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Motivation

confidently established from observation;
Data 

BSM should include DM;

Supersymmetry, Extra-Dimension, Little Higgs, ...

LHC will/may produce DM, and discover it;
mass, spin, ...

Cosmic-ray exp. may detect it, too!!

anni/decay e±, p̄, γ, ...
PAMELA, PPB-BETS, ATIC, HESS, FERMI

WMAP5: ΩDM = 0.228± 0.013
E. Komatsu et al, 0803.0547

Dark Matter 



Cosmic-rays from Dark Matter (annihilation, decay)
DM (+ DM) -->  hadrons, leptons -->  photon, electron, positron, 
antiproton,…



Cosmic-rays

* photon propagate straightly 

* charged particles are affected by 
  galactic magnetic field 

∂Φ
∂t

= ! · [K(r, E)! Φ] +
∂

E
[b(E)Φ] + q(r, E)

* high energy positrons/electrons loss energy quickly

* measuring background precisely is important, i.e. primary and   
   secondary cosmic-ray from astrophysical sources.

* However, the uncertainty is still big.



Energy (GeV)

1 10 100

 )
)

-
(e
!

)+
 

+
(e
!

) 
/ 

(
+

(e
!

P
o

s
it

ro
n

 f
ra

c
ti

o
n

  
  

0.01

0.02

0.1

0.2

0.3

PAMELA  

FIG. 4: PAMELA positron fraction with theoretical models. The PAMELA positron

fraction compared with theoretical model. The solid line shows a calculation by Moskalenko &

Strong[39] for pure secondary production of positrons during the propagation of cosmic-rays in the

galaxy. One standard deviation error bars are shown. If not visible, they lie inside the data points.

a magnetic spectrometer consisting of a 0.43 T permanent magnet and a silicon microstrip

tracking system. The spectrometer measures the rigidity of charged particles through their

deflection in the magnetic field. During flight the spatial resolution is observed to be 3µm

corresponding to a maximum detectable rigidity (MDR) exceeding 1 TV. Due to the fi-

nite spatial resolution in the spectrometer, high rigidity (low deflection) electrons may ’spill

over’ into the positron sample (and vice-versa) if assigned the wrong sign-of-curvature. This
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PAMELA

BG (Moskalenko and 
Strong, ApJ 493, 694)
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FIG. 3: PAMELA positron fraction with other experimental data. The positron fraction

measured by the PAMELA experiment compared with other recent experimental data[24, 29, 30,

31, 32, 33, 34, 35]. One standard deviation error bars are shown. If not visible, they lie inside the

data points.

a shower tail catcher scintillator (S4) and a neutron detector. The ToF system provides

a fast signal for triggering the data acquisition and measures the time-of-flight and ioniza-

tion energy losses (dE/dx) of traversing particles. It also allows down-going particles to

be reliably identified. Multiple tracks, produced in interactions above the spectrometer,

were rejected by requiring that only one strip of the top ToF scintillator (S1 and S2) layers

registered an energy deposition (’hit’). Similarly no hits were permitted in either top scintil-

lators of the AC system (CARD and CAT). The central part of the PAMELA apparatus is
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O. Adriani et al, 0810.4995 positron fraction

dark matter ?? 
astrophysics source ??

turn up from  ~ 10 GeVdata taken from 
06/2006 - 02/2008

151672 electrons
9430 positrons
in 1.5 GeV - 100 GeV



PAMELA
O. Adriani et al, 0810.4994 antiproton ratio
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FIG. 4: The antiproton-to-proton flux ratio obtained in this work compared with contemporary

measurements [9, 10, 11, 20, 21, 22, 23].

least December 2009. The increase in statistics will allow higher energies to be studied. An

analysis for low energy antiprotons (down to ∼ 100 MeV) is in progress and will be the topic

of a future publication.
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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
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consistent with the prediction of secondary production
NO primary source or is very suppressed!



ATIC/PPB-BET
electron + positron

S. Torii et al, 0809.0760
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Fig. 11. Energy spectrum of atmospheric gamma rays observed with PPB-BETS,
compared to the BETS [7] and ECC [23]. The gamma-ray fluxes are normalized to
7.4 g cm−2 equivalent altitude. The dash line shows the best fit power-law function
of PPB-BETS data with an index of −2.77±0.21.
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Fig. 12. Electron energy spectrum observed with PPB-BETS (solid circles) in com-
parison with the energy spectra of BETS (solid squares) ant the other observations.
The dash line shows the best fit power-law function of the combined spectrum of
PPB-BETS and BETS with an index of −3.05±0.05.
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depart from the calculated curve. They show an excess electron flux
up to about 650GeV, above which the spectrum drops rapidly, with a
return to the ‘general’ spectrum line at,800GeV. In particular, over
the energy range 300 to 800GeV we observe 210 electrons, whereas
GALPROP predicts only 140 events, an excess of about six standard
deviations. Using a source-on/source-off method for determining
‘significance’15, we obtain an excess of roughly four standard devia-
tions (Supplementary Information section 4).

Data recently became available from the Polar Patrol Balloon
(Antarctic) flight of the BETS detector. Although of lower statistical
precision, results from the PPB-BETS calorimeter16 also indicate a
possible structure and agree with the ATIC results (see Fig. 3), giving
added confidence to the conclusion that this feature is real.

