the following calculations.

9

All possible branching fractions:
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No Anti-Protons

Chen, Nojiri, Park, JS, Takeuchi, arXiv:0903.1971

The results, however is 
very sensitive to the 
propagation model.

Change progation 
model from MAX to 
MIN will increase the 
anti proton flux by 2 
orders of magnitude!

mUED (MAX)
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Gamma Rays

Chen, Nojiri, Park, JS, Takeuchi, arXiv:0903.1971

The gamma rays, 
however, is 

indepedent of the 
propagation model. 

isothermal profile
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The final tuning of the event selection provides a maxi-
mum systematic error less than 20% at 1 TeV. The abso-
lute LAT energy scale, at this early stage of the mission,
is determined with an uncertainty of +5%

−10%. This esti-
mate is being further constrained using flight and beam
test data. The associated systematic error is not folded
into those above as it is a single scaling factor over the
whole energy range. Its main effect is to rigidly shift the
spectrum by +10%

−20% without introducing significant defor-
mations.

While event selection is explicitly energy-dependent to
suppress the larger high-energy background, it is not op-
timized versus the incident angle of incoming particles.
Nonetheless we have compared the spectra from selected
restricted angular bins with the final spectrum reported
here; they are consistent within systematic uncertainties.
A further validation of the event selection comes from
an independent analysis, developed for lower-energy elec-
trons, which produces the same results when extended up
to the the endpoint of its validity at ∼ 100 GeV. Our ca-
pability to reconstruct spectral features was tested using
the LAT simulation and the energy response from fig-
ure 1. We superimposed a Gaussian line signal, centered
at 450 ± 50 GeV rms, on a power law spectrum with an
index of 3.3. This line contains a number of excess counts
as from the ATIC paper [8], rescaled with the LAT GF.
We verified that this analysis easily detects this feature
with high significance (the full width of the 68% contain-
ment energy resolution of the LAT at 450 GeV is 18%).

Results and discussion. – More than 4M electron
events above 20 GeV were selected in survey (sky scan-
ning) mode from 4 August 2008 to 31 January 2009. En-
ergy bins were chosen to be the full width of the 68%
containment of the energy dispersion, evaluated at the
bin center. The residual hadronic background was es-
timated from the average rate of hadrons that survive
electron selection in the simulations, and subtracted from
the measured rate of candidate electrons. The result is
corrected for finite energy redistribution with an unfold-
ing analysis [20] and converted into a flux JE by scaling
with the GF, see table I. The distribution of E3 × JE is
shown in table I and in figure 3.

Fermi data points visually indicate a suggestive devi-
ation from a flat spectrum. However, if we conserva-
tively add point–to–point systematic errors from table I
in quadrature with statistical errors, our data are well
fit by a simple normalized E−3.04 power law (χ2 = 9.7,
d.o.f. 24).

For comparison, we show a conventional model [1] for
the electron spectrum, which is also being used as a ref-
erence in a related Fermi-LAT paper [21] on the Galactic
diffuse gamma-ray emission. This uses the GALPROP
code [4], with propagation parameters adjusted to fit a
variety of pre-Fermi CR data, including electrons. This
model has an electron injection spectral index of 2.54
above 4 GeV, a diffusion coefficient varying with energy

FIG. 3: (color) The Fermi LAT CR electron spectrum (red
filled circles). Systematic errors are shown by the gray band.
The two-headed arrow in the top-right corner of the figure
gives size and direction of the rigid shift of the spectrum im-
plied by a shift of +5%

−10%
of the absolute energy, corresponding

to the present estimate of the uncertainty of the LAT energy
scale. Other high-energy measurements and a conventional
diffusive model [1] are shown.

as E1/3, and includes a diffusive reacceleration term. As
can be clearly seen from the blue dashed line in figure 3,
this model produces too steep a spectrum after prop-
agation to be compatible with the Fermi measurement
reported here.

The observation that the spectrum is much harder than
the conventional one may be explained by assuming a
harder electron spectrum at the source, which is not
excluded by other measurements. However, the signif-
icant flattening of the LAT data above the model pre-
dictions for E ≥ 70 GeV may also suggest the pres-
ence of one or more local sources of high energy CR
electrons. We found that the LAT spectrum can be
nicely fit by adding an additional component of pri-
mary electrons and positrons, with injection spectrum
Jextra(E) ∝ E−γe exp{−E/Ecut}, Ecut being the cut-
off energy of the source spectrum. The main purpose
of adding such a component is to reconcile theoretical
predictions with both the Fermi electron data and the
Pamela data [7] showing an increase in the e+/(e− + e+)
fraction above 10 GeV. The latter cannot be produced
by secondary positrons coming from interaction of the
Galactic CR with the ISM. Such an additional compo-
nent also provides a natural explanation of the steepen-
ing of the spectrum above 1 TeV indicated by H.E.S.S.
data [9]. As discussed in [12] and references therein, pul-
sars are the most natural candidates for such sources.
Other astrophysical interpretations (e.g. [22]), or dark
matter scenarios, can not be excluded at the present
stage.

A detailed discussion of theoretical models lies out-

3

reduces the event statistics but enables to lower the
analysis threshold to 340 GeV. The effective collection
area at 340 GeV is ≈ 4 × 104 m2. With a live-time of
77 hours of good quality data, a total effective exposure
of ≈ 2.2 × 107 m2 sr s is achieved at 340 GeV. Owing to
the steepness of the electron spectrum, the measurement
at lower energies is facilitated by the comparatively
higher fluxes. The ζ distribution in the energy range of
340 to 700 GeV is shown in Fig. 1.

The low-energy electron spectrum resulting from

!
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FIG. 1: The measured distribution of the parameter ζ,
compared with distributions for simulated protons and elec-
trons, for showers with reconstructed energy between 0.34 and
0.7 TeV (the energy range of the extension towards lower en-
ergies compared to the analysis presented in [8]). The best
fit model combination of electrons and protons is shown as
a shaded band. The proton simulations use the SIBYLL
hadronic interaction model. Distributions differ from the ones
presented in Fig. 1 of [8] because of the energy dependence of
the ζ parameter.

this analysis is shown in Fig. 2 together with previ-
ous data of H.E.S.S. and balloon experiments. The
spectrum is well described by a broken power law
dN/dE = k · (E/Eb)−Γ1 · (1 + (E/Eb)1/α)−(Γ2−Γ1)α

(χ2/d.o.f. = 5.6/4, p = 0.23) with a normalization
k = (1.5 ± 0.1) × 10−4 TeV−1 m−2 sr−1 s−1, and a break
energy Eb = 0.9±0.1 TeV, where the transition between
the two spectral indices Γ1 = 3.0±0.1 and Γ2 = 4.1±0.3
occurs. The parameter α denotes the sharpness of the
transition, the fit prefers a sharp transition, α < 0.3.
The shaded band indicates the uncertainties in the
flux normalization that arise from uncertainties in the
modeling of hadronic interactions and in the atmospheric
model, and are derived in the same fashion as in the
initial paper [8]. The band is centered around the broken
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FIG. 2: The energy spectrum E3 dN/dE of cosmic-ray elec-
trons as measured by ATIC [4], PPB-BETS [12], emul-
sion chamber experiments [3] and H.E.S.S. Previous H.E.S.S.
data [8] are shown as blue points, the result of the low-energy
analysis presented here as red points. The shaded bands in-
dicate the approximate systematic error arising from uncer-
tainties in the modeling of hadronic interactions and in the
atmospheric model in the two analyses. The double arrow in-
dicates the effect of an energy scale shift of 15%, the approx-
imate systematic uncertainty on the H.E.S.S. energy scale.
The fit function is described in the text.

power law fit. The systematic error on the spectral
indices Γ1, Γ2 is ∆Γ(syst.) ! 0.3. The H.E.S.S. energy
scale uncertainty of 15% is visualized by the double
arrow.
The H.E.S.S. data show no indication of an excess and
sharp cutoff in the electron spectrum as reported by
ATIC. Since H.E.S.S. measures the electron spectrum
only above 340 GeV, one cannot test the rising section of
the ATIC-reported excess. Although different in shape,
an overall consistency of the ATIC spectrum with the
H.E.S.S. result can be obtained within the uncertainty of
the H.E.S.S. energy scale of about 15 %. The deviation
between the ATIC and the H.E.S.S data is minimal
at the 20 % confidence level (assuming Gaussian errors
for the systematic uncertainty dominating the H.E.S.S.
measurement) when applying an upward shift of 10 % in
energy to the H.E.S.S. data. The shift is well within the
uncertainty of the H.E.S.S. energy scale. In this case
the H.E.S.S. data overshoot the measurement of balloon
experiments above 800 GeV, but are consistent given the
large statistical errors from balloon experiments at these
energies. A model calculation of how a Kaluza-Klein
(KK) signature with a mass of 620 GeV [4] and a flux
approximated to fit the ATIC data would appear in the
H.E.S.S. data is shown in Fig. 3. Due to the limited

We may have to explain it and 
Split-UED can explain it!

HESS, arXiv:0905.0105FERMI LAT, arXiv:0905.0025
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Figure 7: One-step DM annihilation. As in fig. 6, here for DM annihilations into 4e (left

column), 4µ (middle), 4τ (right), via a light intermediate new particle.

18

In direct leptonic annilation scenario, the 
gamma ray flux at the GC is highly constrain

P. Meade, M. Papucci, A. Strumia, T. Volansky, arXiv:0905.0480

NFW profile

Pure annilation into e-/e+ is ruled out.
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Isothermal profile

It can only work in the DM profiles which is 
rather flat at GC.
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Figure 9. As in Fig. 8, but for “lepto-philic” models, where the dark matter pair
annihilates democratically into the three charged lepton species.

required boost factor is very large, of the order of 104. In this scenario, however, the
H.E.S.S. data provide rather stringent constraints [10].

We also point out that such large values of the pair-annihilation rate are generically
in contrast with the synthesis of light elements in the early Universe. In particular, the
orange curve in the middle panel of Fig. 10 shows the estimate of (Jedamzik 2004 [60]) for
the constraint from the over-production of the isotope 6Li from dark matter annihilation
during Big Bang Nucleosynthesis. In addition, annihilation in gauge bosons produces
an anomalous background of energetic neutrinos, which exceeds the current constraints
(Yuksel et al. 2007 [61]) in almost all the parameter space compatible with e± data. In
this respect, the gauge boson annihilation mode appears to be disfavored with respect to
the previous two scenarios outlined above.

For illustrative purposes, we select two reference choices for the mass and pair annihi-
lation rate for a model annihilating into e+e− (fig. 8) and for a “lepto-philic” case (fig. 9).
We quote in Tab. 2 the parameter values for the models we employ. We show the resulting
e± spectra, summed with the conventional background we adopt in the present analysis,
in Fig. 11. In the insert of the same figure we also show the resulting positron fraction.

In summary, Fermi-LAT data on e± set constraints and provide information on the
nature of particle dark matter models in relation to the production of energetic leptons
in annihilation events in the Galaxy. Assuming an exotic origin for the data reported
in (Abdo et al. 2009 [25]), we showed that the required dark matter setup is consistent
with the PAMELA data and with the H.E.S.S. measurements. Specifically, we argued
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FIG. 3: The energy spectrum E3 dN/dE of cosmic-ray elec-
trons measured by H.E.S.S. and balloon experiments. Also
shown are calculations for a Kaluza-Klein signature in the
H.E.S.S. data with a mass of 620 GeV and a flux as deter-
mined from the ATIC data (dashed-dotted line), the back-
ground model fitted to low-energy ATIC and high-energy
H.E.S.S. data (dashed line) and the sum of the two contri-
butions (solid line). The shaded regions represent the ap-
proximate systematic error as in Fig. 2.

energy resolution of about 15%, a sharp cutoff at the en-
ergy of the KK mass would have been smeared out. The
background spectrum of non-dark matter origin is here
modeled by a power law with exponential cutoff, which
is fitted to the low-energy ATIC data (E < 300 GeV)
and the high-energy H.E.S.S. data (E > 700 GeV). The
sum of the two contributions is shown as solid curve in
Fig. 3. The shape of the predicted spectrum for the case
of a KK signal is not compatible with the H.E.S.S. data
at the 99% confidence level.
Despite superior statistics, the H.E.S.S. data does not
rule out the existence of the ATIC-reported excess owing
to a possible energy scale shift inherent to the presented
measurement. However, there is no indication of a sharp
drop in the cosmic-ray electron spectrum as expected
in a KK dark matter scenario; the spectrum rather
experiences a steepening towards higher energies and is
therefore compatible with conventional electron popu-
lations of astrophysical origin within the uncertainties
related to the injection spectra and propagation effects.