We varied the source injection parameters in the GALPROP code
to try to reproduce the data points at 500 to 700GeV. This required a
hard injection spectrum which could not reproduce the drop in flux
above 650GeV and led to overproducing electrons above 1 TeV by a
factor of almost three (and underproducing the well-measured data
below 100GeV).

The observed electron ‘feature’ therefore indicates a nearby source
of high-energy electrons. This may be the result of an astrophysical
object, as energetic electrons have been observed in a variety of astro-
physical sites (for example in a supernova remnant17, pulsar wind
nebula5,18, micro-quasar6 or accreting intermediate-mass black hole).
To fit the electron excess, such a source would need a very steep
energy spectrum (spectral index around 21.4) with a high-energy
cut-off at about 600–700GeV, so as not to overproduce teraelectron-
volt electrons. It is possible that a micro-quasar could produce a
sharp feature in the electron spectrum6, but such an object would
need to be local (less than 1 kpc away) and active relatively recently.
Imaging atmospheric Cherenkov telescopes have observed numerous
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Figure 1 | Separation of electrons from protons in the ATIC instrument.
Candidate electron events (162,000) with energy over 50GeV are plotted as a
histogram with the horizontal axis showing the sum of the ‘weighted energy
fraction’ (F values as defined below) in the last two BGO layers and the
shower width (root mean squared, r.m.s.) in the first two layers. The shower
width is calculated as

r:m:s:h i2~
Xn

i~1

Ei Xi {Xcð Þ2=
Xn

i~1

Ei

where Xc is the coordinate of the energy centre, Xi is the coordinate of the
centre of the ith crystal and Ei is the energy deposited in the ith crystal. The F
value is calculated as Fn~ En=Sumð Þ r:m:s:h i2 where En is the energy deposit
in BGO layer n, Sum is the total energy deposit in all BGO layers and Ær.m.s.æ
refers to layer n (ref. 12). Each event is also fitted to an electromagnetic
cascade profile to estimate the starting point and the depth of the cascade
maximum. An event is accepted if the cascade starts above the first BGO
layer, which eliminates many protons (,75%) but passes most electrons
(,90%). Next a diagonal cut in r.m.s. and F is determined for each energy
bin and used to isolate the electrons. This removes most of the protons (2 in
104 remain) and retains 84% of the electrons12. The selected electrons are
shown as the dotted histogram.
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Figure 2 | ATIC-1 and ATIC-2 spectra at balloon altitude, showing good
agreement with each other. The measured primary electron flux (scaled by
E3) at flight altitude is shown for ATIC-1 (open squares) and ATIC-2 (filled
circles). The errors are one standard deviation. Both balloon flights were
from McMurdo, Antarctica, and circumnavigated that continent. ATIC-1
was a test flight in 2000–01 and the usable data correspond to an exposure of
0.61m2 sr days. ATIC-2 was a science flight in 2002–03 with an exposure of
2.47m2 sr days. To eliminate edge effects, we restrict the incident zenith
angle to be less than,37u (cos h$ 0.8), use only the central 80% of the SiM
and eliminate events in the outer crystals in each BGO layer. Within these
limits, the electron detection efficiency above 60GeV is 84% essentially
independent of energy. The effective acceptance was determined as a
function of particle energy considering the trigger efficiency, trajectory
reconstruction efficiency and the geometrical restrictions. The effective
acceptance of the instrument increases from 0.075m2 sr at 20GeV to
0.15m2 sr for E. 60GeV. Above 100GeV, a total of 1,724 electron events
were observed, with the highest energy event at 2.3 TeV. The total
background is also shown in the figure as the open triangles and is a
combination of unresolved protons, unidentified c-rays and atmospheric
secondary electrons produced in the material (,4.5 g cm22) above the
instrument. ATIC becomes background limited for electrons only above
several teraelectronvolts.
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Figure 3 | ATIC results showing agreement with previous data at lower
energy and with the imaging calorimeter PPB-BETS at higher energy. The
electron differential energy spectrummeasured byATIC (scaled by E3) at the
top of the atmosphere (red filled circles) is compared with previous
observations from the Alpha Magnetic Spectrometer AMS (green stars)31,
HEAT (open black triangles)30, BETS (open blue circles)32, PPB-BETS (blue
crosses)16 and emulsion chambers (black open diamonds)4,8,9, with
uncertainties of one standard deviation. The GALPROP code calculates a
power-law spectral index of 23.2 in the low-energy region (solid curve)14.
(The dashed curve is the solar modulated electron spectrum and shows that
modulation is unimportant above ,20GeV.) From several hundred to
,800GeV, ATIC observes an ‘enhancement’ in the electron intensity over
theGALPROP curve. Above 800GeV, theATICdata returns to the solid line.
The PPB-BETS data also seem to indicate an enhancement and, as discussed
in Supplementary Information section 3, within the uncertainties the
emulsion chamber results are not in conflict with the ATIC data.

NATURE |Vol 456 |20 November 2008 LETTERS

363
 ©2008 Macmillan Publishers Limited. All rights reserved

J. Chang et al, Nature 456, 362

balloon experiments, in Antarctic agree with each other
: sharp drop-off at  
~ 600 GeV

Primary source?

84 events >100 GeV from PPB-BETS
210 events, 300 ~ 800 GeV, ATIC



What We have learned from these data

Dark Matters prefer to anni/decay to charged lepton!!

If Dark Matter is responsible for the cosmic-ray data

There exist primary sources of electrons and positrons,
however, the antiproton flux is suppressed.

It is interesting to see how Dark Matter can explain 
the data!



Model Universal Extra Dimensions 
(UED)

2. Universal Extra Dimensions 7

2.2 The UED Model

This section is devoted to a theoretical overview of the UED model. We start in Sec. 2.2.1 with
an outline of the Lagrangian of the theory and of its four-dimensional counterpart. Sec. 2.2.2 in-
troduces Kaluza-Klein parity, a key feature for the model phenomenology. Finally, in Sec. 2.2.3,
we present the particle mass spectrum including the crucial ingredient of radiative corrections.

2.2.1 The UED Lagrangian

We consider the Standard Model (SM) in 4 +D space-time dimensions, where all the SM fields
are allowed to propagate in the extra (universal) dimensions, compactified at a scale 1/R.

Following Ref. [9], we indicate the usual non-compact space-time coordinates with the no-
tation xµ, µ = 0, 1, 2, 3, and the coordinates of the extra-dimensions with ya, a = 1, ...,D.
Indexes running over all space-time dimensions are indicated with capitalized letters. The 4-
dimensional Lagrangian density is obtained by dimensional reduction of the (4+D)-dimensional
theory integrating over the compactified extra-dimensions as follows:

L(xµ) =

∫
dDy

{
−

3∑

i=1

1

2ĝ2
i

Tr
[
FAB

i (xµ, ya)FiAB(xµ, ya)
]

+

+|(Dµ + D3+a)H(xµ, ya)|2 + µ2H∗(xµ, ya)H(xµ, ya) − λ
[
H∗(xµ, ya)H(xµ, ya)

]2
+

+i
(
Q,u, d, L, e

)
(xµ, ya)

(
ΓµDµ + Γ3+aD3+a

)
(Q,u, d, L, e) (xµ, ya) +

[
Q(xµ, ya)

(
λ̂u u(xµ, ya)iσ2H

∗(xµ, ya) + λ̂d d(xµ, ya)H(xµ, ya)
)

+ H.c.
]

+

[
L(xµ, ya)λ̂e e(xµ, ya)H(xµ, ya) + H.c.

]
. (3)

In Eq. (3), the summation over fermion generations has been suppressed, and we indicate
with FAB

i the (4+D)-dimensional gauge field strengths associated with the SU(3)c×SU(2)W ×
U(1)Y gauge group. Dµ = ∂/∂xµ −Aµ and D3+a = ∂/∂ya −A3+a are the covariant derivatives,
with AA = −i

∑3
i=1 ĝiAr

AiT
r
i being the (4 + D)-dimensional gauge fields, and ĝi the (4 + D)-

dimensional gauge couplings. The latter, as well as the Yukawa matrices, λ̂u,d,e, have dimension
(mass)−D/2. The symbols Q,u, d, L, e describe the (4 + D)-dimensional fermions, whose zero
modes correspond to the SM fermions. Capitalized letters indicate SU(2)W doublets, while
lower case letters indicate SU(2)W singlets. The (4+D)-dimensional gamma matrices, ΓA, are
anticommuting 2K+2 × 2K+2 matrices, where D = 2K if D is even, and D = 2K + 1 for odd
D, satisfying the (4 + d)-dimensional Clifford algebra {ΓA,ΓB} = 2gAB . In particular, for the
case of D = 1, one can set Γµ = γµ, and Γ4 = iγ5.

The last step needed to extract the effective four-dimensional Lagrangian from Eq. (3) is
to specify the compactification of the extra-dimensions. The requirement of producing chiral
fermions in four dimensions forces one, on general grounds, to consider orbifold compactifica-
tions [9]. We consider here an [(S1 × S1)/Z2]K orbifold for D even, and an [(S1 × S1)/Z2]K ×
(S1/Z2) orbifold for D odd. At this point one must specify how the fields transform under the
orbifold projection. Choosing these transformation appropriately allows one to eliminate the
extra, phenomenologically unwanted, degrees of freedom appearing at the zero modes level. For
definiteness, we shall focus below on the case of D = 1.