An improved measurement of the electron spectrum over
a wide range of energies from 10 GeV to 1 TeV can be
expected from FERMI [13].
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The relics density can work

A small bulk mass for leptons will remove 
the coannilation from the charged leptons

Figure 3: Relic density of the LKP as a function of R−1 in the Minimal UED model. The (red) line
marked “a” is the result from considering γ1γ1 annihilation only, following the analysis of Ref. [6],
assuming a degenerate KK mass spectrum. The (blue) line marked “b” repeats the same analysis,
but uses T -dependent g∗ according to (3.6) and includes the relativistic correction to the b-term
(3.19). The (black) line marked “c” relaxes the assumption of KK mass degeneracy, and uses the
actual MUED mass spectrum. The dotted line is the result from the full calculation in MUED,
including all coannihilation processes, with the proper choice of masses. The green horizontal band
denotes the preferred WMAP region for the relic density 0.094 < ΩCDMh2 < 0.129. The cyan
vertical band delineates values of R−1 disfavored by precision data.

correspondingly, increasing the prediction for Ωh2. This, in turns, lowers the preferred

mass range for γ1. Next, comparing lines “b” and “c”, we see that dropping the mass

degeneracy assumption has a similar effect on σeff (xF ) (see Fig. 1), and further increases

the calculated Ωh2. This can be easily understood from the t-channel mass dependence

exhibited in (4.3) and (4.7). The t-channel masses appear in the denominator, and they

are by definition larger than the LKP mass. Therefore, using their actual values can only

decrease σeff and increase Ωh2.

The dotted line in Fig. 3 is the result from the full calculation in MUED, including

all coannihilation processes, with the proper choice of masses. The green horizontal band

denotes the preferred WMAP region for the relic density 0.094 < ΩCDMh2 < 0.129. The

cyan vertical band delineates values of R−1 disfavored by precision data [41]. We see that

according to the full calculation, the cosmologically ideal mass range is mγ1 ∼ 500 − 600

GeV, when γ1 accounts for all of the dark matter in the Universe. This range is somewhat

– 13 –

no coannihilation

Mass around 800~900GeV

GOOD for FERMI

K. Kong, K. Matchev, JHEP 0601:038, (2006)
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If one wants even more massive DM, coanihilation 
from EW gauge bosons can make it work

K. Kong, K. Matchev, JHEP 0601:038, (2006)
Figure 9: The same as Fig. 8, but illustrating the effect of varying simultaneously the masses of
all (a) SU(2) KK gauge bosons and (b) KK Higgs bosons. In (a) the lines are labeled by the value
of ∆W1

, while in (b) the values of ∆H are (from top to bottom) ∆H = 0.05, 0.01, 0.001, 0. The
dotted line is the nominal UED case from Fig. 3.

processes involving n = 1 KK partners. This allowed us to predict reliably the preferred

mass range for the KK dark matter particle in the Minimal UED model. We found that in

order to account for all of the dark matter in the universe, the mass of γ1 should be within

500 − 600 GeV, which is somewhat lower than the range found in [6]. This is due to a

combination of several factors. Among the effects which caused our prediction for Ωh2 to

go up are the following: we used a lower value of g∗, we kept the individual KK masses in

our formulas, and we accounted for the relativistic correction (3.19). On the other hand,

as we saw in Section 5, including the effect of coannihilations with KK particles other than

SU(2)W -singlet KK leptons, always has the effect of lowering the predicted Ωh2. Finally,

the cosmologically preferred range for Ωh2 itself has shifted lower since the publication

of [6].

The lower range of preferred values for R−1 is good news for collider and astroparticle

searches for KK dark matter. It should be kept in mind that it is quite plausible, and in fact

very likely, that the dark matter is made up of not one but several different components,

in which case the LKP could be even lighter. We should mention that several collider

studies [4, 25,32,33] have already used an MUED benchmark point with R−1 = 500 GeV,

a choice which we now see also happens to be relevant for cosmology.

In Section 5 we also investigated how each class of n = 1 KK partners impacts the

KK relic density. We summarize the observed trends in Fig. 10, where we fix Ωh2 =

0.1 and then show the required R−1 for any given ∆i, for each class of KK particles.

We show variations of the masses of one (red dotted) or three (red solid) generations of

SU(2)W -singlet KK leptons; three generations of SU(2)W -doublet leptons (magenta); three

generations of SU(2)W -singlet quarks (blue) (the result for three generations of SU(2)W -

doublet quarks is almost identical); KK gluons (cyan) and electroweak KK gauge bosons

– 20 –

Quite degnerate B1, Z1, W1, 
novel signal at the LHC
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Bounds from Tevatron
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FIG. 2: Comparison of cross section predicted by the “well
localized” scenario of the split-UED and the CDF exclusion
bounds on the colored-octet vector boson production cross
section as a function of the resonance mass. The g2 produc-
tion cross section is obtained by rescaling the cross section for
the Coloron case in Ref. [16] by a factor of 2.

KK even states (α0 = 1) will cancel those from the KK
odd states (α0 = −1) at the midpoint y = 0, so the 5D
anomalies from the quark sector will live at the bound-
ary y = L. Similarly, the 5D anomalies in the interval
y ⊂ [−L, 0] will be localized at the boundary y = −L.
As a consequence, the 5D anomalies from the quark sec-
tor will be localized at the same point (y = ±L) as those
from the lepton sector, thus our 5D setup is anomaly free.
Bounds from EW Data and Flavor Physics– In MUED,
the main contributions to the electroweak precision pa-
rameters come from the top and bottom KK modes [3].
In our setup, the top and bottom KK modes have much
higher masses so their contributions will be small. The
additional bounds come from the KK number violation.
The oblique parameters will not be affected directly be-
cause the KK even electroweak gauge bosons will never
mix with the W and Z gauge bosons through operators
like (DµH)†DµH because the Higgs profile is chosen to
be flat in UED. The important modification is the four
fermion operator which involves the SM quarks by inte-
grating out the KK even gauge bosons. The most strin-
gent bound comes from the resonance search for the Teva-
tron dijet channels. We consider the “well localized” case,
where couplings between the 2nd KK gluon and the SM
quarks is

√
2gs, the bound for the g2 mass is illustrated

in Fig. 2. We can see that the allowed mass region for
g2 is Mg2 > 1.3 TeV, which corresponds to the compact-
ification scale (R is defined as 2L/π)

1

R
> 510 GeV (4)

assuming 28% renormalization group enhancement for
the g2 mass [17].

We also consider the contribution of KK gauge bosons,
in particular the KK even weak gauge boson W±

2n, to

TABLE I: The branching fraction of the hadronic annihilation
of the LKP over that of the charged leptonic annihilation of
the LKP, as well as the mass of q1, for different 5D bulk mass
µ. Here we fix the LKP mass to be 620 GeV and include the
radiative corrections to all the masses according to Ref. [17].