Requiring that the Aµ components of the gauge fields are even under the y → −y transfor-
mation, and that A5 is odd, will leave the zero modes corresponding to the physical SM gauge
fields and will eliminate the extra zero modes (which would appear as massless scalar fields after
dimensional reduction). Analogously, to retain the (zero mode) SM Higgs, one has to require

m2
X(n) =

n2

R2
+ m2

X(0) + δ(m2
X(n))

8 2.2. The UED Model

that H is even under the orbifold transformation. With these properties, we can derive the
following decomposition of the gauge and scalar fields in KK modes:

(H,Aµ)(xµ, y) =
1√
πR

[
(H0,Aµ,0)(xµ) +

√
2

∞∑

n=1

Hn,Aµ,n)(xµ) cos
(ny

R

) ]
(4)

A5 =

√
2

πR

∞∑

n=1

A5,n(xµ) sin
(ny

R

)
. (5)

The normalization is chosen once we assume the range for the y variable to be from 0 to πR.
The case of the fermions requires taking into account a subtlety related to the problem of chiral
fields in 5 dimensions. Since one cannot construct, in 5 dimensions, a matrix with the properties
of γ5 in 4 dimensions (i.e. anti-commuting with all ΓA, and whose square is the identity), there
is no chirality in 5 dimensions. Practically , this means that bilinears like ψγµγ5ψ are not
invariant under 5D Lorentz transformations, so they cannot appear in the 5D Lagrangian.
Consequently, one cannot have the left and right-handed components of the zero components
of the zero excitation, ψ0, couple differently to the gauge fields, as in the SM. Therefore, one
cannot get a chiral SM fermion using a single 5D fermion field, and is forced to introduce two
5D fermionic fields for each Dirac fermion field [24]. Given a SM Dirac fermion field, ψSM,
one introduces two 5D fermion fields, ψL,R, each with the quantum numbers of left and right
handed spinors, ψSM

L,R. One can then set ψSM = PLψL,0 + PRψR,0, with PL,R = (1 ∓ γ5)/2 the
4-dimensional chiral projection operators. The generic KK decomposition will then be cast, for
any given quark and lepton field, as

ψ(xµ, y) =
1√
πR

[
ψSM(xµ) +

√
2

∞∑

n=1

PL ψL,n(xµ) cos
(ny

R

)
+ PR ψR,n(xµ) sin

(ny

R

) ]
. (6)

As a result, the higher KK modes are 4-dimensional vector-like fermions, while the zero modes
are chiral. This will induce a set of special Feynman rules, which we review and list in Appendix
B.1.

2.2.2 Kaluza-Klein Parity

As the number of the KK level of a particle is a measure of its momentum in an extra di-
mension of space, one might expect KK-number to be a conserved quantity by the virtue
of extra-dimensional momentum conservation. In UED models, however, the introduction of
orbifold compactifications breaks this translational symmetry along the extra dimension and,
through Noether’s theorem, leads to KK-number violating interactions. Even after an orbifold
is introduced, however, a subgroup of KK-number conservation known as KK-parity can re-
main present which insures the conservation of the “evenness” or “oddness” of KK number in
an interaction [9]. For instance, in the case of one extra dimension compactified on an S1/Z2

orbifold, KK-parity is a Z2 symmetry under which only KK modes with odd KK number are
charged.

Phenomenologically, KK-parity acts similarly to how R-parity conserves the “evenness” or
“oddness” of the number of superpartners within the context of supersymmetry. In general,
KK-parity is conserved in UED if no explicit KK-parity violating interactions are introduced
on the orbifold fixed points. To determine whether this is the case, one would have to consider
a specific compactification scheme and have a full UV completion of the theory. Although KK-
parity appears to be fairly natural within the context of UED models, without a UV completion
we are unable to address with certainty whether KK-parity will be conserved. Throughout this
review, however, we will proceed under the assumption that KK-parity is conserved.

T. Appelquist, H-C Cheng, B. A. 
Dobrescu , hep-ph/0012100

with exact KK-parity (a Z2 symmetry), the lightest KK-
odd particle (LKP) is stable 

Dark Matter candidate



B
1

B
1

f
1

f

f

B
1

B
1

f
1

f

f

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

G. Servant and T. Tait, hep-ph/0206071
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Figure 8: Left: The thermal relic abundance of B(1)s without the effects from any other KK
species (solid line) and including the effects of KK leptons 5% and 1% heavier than the LKP
(dashed and dotted lines). Shown as a horizontal band is the measured dark matter abundance
from the WMAP experiment [72]. Adapted from Ref. [25]. Right: The change in the cosmo-
logically preferred value for R−1 as a result of varying the different KK masses away from their
nominal values in the minimal UED scenario (indicated by the circles on each line). Adapted
from Ref. [73].

of supersymmetry, for instance with slepton coannihilations when the neutralino is higgsino- or
wino-like, see e.g. Ref. [76].

Recently, the LKP freeze-out calculation, including all coannihilation channels, has been
performed by two independent groups [77, 73]. We will briefly summarize their conclusions
here.

As expected, the effects of coannihilations on the LKP relic abundance depend critically on
the KK spectrum considered. If strongly interacting KK states are less than roughly ∼ 10%
heavier than the LKP, the effective LKP annihilation cross section can be considerably enhanced,
thus reducing the relic abundance. KK quarks which are between 5% and 1% heavier than the
LKP lead to a B(1) with the measured dark matter abundance over the range of masses of
mB(1) ≈ 1500 to 2000 GeV (instead of 850-900 GeV for the case of the B(1) alone). If KK
gluons are also present with similar masses, mB(1) as heavy as 2100 to 2700 GeV is required to
generate the observed relic abundance.

On the other hand, if the strongly interacting KK modes are considerably heavier than
the LKP, other KK states may still affect the LKP’s relic abundance. If, for example, all
three families of KK leptons are each 1% more massive than the LKP, then the observed relic
abundance is generated for mB(1) between approximately 550 and 650 GeV. If the KK leptons
are instead 5% more massive than the LKP, the observed abundance is found for mB(1) ≈ 670
to 730 GeV (see Fig. 8).

The discussion above is quantitatively illustrated in the right panel of fig. 8. The plane indi-
cates the value of the compactification radius R−1 and ∆i, the relative mass splitting between
the B(1) LKP and a given class of coannihilating KK particles: one (red dotted) or three (red
solid) generations of SU(2)W -singlet KK leptons; three generations of SU(2)W -doublet leptons
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Figure 4: The n = 1 KK decay chain, showing the dominant (solid) and sub-dominant (dotted)
transitions and the resulting decay products. Adapted from Ref. [29].
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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 and KK leptons.
When the SM quarks are “well localized” at the boundaries, the most stringent bound of the model
(1/R > 510 GeV) is from the resonance search for the Tevatron dijet channels. Even at the early
stage of LHC, one can discover the second KK gluon 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, the universal extra di-
mension (UED) [2], in which the lightest Kaluza-Klein
particle (LKP) arises as a natural candidate for dark
matter [3] thanks to the Kaluza-Klein (KK) parity (for
the comprehensive recent review, see e.g. [4]). Indeed
the ATIC collaboration recently claimed that their ob-
servation of the excess and the sharp drop in the cosmic
(e+ + e−) spectrum around 300-800 GeV can be natu-
rally understood by the electrons and positrons from the
LKP annihilation assuming a large “boost factor” in the
galactic halo [5]. The result is essentially consistent with
the PPB-BETS result [6]. It is even more interesting
to notice that the same source of positrons can also ex-
plain another interesting observation by PAMELA [7],
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 [8]. 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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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 [20].

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 ,

ar
X

iv
:0

9
0
1
.0

7
2
0
v
1
  
[h

ep
-p

h
] 

 7
 J

an
 2

0
0
9

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 and KK leptons.
When the SM quarks are “well localized” at the boundaries, the most stringent bound of the model
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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, the universal extra di-
mension (UED) [2], in which the lightest Kaluza-Klein
particle (LKP) arises as a natural candidate for dark
matter [3] thanks to the Kaluza-Klein (KK) parity (for
the comprehensive recent review, see e.g. [4]). Indeed
the ATIC collaboration recently claimed that their ob-
servation of the excess and the sharp drop in the cosmic
(e+ + e−) spectrum around 300-800 GeV can be natu-
rally understood by the electrons and positrons from the
LKP annihilation assuming a large “boost factor” in the
galactic halo [5]. The result is essentially consistent with
the PPB-BETS result [6]. It is even more interesting
to notice that the same source of positrons can also ex-
plain another interesting observation by PAMELA [7],
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 [8]. 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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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 [20].

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 ,
λ < Φ(y) >= µε(y)

2

ηMN = diag(1,−1,−1,−1,−1). λ is the Yukawa cou-
pling between the background scalar field Φ(y) and
fermion Ψ(y), and the condensation of the scalar field
provides the 5D bulk mass for the fermion. Even (odd)
fields have the Neumann (Dirichlet) boundary condition,
which is denoted by (+) or (−), at y = ±L. The 5D Dirac
spinor could be decomposed into two Weyl spinors as
Ψ = (P+Ψ)+ (P−Ψ) = Ψ+ +Ψ−, where P± = (1±γ5)/2
are the chirality projection operators. The KK parity is
the inversion symmetry about the midpoint y = 0 with
a Z2 transformation which flips the sign of all odd fields.
If we choose an odd background profile Φ(−y) = −Φ(y),
we can see that the KK parity is a good symmetry of the
Lagrangian under which the fermion field transforms as
Ψ(x,−y) → ±γ5Ψ(x, y). The ± sign here corresponds
to the case when a SM fermion is embeded into the Ψ±

component so that the zero mode is KK even.
The simplest bulk mass profile we can consider is the a

step function λ〈Φ(y)〉 = m(y) = µε(y), where the ε(y) is
defined to be +1 for 0 < y < L and −1 for −L < y < 0.
The origin of such a mass profile could be understood as
a particular limit of a double kink profile in a similar way
to the orbifold setup in Ref. [10]. After the KK decompo-
sition, the eigenmodes can be divided into even and odd
modes under KK parity. For those modes that are embe-
ded in the Weyl spinor that is even under the orbifold pro-
jection, the profiles that are even/odd under KK parity
will be symmetric/asymmetric under reflection around
y = 0, thus satisfying the Neumann/Dirichlet bound-
ary condition at y = 0 by continuity. This observation
suggests that the KK spectrum in the interval [−L, L]
with even or odd KK parity could be described by the
KK spectrum in the interval [0, L] with the Neumann or
Dirichlet boundary condition at y = 0, respectively.

We consider the case in which only the Ψ+ component
has the zero mode; the other case could be considered
quite similarly by replacing µ by −µ. A convenient way
of expressing the KK decomposition is in the form [11]:

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),

(2)

where the label n± here stands for the nth KK modes
with the even/odd KK parity. The profiles satisfy the
following coupled, first-order equations of motion

∂ygn + µgn − mnfn = 0,

∂yfn − µfn + mngn = 0, (3)

with each profile gn+ , gn− , fn+ , fn− satisfying the (+, +),
(−, +), (−,−), (+,−) boundary condition at y = 0 and
L, respectively. Once the solution for y ⊂ [0, L] is ob-
tained, the solution to the whole space is determined from
Eq. (2) thanks to the symmetry.