µ (GeV) 0 200 400 600 800 1000
Mq1 (GeV) 713 863 1026 1198 1378 1566

BR(had)/BR(lep) 45.7% 39.3% 28.6% 18.3% 10.7% 6.0%

K0 − K̄0, B0
s,d − B̄0

s,d mixing and εK . Thanks to the KK
parity as well as the orthogonality of the KK decompo-
sition in the flat background, there is no tree level flavor
changing neutral current (FCNC) in split-UED, but the
KK even weak gauge bosons can contribute to the box di-
agrams with (W±

SM, W±
2n) exchanges that are suppressed

by the mass of W±
2n:

∆Ms,d(KK)

∆Ms,d(SM)
$

∑∞
n=1(2Fn)2m2

t /mW 2
2n

S0(SM)
< 7.5% , (5)

where we took 1/R > 510 GeV as we found above (see
Eq.(4)), S0(SM) $ 2.42 [18] and mW2n

$ 2n/R as
mW % 2n/R. In view of non-perturbative uncertanties
in ∆MK , ∆Md,s and εK , it will be very difficult to distin-
guish the split-UED expectations from the SM ones. In
conclusion, the split-UED is safe from the flavor physics
bounds.
Dark Matter– In our scenario, by making the KK quark
mass heavier, the hadronic annihilation cross section
could be highly suppressed, as shown in Table I. The
relic density of the LKP, which is the first KK photon,
will not be affected because the coannihilation of the KK
quarks could be safely ignored in the calculation. The
precise calculation of the relic density [19] indicates that
the LKP mass has to be from 500 GeV to 700 GeV in the
typical mass spectrum [17] to get the right relic density,
which indeed covers the LKP mass (around 620 GeV)
that is required to fit the peak of electron and positron
spectrum in the ATIC data [6].
Collider Physics at the LHC– Keeping KK parity as in
MUED, any KK odd particles should not be singly pro-
duced by particle collisions. When SM quarks are “well
localized” at the boundaries, the LHC will never produce
any on-shell KK quarks. However, the KK even gauge
bosons, especially the KK even gluon, will be copiously
produced due to the KK number number violation in the
valence quark coupling. We expect to discover the reso-
nance in the dijet channels against the large QCD back-
ground [20] even in the early stages of LHC (assuming an
integrated luminosity of L = 100pb−1). To explore this
possibility, in Fig. 3, we plot the invariant mass distri-
bution of QCD dijets simulated by Madgraph [21] (with
rough acceptance cuts |η| < 2.5 and pT > 500 GeV to
reduce the SM background). We choose a high minimum
pT cut for the jets so our simulation based on perturba-

Mg2 > 1.3 TeV

1
R

> 510 GeV

OK for ATIC 
and FERMI
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TABLE II: The statistical significance of the signal for the
g2 discovery, as well as the g2 decay width with different g2

masses in the “well localized” scenario. The event number is
counted in the mass window 0.85Mg2 < MJJ < 1.2Mg2 .

Mg2 (TeV) 1.58 2 3 4 5 6
Γg2 (GeV) 270 334 482 627 769 909

S/
√

B (100 pb−1) 66.5 38.2 11.9 4.3 − −
S/

√
B (100 fb−1) 2103 1208 376 137 86 22

tive QCD is reliable. In Table II, we have calculated the
decay width and the statistical significance of the signal
for the g2 discovery both during the early stage and the
entire LHC running time [25]. We can see that at the
early stage, one can discover the second KK gluon g2

just below 4 TeV. For the entire LHC running time, one
can clearly discover g2 up to more than 6 TeV [26].
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FIG. 3: The invariant mass distribution of the dijet sig-
nal. The resonance peaks appear at the Mg2 for 1.58 (for
ATIC/PPB-BETS and PAMELA), 2 and 3 TeV. The devia-
tion from the SM background at the high dijet invariant mass
comes from the T-channel exchange of the KK even gluon.

Conclusion– In the present model, split-UED, the quarks
are quasi-localized on the boundaries, but all of the other
fields including leptons, gauge bosons and the Higgs are
in the bulk in such a way that KK parity is conserved.
We explicitly show how the required properties can be
realized in the five dimensional interval and that the set-
up is anomaly free. The model is automatically safe from
the FCNC problem since all the new interactions are fla-
vor blind. The most stringent bound comes from the
resonance search for the Tevatron dijet channels. The
LKP is a nice dark matter candidate which can pair an-
nihilate mainly into leptons, thus the model nicely meets
the requirements imposed by the recent PAMELA and
ATIC/PPB-BETS data. A novel signal at the LHC is
the dijet production from a second KK gluon resonance.
Acknowledgements– This work was supported by the
World Premier International Research Center Initiative

(WPI initiative) by MEXT, Japan.
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TABLE II: The statistical significance of the signal for the
g2 discovery, as well as the g2 decay width with different g2

masses in the “well localized” scenario. The event number is
counted in the mass window 0.85Mg2 < MJJ < 1.2Mg2 .
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B (100 pb−1) 66.5 38.2 11.9 4.3 − −
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pT cut for the jets so our simulation based on perturba-
tive QCD is reliable. In Table II, we have calculated the
decay width and the statistical significance of the signal
for the g2 discovery both during the early stage and the
entire LHC running time [25]. We can see that at the
early stage, one can discover the second KK gluon g2

just below 4 TeV. For the entire LHC running time, one
can clearly discover g2 up to more than 6 TeV [26].
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FIG. 3: The invariant mass distribution of the dijet sig-
nal. The resonance peaks appear at the Mg2 for 1.58 (for
ATIC/PPB-BETS and PAMELA), 2 and 3 TeV. The devia-
tion from the SM background at the high dijet invariant mass
comes from the T-channel exchange of the KK even gluon.

Conclusion– In the present model, split-UED, the quarks
are quasi-localized on the boundaries, but all of the other
fields including leptons, gauge bosons and the Higgs are
in the bulk in such a way that KK parity is conserved.
We explicitly show how the required properties can be
realized in the five dimensional interval and that the set-
up is anomaly free. The model is automatically safe from
the FCNC problem since all the new interactions are fla-
vor blind. The most stringent bound comes from the
resonance search for the Tevatron dijet channels. The
LKP is a nice dark matter candidate which can pair an-
nihilate mainly into leptons, thus the model nicely meets
the requirements imposed by the recent PAMELA and
ATIC/PPB-BETS data. A novel signal at the LHC is
the dijet production from a second KK gluon resonance.
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MET search.......

In MUED, the MET + jets is hopeless 
because the jets are so soft.

In sUED, the jets from KK 
quark decay are very hard.