The solution for the zero mode in the interval [0, L]
is g0+(y) = N+ exp(

∫ y

0 λ〈Φ(s)〉ds) = N+ exp(µy). For
the massive modes, when µ > 0, the profiles gn+ and
fn− were a combination of cosine and sine functions,
while fn+ and gn− were sine functions because of the (−)
boundary condition at y = 0. The mass of the nth KK
mode is given by mn =

√

µ2 + k2
n, where kn+ = nπ/L for

the KK even modes and kn− is the nth solution of the
equation kn− = −µ tan(kn−L) for the KK odd modes,
so that kn− increases from (n − 1/2)π/L to nπ/L when
µ increases from 0 to +∞. In this case, in the limit of
µ → +∞, all KK modes could be decoupled, and the zero
mode is completely localized at the boundary y = ±L
[21].
Embeding the Standard Model and the 5D Anomaly
Cancellation– The above setup could be used to quasi-
localize any fermion zero mode along the fifth dimension.
Here we choose λq = 1 and λl = 0 so that only the SM
quarks are localized, and the massive KK quarks could
be decoupled from the theory, so the dark matter candi-
date γ1 will dominantly pair annihilate into lepton pairs
and give the right relics density [3]. To avoid the very
light 1st KK quark, we choose µ > +1/L or < −1/L
if we embed the SM quarks in the Ψ+ or Ψ− compo-
nent. In either case, one can see that the zero mode is
quasi-localized at the boundary y = ±L.

One immediate consequence of localizing the SM
quarks is the violation of KK number conservation in the
quark sector, which gives a tree level coupling of the KK
even field to the SM quarks. For the KK gauge bosons,
the effective coupling between the nth (n > 0) KK even
gauge boson and the SM quarks could be obtained by
integrating out the fifth dimension:

gq0−q0−A2n =
√

2g0F2n(µL) (4)

where g0 is the SM gauge interaction between q0 and A0,
and the dimensionless function F(µL) is given by:

F2n(x) ≡
2x

1 − e2x

∫ 1

0
dse2xs cos(πns), (5)

where the dimensionless variable s = y/L, is introduced.
Note that the function approaches (−1)n+1 when x =
µL ) 1, a limit in which the quarks are “well localized”
and peaked at the boundaries. The coupling constant
between the SM quarks and the KK even gauge boson
becomes

√
2 times larger than the SM coupling g0.

In our setup, one may worry about the 5D localized
anomaly, which leads to a breakdown of 4D gauge in-
variance even when the zero mode theory, which is the
SM, is anomaly free [12]. Because we treat the quarks
and leptons separately, the possible 5D anomalies are
the SU(2)2L − U(1)Y , U(1)3Y and U(1)Y − gravitational
anomalies, which do not cancel among the quark or lep-
ton sector alone. For the leptons, the 5D anomalies will
live entirely at the boundary y = ±L (the orbifold fixed

mn =
√

µ2 + k2
n
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Figure 4: The n = 1 KK decay chain, showing the dominant (solid) and sub-dominant (dotted)
transitions and the resulting decay products. Adapted from Ref. [29].
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signature in KK SU(2) double associated production.
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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. [16].

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%

well approximated as:
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FIG. 10: The cross sections and the mass of uL1 as functions of the bulk mass µ with fixing

1/R = 620 GeV. Here, u1(d1) includes both uL1 and uR1 (dL1 and dR1) contributions.

IV. COLLIDER SIGNATURE OF SPLIT-UED

Having light colored particles below a few TeV in split-UED, the LHC can produce lots

of KK quarks and gluons via QCD interactions. As it is already shown in Sec. II, one of the

features of our model is that KK quarks are split from the other particles, therefore, will lead

to collider phenomenology quite different from the mUED models. For example, the 1st KK

quark, where we take mq1 ≈ 2mB1 through calculations, mainly decays to the 1st KK gluon

g1 and a SM quark, generating at least one high pT jet due to the big mass gap between

q1 and g1. Another one is the existance of tree-level KK number non-conserved interactions

between KK-even gauge bosons and the SM fermions, as a result, the production cross

sections of 2nd KK gauge bosons can be substantial. It has been shown that the signals of

a 2nd KK gluon production can be dominant over the SM background in dijet events after

imposing a certain set of cuts at the LHC [9]. In this section, we will focus on the scenarios

of 1st KK quarks and gluon, which can only be produced in pairs.

The production cross sections involving q1 at the LHC depend on the bulk mass parameter

µ. Among the production cross sections of q1q
(′)
1 , q1q̄

(′)
1 and q̄1q̄

(′)
1 , the σ(q1q1) is dominant

one as the valence u and d partons can contribute to the initial states. These productions

proceed mainly through the t-channel diagrams with the 1st KK gauge bosons exchanged.

20

split-UED mass SUSY mass

qL1 1347 GeV ũL ,d̃L 1355, 1358 GeV

uR1 1322 GeV ũR 1304 GeV

dR1 1318 GeV d̃R 1263 GeV

g1 794 GeV g̃ 799 GeV

B1 621 GeV χ̃0
1 622 GeV

TABLE IV: Mass spectrum of split-UED at 1/R = 620 GeV and µ = 700 GeV. The corresponding

SUSY point generated using ISAJET is also listed.

after standard cut Meff > 1 TeV Meff > 1.5 TeV

q1q1 0.40 0.37 0.21

q1g1 0.30 0.18 0.049

g1g1 0.18 0.04 0.007

TABLE V: The acceptances for the split-UED q1q1, q1g1 and g1g1 productions after imposing basic

event selection cuts (34) and harder Meff cuts for the model point in Table IV. Note that these

numbers are obtained from SUSY events.

On the other hand, the efficiency to select the g1 pair production is much smaller, especially

when a large Meff is required. For example, the number of events from the 1st KK gluon

pair production reduces by factor of 1/30 after imposing the basic cuts with Meff > 1 TeV.

This is because the probability of having high pT jets and large ETmiss is very low for the g1

production events at our point. Thus, 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

compared to the g1g1 case with the help of the high pT jet from q1 → qg1, although the signal

and the background separation would be worse compared with q1q1 production. Therefore

we only consider q1q1 productions in the following studies. For completeness, we show the

Meff distributions for g1g1, q1g1 and q1q1 in Fig. 11. Again these results are obtained from

SUSY events mimicking split-UED with the same kinematics.

The total production cross section of q1q1, including uL1,dL1, uR1, dR1, is 7.64 pb, and we

expect 7640 events for 1 fb−1. According to Table 11, we expect 7640× 0.37 = 2830 events
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FIG. 11: Meff distributions for “g1g1”, “q1g1” and “q1q1” from left to right obtained by correspond-

ing SUSY channels g̃g̃, q̃g̃ and q̃q̃. We neglect the y-axis here since we focus on the shapes, and we

see that the distributions shift to higher energy region from left to right.

left under the standard cut with Meff > 1TeV. We should also consider lepton veto before

using the background studied in Ref.[53]. Although it depends on the lepton branching ratio,

we expect more than a half number of events, i.e. 1400, remain with the lepton veto. The

number of SM background events with the same cut for 1fb−1 is less than 300 according to

the Meff distribution shown in Ref. [53]. Therefore the q1q1 signal distribution is well above

the background distribution for Meff > 1000 GeV.

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

split-UED particle masses. Fig. 12 shows the MT2 [57] distribution of the two highest pT

jets under the standard cut with Meff > 1000 GeV. The MT2 is usually used to determine

the masses of unknown particles which are pair-produced and decay identically. In our case,

we have two q1’s being produced, and both decay into g1q. Here the MT2 is calculated

from the two highest pT jets, j1 and j2 and a missing transverse momentum defined as

pTmiss = −pTj1 − pTj2 and the formula is

MT2 = min
pTmiss=qT1+qT2

[max{MT (qT1, pj1, mtrial), MT (qT2, pj2, mtrial)}] , (35)

where qT1 and qT2 are two dummy parameters that make up pTmiss, and the minimization is

taken for all possible sets of qT1 and qT2; pj1(j2) is the momentum of j1(2); mtrial is the trial

mass that represents the unknown mass of the daughter particle (g1 in our process) and MT

is the transverse mass. The MT2 depends on the trial mass mtrial, and we took mtrial = 0

in Fig.12. For our simulation, the two highest pT jets comes from q1 → g1q, and the end
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The most relevant couplings for these productions are q1-q-V1, where V1 = g1, B1, the 1st

KK W−boson W1 and the 1st KK Z−boson Z1. The cross section σ(u1u1), σ(u1d1) and

σ(d1d1) are plotted in Fig. 10 with varying µ, and we neglect the q1q̄
(′)
1 productions, since

they are insignificant. For small µ, the production cross sections increase with increasing

µ due to the enhancement from the couplings, as shown in Fig.3, since the cross section is

proportional to (G110)4. For large µ, on the other hand, those cross sections decrease very

quickly with increasing µ (increasing mq1) as expected. For the g1q1 and g1g1 productions,

the cross sections, which are not shown, are at the same order as that of q1q1. Here all cross

sections are calculated using CalcHEP [51] by modifying the mUED model file in Ref. [52].

The signature of split-UED q1q1 productions followed by q1 → g1q → B1qX is two

high pT jets plus soft jets/leptons and large missing momentum. The kinematics and the

decay branching ratios are very similar to those of the corresponding supersymmetric model

(SUSY) processes, namely the q̃q̃ productions followed by q̃ → g̃q → χ̃0
1qX with squark mass

mq̃ = mq1 , gluino mass mg̃ = mg1 and the lightest neutralino mass mχ̃0
1

= mB1 . Therefore,

we mimic split-UED collider signatures of q1 pair productions at the LHC by scaling the total

cross sections of SUSY signatures with the model point whose mass spectrum is similar to

that of the split-UED. Furthermore, because collider signatures of q1q1 are the same as that

of q̃q̃, they share the same SM background. Since the SM background for squark and gluino

productions at the LHC is very well studied [53], we apply the same cuts in our calculation.