SUED SUSY

qL1 1347 GeV ũL ,d̃L 1355, 1358

uR1 1322 ũR 1304

dR1 1318 d̃R 1263

g1 794 g̃ 799

A1 621 χ̃0
1 622

TABLE IV: Mass spectrum of SUED at 1/R = 620 GeV and µ = 700 GeV. The corresponding MSUGRA

point generated using ISAJET is also listed.

Among the production cross sections of q1q1, q1q̄1 and q̄1q̄1, the σ(q1q1) is dominant as the valence

u and d partons can contribute to the initial state. The cross section σ(u1u1) σ(u1d1) and σ(d1d1)

areplotted in Fig. 10. The production proceeds though t-channel exchange of level-1 gauge bosons.

Only the couplings among q1-q-g1(W1, Z1, A1) are involved in the productions. The production

cross sections increase with µ for small µ , due to the enhancement proportional to the r4
110. For

large µ, the production cross sections decrease very quickly with increasing µ(increasing mq1) as

expected.

The signature of SUED q1q1 production followed by q1 → g1q → A1qX is 2 high pT jets +

soft jets/leptons and large missing momentum. The kinematics of the signature and the decay

branching ratios are very close to that of SUSY: the q̃q̃ production followed by q̃ → g̃q → χ̃0
1qX

where gluino mass mg̃ = mg1 and the lightest neutralino mass mχ̃0
1

= mA1 .

The SM background for squark and gluino production at the LHC is very well studied, which can

be used for the background estimation of SUED process. In the following, we try to mimic SUED

signature of q1 production at the LHC by scaling SUSY signature at a model point of MSSM with

the mass spectrum similar to that of a SUED model point. We generate SUSY events at the LHC

at
√

s = 14 TeV with mass parameter listed in Table V. The mass spectrum for the corresponding

SUED points are also listed in the Table V Here we generate the SUSY mass spectrum using

ISAJET The point corresponds to mq1 ∼ 2mA1 case discussed in the previous sections.

In Table V, we list the SUSY production cross section, number of produced events for this

study, and events after the basic SUSY cuts Meff > 500 GeV, ETmiss > max(200 GeV, 0.25Meff ),

n100 ≥ 1 and n50 ≥ 4. Here events are generated using HERWIGand detector simulations are

carried out by ACERDET.Meff is the sum of the pT of the first four high pT jets and ETmiss and

n100 ( n50 ) the number of jets with pT > 100(50) GeV respectively . We can see that the efficiency

is about 40 % for squark pair production after the basic cut . On the other hand, the efficiency to

18

Mass reconstruction in 
MET + jets is possible.

Kinametic here is independent 
of spin, we rescale the SUSY 
events with the same spectra. 

Standard search with well 
studied background

Big Cross section for 
fermion pair production.
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MET search.......
We consider the KK quark pair 

production............

cross section(pb) generated standard cut Meff > 1 TeV Meff > 1.5 TeV

q̃q̃ 0.13 7595 3069 2799 1629

g̃q̃ 0.62 37584 11448 6829 1851

g̃g̃ 0.61 37381 6609 1356 257

TABLE V: The cross section of the SUSY point in Table and number of events generated by HERWIG 6.5.
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FIG. 11: Meff distribution for g̃g̃, q̃g̃ and q̃q̃ from left to right.

select the g̃ production is smaller. Especially if we require large Meff , the events of gluino gluino

production are greatly reduced. For Meff > 1 TeV, the number of events reduces by factor of 1/30.

This is because the probability to have high pT jets and high missing ET is very low for the gluino

production cross section at this point. The Meff distribution for g̃g̃, q̃g̃ q̃q̃ distributions are given

in Fig. 11 .

The efficiency obtained for the SUSY is expected to be similar for the corresponding SUED

processes. We expect g1g1 production is not promising due to the very small efficiency found in

the simulation. The g1q1 production may be easier to detect with the help of the high pT jet from

q1 → qg1 although the signal and the background separation would be worse compared with q1q1

productions. Therefore we consider q1q1 production in the following studies.

The total squark squark production cross section is only 0.13 pb for SUSY sample, only the 10%

of the total SUSY production cross section. For the case of SUED, the total pair production cross

section of uL1,dL1, uR1, dR1 is 7.64 pb, and about the same order of σ(g1g1) and σ(g1q1). Ignoring

the subdominant cross section of σ(q1q̄1), we expect ∼ 7600 events for 1 fb−1. @We therefore

took the same number of SUSY squark (anti-squark ) pair production events to investigate the

distributions. In Fig 11, we have shown the Meff distribution. The cut is same as that for the

4j + ETmiss events for CSC note except the lepton veto. We did not apply the lepton veto for

19

g̃g̃ g̃q̃ q̃q̃

meff cuts (>1TeV) easily select the KK quark 
events 

HERWIG + ACERJET

scalar sum of the leading jets and pTmiss
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FIG. 12: The MT2 distribution for q̃q̃ production events.

the distribution as the lepton branching ratio depends on the SUSY spectrum choice and may not

reflects SUED prediction. If the decay branching ratio into the lepton is large due to the Z1 → l1

decays, the multiple lepton signal arises and the SM background is smaller for the channel.

We found the signal distribution is well above the background distribution shown in CSC note.

This is because the large SUED cross section for given q1 mass. Note that a parton from the q1

decay has the energy of 540GeV at the rest flame. The quark energy corresponds to a quark from

a squark decay with mass mq̃ 1TeV in MSUGRA where the LSP mass can be neglected compared

with squark mass unlike SUED case. The total SUSY production cross section of the MSUGRA

point is only around 2 pb. Namely, the cross section of the SUED point σ(q1q1) = 7.64 pb is more

three times larger than that of the SUSY points with the same order of visible energy. SUSY and

SUED should be distinguished clearly based on the event rates, although the kinematical nature

of the signal is similar.

Given the enough statistics, we now discuss the possibility to determine some of the SUED

particle masses. Fig. 12 shows the MT2 distribution of the two highest pT jets under the standard

SUSY cut with Meff > 1000 GeV. Here the MT2 is calculated from the two highest pT jets pj1 and

pj2, a missing momentum defined as pmiss = −pj1 − pj2 as

MT2 = min
pTmiss=pT

1 +pT
2

[max(MT (p1, pj1)MT (p2, pj2)] (34)

where p1 and p2 are test invisible particle momenta that make up pTmiss, and the minimum is

taken for all possible p1 and p2. The MT2 depends on p2
1 = p2

2 = m2
Xtest, and for the plot, we took

the test MX = 0.

The definition of MT2 assume the kinematical configuration of the events arising from the pair

production of particle A followed by the decay A → Xq and the two quarks become two jets. For

20

M end
T2 = mA −

m2
X

mA

For A→ Xq

For q1 → g1q

M end
T2 ≈ 882GeV

MT2 = min
pT miss=pT

1 +pT
2

[max(MT (p1, pj1)MT (p2, pj2)]

For 2 leading jets + MET

p1, p2 are the test invisible  
particle momenta that 

make up               . pTmiss

Confirm the 
theoretical g1 masses. 

More physics has to be 
done in this direction!
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Summary

• We build the double kink mass background to 
localize the SM fermions while preserve the 
KK parity.

• It explains all the cosmic ray excesses.

• The model violate the KK # at the tree level 
in the quark sector, one can discover 2nd KK 
gauge bosons at LHC.

• Mass reconstruction is possible through MET 
+ mutijets.
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Some clarification!

• One can expain the flavor hierarchy in flat 
space with KK parity. 

Csaki, Heinonen, Park, 
JS, work in progress

• The BLK will only decrase the KK masses, so 
one can never decouple the KK modes (KK 
quarks) in the theory.

• BLK will never affect the zero mode, so one 
can never localize the SM fermions.

The model here is NOT nothing but a model lies 
in the parameter space of origin UED with BLK.

Reproduce some kind of RS 
behavior if higgs at the enter
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Backup slices
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Split-UED

Double Kink-mass for quarks 
introduced (1 new parameter)

Quarks are quasi-localized on 
boundaries (split-wave function)

KK parity respected :-)

KK quarks are heavier by 5D mass 
term (split-spectrum)

Split-UED and dark matter

Seong Chan Park, Jing Shu
Institute for the Physics and Mathematics of the Universe,

The University of Tokyo, Chiba 277 − 8568, Japan

Motivated by the recent observation of the high energy electron and positron in cosmic ray by
PAMELA and ATIC, we suggest a scenario of the universal extra dimension by splitting the KK
quark masses from those of leptons. The collider phenomenology of the model is quite distinctive
from the usual UED model.

Introduction – One of the best motivated ways of ex-
tending the standard model (SM) is to embed the the-
ory in higher dimensions. Having enormous number of
mathematically consistent ways of embedding the the-
ory, however, we only hope to learn the actual geometri-
cal structure and the distribution of the matter fields in
extra dimensions by confronting the observational data
more directly. The “direct proof” of dark matter (DM)
[2] certainly bring our attention to a particular form of
extra dimensional model, the universal extra dimension
(UED) [1], in which the lightest Kaluza-Klein(LKP) par-
ticle arises as a natural candidate of dark matter thanks
to the Kaluza-Klein (KK) parity, the inversion symme-
try about the middle point of the extra dimension. In-
deed it was claimed by the ATIC that the observed peak
around the 300 to 800 GeV in the (e+ + e−) spectrum
in the high energy cosmic ray can be understood by the
LKP annihilation process in the galaxy [4] which is con-
sistent with the PPB-BETS result [5]. It is even more
interesting to notice that the same source of the positron
can also explain the another interesting observation by
PAMELA [7] where the ratio of the positron flux over
the sum of the electron and positron in the energy range
10-85 GeV is much higher than the standard astrophys-
ical expectation[6]. However if we take into account the
fact that no excess in antiproton flux has been observed
by the same experiment [6] the UED should be modi-
fied since a sizable production of quarks is also expected.
The main purpose of this letter is to provide a way of
modifying the UED in such a way that the KK dark
matter naturally annihilate mainly into lepton pairs and
hadronic production is suppressed.

Since we want to keep the KK dark matter we need
the KK-parity conservation. Conventional wisdom is
that the KK parity is available only in the case when
all the fields are propagating through the bulk. Indeed
the UED is constructed by assuming that all the standard
model particles are in higher dimensional bulk so that the
KK parity automatically make the lightest KK particle
(LKP) stable thus be a nice dark matter candidate [8]
(for the comprehensive recent review, see e.g. [9]). The
thing we noticed is that the KK-parity remains a good
symmetry even when some fields are (quasi-) localized
at the boundaries if their profiles respect the inversion
symmetry about the middle point! As it is clearly seen
in Fig.1, the inversion symmetry about the middle point
(y = 0), thus the KK parity, is respected even in the

ui
R

di
R

Qi
L

y = 0y = −L y = L

FIG. 1: The profile of wave functions of the quasi-localized
quarks in the extra dimension. The profile clearly respect
the inversion invariance about the middle point (y = 0) and
localized toward the end points (y = ±L).

case when the quarks are quasi-localized at the bound-
aries (y = ±L) and other fields including leptons and
gauge bosons are in the bulk. As we will see in detail be-
low, the quasi-localization makes the KK quarks heavier
thus consequently their contribution to the dark matter
annihilation becomes more suppressed. We suggest to
call the set-up as the split-UED as the spectrum of the
KK quark is quite split from the others and the profile
of each quark in the fifth dimension is also quite split in
two boundaries 1.

This letter is organized as follows. Firstly we provide a
concrete field theoretic method of quasi-localizing quarks
on the boundaries keeping the KK parity intact.The re-
alistic model of the KK dark matter is constructed by
embedding the SM in the set-up where the quarks are
quasi-localized at the boundaries. We show that the
setup is anomaly free. After discussing the current col-
lider physics bound mainly from Tevatron, we discuss the
LHC phenomenology which is quite distinctive from the
minimal UED (MUED).
A field theory realization – Here we present an explicit
field theory mechanism to localize the fermion zero mode
at the boundaries (or fixed points) in higher dimensions
in such a way that the KK parity is conserved. We start
our setup by considering 5D fermions on an orbifold along

1 In particle spectrum the split-UED is quite similar to the split-
SUSY [20] and these two models share many features in the col-
lider phenomenology.

SCP, Jing Shu[arXiv:0901.0720] PRL submitted

m2
n = µ2 + k2

n
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MET search.......

cross section(pb) generated standard cut Meff > 1 TeV Meff > 1.5 TeV

q̃q̃ 0.13 7595 3069 2799 1629

g̃q̃ 0.62 37584 11448 6829 1851

g̃g̃ 0.61 37381 6609 1356 257

TABLE V: The cross section of the SUSY point in Table and number of events generated by HERWIG 6.5.
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FIG. 11: Meff distribution for g̃g̃, q̃g̃ and q̃q̃ from left to right.

select the g̃ production is smaller. Especially if we require large Meff , the events of gluino gluino

production are greatly reduced. For Meff > 1 TeV, the number of events reduces by factor of 1/30.

This is because the probability to have high pT jets and high missing ET is very low for the gluino

production cross section at this point. The Meff distribution for g̃g̃, q̃g̃ q̃q̃ distributions are given

in Fig. 11 .