The model points we study are listed in Table IV, in which we use ISAJET [54] for SUSY,

and we take 1/R and µ to be 620 GeV and 700 GeV, respectively, for split-UED so that

mq1 ≈ 2mB1 . The events are generated by using HERWIG [55] for SUSY processes, then we

regard them as the split-UED events, (delete corresponding to the appropriate luminosity,

where the cross section σ(q̃q̃) = 0.13 pb and σ(q1q1) = 7.64 pb,) and detector simulations

are carried out by AcerDET [56]. Table V shows the acceptances of the events after imposing

the following basic cuts:

Meff > 500 GeV, ETmiss > max(100 GeV, 0.2Meff), n100 ≥ 1, n50 ≥ 4, (34)

Meff is the scalar sum of the pT of the first four leading jets; ETmiss is the transverse missing

momentum; n100 (n50) is the number of jets with pT > 100 (50) GeV. Forthermore, we also

use harder cuts on Meff with Meff > 1, 1.5TeV.

We can see that the acceptance is about 40 % for q1 pair production after the basic cuts.
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split-UED mass SUSY mass

qL1 1347 GeV ũL ,d̃L 1355, 1358 GeV

uR1 1322 GeV ũR 1304 GeV

dR1 1318 GeV d̃R 1263 GeV

g1 794 GeV g̃ 799 GeV

B1 621 GeV χ̃0
1 622 GeV

TABLE IV: Mass spectrum of split-UED at 1/R = 620 GeV and µ = 700 GeV. The corresponding

SUSY point generated using ISAJET is also listed.

after standard cut Meff > 1 TeV Meff > 1.5 TeV

q1q1 0.40 0.37 0.21

q1g1 0.30 0.18 0.049

g1g1 0.18 0.04 0.007

TABLE V: The acceptances for the split-UED q1q1, q1g1 and g1g1 productions after imposing basic

event selection cuts (34) and harder Meff cuts for the model point in Table IV. Note that these

numbers are obtained from SUSY events.

On the other hand, the efficiency to select the g1 pair production is much smaller, especially

when a large Meff is required. For example, the number of events from the 1st KK gluon

pair production reduces by factor of 1/30 after imposing the basic cuts with Meff > 1 TeV.

This is because the probability of having high pT jets and large ETmiss is very low for the g1

production events at our point. Thus, 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

compared to the g1g1 case with the help of the high pT jet from q1 → qg1, although the signal

and the background separation would be worse compared with q1q1 production. Therefore

we only consider q1q1 productions in the following studies. For completeness, we show the

Meff distributions for g1g1, q1g1 and q1q1 in Fig. 11. Again these results are obtained from

SUSY events mimicking split-UED with the same kinematics.

The total production cross section of q1q1, including uL1,dL1, uR1, dR1, is 7.64 pb, and we

expect 7640 events for 1 fb−1. According to Table 11, we expect 7640× 0.37 = 2830 events
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ing SUSY channels g̃g̃, q̃g̃ and q̃q̃. We neglect the y-axis here since we focus on the shapes, and we

see that the distributions shift to higher energy region from left to right.

left under the standard cut with Meff > 1TeV. We should also consider lepton veto before

using the background studied in Ref.[53]. Although it depends on the lepton branching ratio,

we expect more than a half number of events, i.e. 1400, remain with the lepton veto. The

number of SM background events with the same cut for 1fb−1 is less than 300 according to

the Meff distribution shown in Ref. [53]. Therefore the q1q1 signal distribution is well above

the background distribution for Meff > 1000 GeV.

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

split-UED particle masses. Fig. 12 shows the MT2 [57] distribution of the two highest pT

jets under the standard cut with Meff > 1000 GeV. The MT2 is usually used to determine

the masses of unknown particles which are pair-produced and decay identically. In our case,

we have two q1’s being produced, and both decay into g1q. Here the MT2 is calculated

from the two highest pT jets, j1 and j2 and a missing transverse momentum defined as

pTmiss = −pTj1 − pTj2 and the formula is

MT2 = min
pTmiss=qT1+qT2

[max{MT (qT1, pj1, mtrial), MT (qT2, pj2, mtrial)}] , (35)

where qT1 and qT2 are two dummy parameters that make up pTmiss, and the minimization is

taken for all possible sets of qT1 and qT2; pj1(j2) is the momentum of j1(2); mtrial is the trial

mass that represents the unknown mass of the daughter particle (g1 in our process) and MT

is the transverse mass. The MT2 depends on the trial mass mtrial, and we took mtrial = 0

in Fig.12. For our simulation, the two highest pT jets comes from q1 → g1q, and the end
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Summary 

Updated cosmic-ray data of electrons/positrons show the 
excesses while antiproton flux is consistent with BG

Dark Matter may be responsible for these data

LKP in UED models is a good candidate, splitting kk quarks 
can satisfy the constraints from antiproton data

LHC pheno of split-UED is different from mUED

DOUBLE CHECK
LHC (mass, spin of DM), gamma-ray data, more data in 
higher energy
NOTE: 
astrophysical source can explain as well, e.g. Pulsars
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