The efficiency obtained for the SUSY is expected to be similar for the corresponding SUED

processes. We expect g1g1 production is not promising due to the very small efficiency found in

the simulation. The g1q1 production may be easier to detect with the help of the high pT jet from

q1 → qg1 although the signal and the background separation would be worse compared with q1q1

productions. Therefore we consider q1q1 production in the following studies.

The total squark squark production cross section is only 0.13 pb for SUSY sample, only the 10%

of the total SUSY production cross section. For the case of SUED, the total pair production cross

section of uL1,dL1, uR1, dR1 is 7.64 pb, and about the same order of σ(g1g1) and σ(g1q1). Ignoring

the subdominant cross section of σ(q1q̄1), we expect ∼ 7600 events for 1 fb−1. @We therefore

took the same number of SUSY squark (anti-squark ) pair production events to investigate the

distributions. In Fig 11, we have shown the Meff distribution. The cut is same as that for the

4j + ETmiss events for CSC note except the lepton veto. We did not apply the lepton veto for

19

The jets from KK 
quark is hard, and 

measuable.  
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KK decomposition
Consider SM quark is embeded in the “+” component:

Ψ+(x, y) =
∑

n

gn(y)χn(x)

Ψ−(x, y) =
∑

n

fn(y)ψn(x)

For the 4D KK even/odd field        ,        must be 
symmetric/asymmetric around y=0, which satisfy the 

+/- boundary condition.

χn(x) gn(y)

5D KK “+” parity

5D KK “-” parity

The 5D profile with even/odd KK parity in the 
interval -L to L is the same as the one with +/- 

boundary condition at y=0.
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KK decomposition
Ψ+(x, y) =

∑

n+,n−

gn+(|y|)χn+(x) + ε(y)gn−(|y|)χn−(x)

Ψ−(x, y) =
∑

n+,n−

ε(y)fn+(|y|)ψn+(x) + fn−(|y|)ψn−(x)

BCs:

∂yfn − µfn + mngn = 0
∂ygn + µgn −mnfn = 0

gn+ (+,+) gn− (−,+)
fn− (+,−)fn+ (−,−)

E. O. M. :
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KK decomposition

The 5D profiles for the even modes:
g0+ = A0e

−my

gn+ = An+

(
cos(kn+y)− m

kn+
sin(kn+y)

)

fn+ = −An+
mn+

kn+
sin(kn+y)

mn+ =
√

m2 + k2
n+

kn+ = nπ/L

The Masses:

m ∼ −µ
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KK decomposition

The solution for the odd modes (m<0):

gn− = −An−
mn−

kn−
sin(kn−y)

fn− = An−

(
cos(kn−y)− m

kn−
sin(kn−y)

)

mn =
√

m2 + k2
n

kn− = m tan(kn−L)

Masses:
−∞ 0When m increases from       to       

nπ/L (n− 1/2)π/Lkn- decreases from          to                 
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KK decomposition
In case m>0

g1− = −A1−
m1−

k1−
sinh(k1−y)

f1− = A1−

(
cosh(k1−y)− m

k1−
sinh(k1−y)

)

m1− =
√

m2 − k2
1−

+∞0When m increases from   to       

(n− 1)π/L (n− 1/2)π/Lkn- increases from                  to                 

There is a special solution (light mode) when n=1

m→ +∞ m1− → 0
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Zero mode

y = 0y = −L y = L

0

µ

−µ

λ〈Φ〉
“kink” like profile

g0+(y) = N+ exp(−
∫ y

0
Φ(s)ds)

IPMU 09-0003

Split-UED and Dark Matter

Seong Chan Park, Jing Shu
Institute for the Physics and Mathematics of the Universe,

The University of Tokyo, Chiba 277 − 8568, Japan

Motivated by the recent observation of the high energy electron and positron excesses in cosmic
ray by PAMELA and ATIC/PPB-BETS, we suggest an anomaly-free scenario for the universal extra
dimension that localizes the SM quarks and splits the spectrum of KK quarks from KK leptons.
When the SM quarks are “well localized” at the boundaries, the most stringent bound of the model
(1/R > 510 GeV) comes from the resonance search for the Tevatron dijet channels. Even at the
early stage of LHC, one can discover the second KK gluon for masses up to 4 TeV.

Introduction– One of the best motivated ways of extend-
ing the standard model (SM) is to embed the theory in
higher dimensions. The “direct proof” of dark matter
(DM) [1] certainly brings our attention to a particular
form of extra dimensional model [2], the universal ex-
tra dimension (UED) [3], in which the lightest Kaluza-
Klein particle (LKP) arises as a natural candidate for
dark matter [4] thanks to the Kaluza-Klein (KK) parity
(for the comprehensive recent review, see e.g. [5]). In-
deed the ATIC collaboration recently claimed that their
observation of the excess and the sharp drop in the cos-
mic (e+ +e−) spectrum around 300-800 GeV can be nat-
urally understood by the electrons and positrons from
the LKP annihilation assuming a large “boost factor” in
the galactic halo [6]. The result is essentially consistent
with the PPB-BETS result [7]. It is even more interest-
ing to notice that the same source of positrons can also
explain another interesting observation by PAMELA [8],
where the ratio of the positron flux over the sum of the
electron and positron fluxes in the energy range 10-85
GeV is much higher than the standard astrophysical ex-
pectation [9]. However, one should note that no excess
in antiproton flux has been observed by the same experi-
ment and thus the UED needs to be modified. Because of
the characteristic degeneracy in the KK spectrum, UED
predicts that a pair of the LKP, the first KK photon,
annihilates not only to leptons but also to quarks at a
comparable rate. The main purpose of this letter is to
provide a simple way of modifying UED in such a way
that the KK dark matter annihilates mainly into leptons
and the hadronic production is suppressed by the heavier
KK quarks as 〈σv〉qq̄ ∝ m2

γ1/(m2
γ1 + m2

q1)2.

Conventional wisdom is that KK parity is available
only in the case when all the fields are propagating
through the bulk. However, we notice that KK parity re-
mains a good symmetry even when some fields are (quasi-
) localized at the boundaries if their profiles respect the
inversion symmetry about the midpoint. As it is clearly
seen in Fig. 1, the inversion symmetry about the mid-
point (y = 0), and thus the KK parity, is respected even
in the case when the quarks are quasi-localized at the
boundaries (y = ±L). As we will see in detail below,
the quasi-localization makes the KK quarks heavier, and
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R

Qi
L

y = 0y = −L y = L

FIG. 1: The profile of wave functions of the quasi-localized
quarks in the extra dimension. The profile clearly respect
the inversion invariance about the midpoint (y = 0), and is
localized toward the end points (y = ±L).

consequently their contribution to the dark matter anni-
hilation becomes more suppressed. We suggest call this
set-up split-UED, as the spectrum of the KK quarks is
quite split from the others, and the profile of each quark
in the fifth dimension is also quite split towards the two
boundaries [23].

This letter is organized as follows. First, we pro-
vide a concrete field theoretic method of quasi-localizing
fermions on the boundaries while keeping the KK parity
intact. The realistic model of KK dark matter is con-
structed by embedding the SM in the set-up where the
quarks are quasi-localized at the boundaries. We show
that our setup is anomaly free. After considering the cur-
rent bounds from electroweak data and flavor physics, we
discuss the LHC phenomenology, which is quite distinct
from the conventional minimal UED (MUED).
A Field Theory Realization– Here we present an explicit
field theory mechanism to localize the fermion zero mode
at the boundaries (or fixed points) in higher dimensions
in such a way that the KK parity is conserved. We start
our setup by considering 5D fermions on an orbifold along
the fifth dimension with the boundary points y = ±L.
The 5D bulk Lagrangian is given by the form

S =

∫

d5x
( i

2
(Ψ̄ΓM∂MΨ − ∂M Ψ̄ΓMΨ) − λΦ(y)Ψ̄Ψ

)

,(1)

where M = 0, 1, 2, 3, 5 and ΓM = (γµ, iγ5), which sat-
isfies the Clifford algebra in 5D: {ΓM , ΓN} = 2ηMN ,
ηMN = diag(1,−1,−1,−1,−1). λ is the Yukawa cou-
pling between the background scalar field Φ(y) and

λΦ(y) = m(y) = µε(y)

simplest:  “step” fuction
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KK decomposition
Consider SM quark is embeded in the “+” component:

Ψ+(x, y) =
∑

n

gn(y)χn(x)

Ψ−(x, y) =
∑

n

fn(y)ψn(x)

For the 4D KK even/odd field        ,        must be 
symmetric/asymmetric around y=0, which satisfy the 

+/- boundary condition.

χn(x) gn(y)

5D KK “+” parity

5D KK “-” parity

The 5D profile with even/odd KK parity in the 
interval -L to L is the same as the one with +/- 

boundary condition at y=0.
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KK decomposition
Ψ+(x, y) =

∑

n+,n−

gn+(|y|)χn+(x) + ε(y)gn−(|y|)χn−(x)

Ψ−(x, y) =
∑

n+,n−

ε(y)fn+(|y|)ψn+(x) + fn−(|y|)ψn−(x)

BCs:

∂yfn − µfn + mngn = 0
∂ygn + µgn −mnfn = 0

gn+ (+,+) gn− (−,+)
fn− (+,−)fn+ (−,−)

E. O. M. :
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KK decomposition

The 5D profiles for the even modes:

mn+ =
√

m2 + k2
n+

kn+ = nπ/L

The Masses:

m ∼ −µg0+ = A0e
−my

gn+ = An+

(
cos(kn+y)− m

kn+
sin(kn+y)

)

fn+ = −An+
mn+

kn+
sin(kn+y)

)
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KK decomposition

The solution for the odd modes (m<0):

mn =
√

m2 + k2
n

kn− = m tan(kn−L)

Masses:
−∞ 0When m increases from       to       

nπ/L (n− 1/2)π/Lkn- decreases from          to                 

gn− = −An−
mn−

kn−
sin(kn−y)

fn− = An−

(
cos(kn−y)− m

kn−
sin(kn−y)

)
)
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KK decomposition
In case m>0

g1− = −A1−
m1−

k1−
sinh(k1−y)

m1− =
√

m2 − k2
1−

+∞0When m increases from   to       

(n− 1)π/L (n− 1/2)π/Lkn- increases from                  to                 

There is a special solution (light mode) when n=1

m→ +∞ m1− → 0

f1− = A1−

(
cosh(k1−y)− m

k1−
sinh(k1−y)

)
)

Troublesome in 
phenomenology, we 

have to forbid it.
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KK decomposition

Qi
L

di
R

ui
R

y = 0y = −L y = L

Anomaly inflow

ui
R

di
R

Qi
L

y = 0y = −L y = L

No light mode has light mode

Indeed, such a sign (   <0) controls the zero mode 
localized at the center.

µ
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The anomaly cancellation

In a 5D theory, one has to worry about the localized 
anomaly even when the zero mode is anomaly free.

SU(2)2L − U(1)Y

U(1)3Y

U(1)Y − gravitational

Can not be cancelled in the 
quark/lepton sector alone!

The 5D anomalies from the lepton sector is 
localized at the boundary y=-L, L.
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The anomaly cancellation

For for a 5D quark field whose left/right-handed has the            
boundary condition at y=0, L(α0, α1)

Notice the anomalies induced by the KK even state (“+” at 
y=0) will cancel those by the KK odd state (“-” at y=0) at y=0.

The 5D anomalies from the quark sector is also localized at the 
boundary y=-L, L.

The two will cancel each other!

is the corresponding consistent anomaly of a left/right-handed spinorQ

∂CJC =
Q
2

[
α0δ(y) + α1δ(y − L)

]
]

Saturday, May 23, 2009



Kink-Mass
S =

∫
d5Ψ̄iΓMDMΨ− λΦ(y)Ψ̄Ψ

physical Domain

f(y) ∼ eµyZero mode 
wave function

KK-parity is not respected.

m2
n = µ2 + k2

n
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Double kink-mass

-3L

f(y) = e
R y
−L m(y)dy

= e−m(y−L)(y < 0)
= em(y+L)(y > 0)

S =
∫

d5Ψ̄iΓMDMΨ− λΦ(y)Ψ̄Ψ

Zero-mode
profile

KK-parity respected

+L
Physical Domain

m2
n = µ2 + k2

n

SCP, Jing Shu[arXiv:0901.0720] PRL submitted
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B1+B1->e+,gamma,p-..

earth

Positron mostly from “local” source
Photon goes straight (mostly from the center)
Antiproton diffuses longer
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However!
No excess in 
anti-proton

PAMELA, PRL(2009)

No excess in 
gamma-ray
from Halo

Fermi, preliminary

(T_T)

==> need for extension
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WMAP Haze:
photon from GC

Finkbeiner (2007)

earth

Here
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Supple: Halo profile
ρ(r) =

ρ0

(r/a)γ [1 + (r/a)α](β−γ)/α

Profile alpha beta gamma
NFW

Isothermal
1 3 1
2 2 0

0 1 2 3 4 5
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Ρ
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