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34 CHAPTER 3. EXTRA SPATIAL DIMENSIONS

Figure 3.2: (Taken from [46]). The full spectrum of the UED model at the first KK
level, a) at tree level and b) including one loop radiative corrections, for R−1 = 500 GeV
and ΛR = 20. The first column shows the gauge and Higgs bosons, where {H0, H±, A0}
correspond to {H, a±, a0} in the notation introduced in Section 3.3.2. In the second
column, the quark doublet (Q) and singlets (u, d) as well as lepton doublet (L) and singlet
(e) are shown for the first two families; In the last coloumn, finally, this is repeated for
the third family to illustrate the large electroweak mass shift of the top quark.

radiative corrections to the KK masses as an independent input to the theory
(see, e.g., [114]). For simplicity, it is then often assumed that all KK modes
except for the LKP are degenerate in mass; this approach should in general
not have a great influence on the phenomenology of the model, except for
some special situations like co-annihilations (see the discussion in Chapter
5.1).

mUED mass spectrum

Cheng, Matchev & Schmaltz, PRD 2002
�(1) � B(1)LKP: (KK graviton LKP for                          !)R�1 � 800 GeV
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Figure 3: Prediction for ΩB(1)h2 as in Figure 1. The solid line is the case for B(1) alone,
and the dashed and dotted lines correspond to the case in which there are one (three)

flavors of nearly degenerate e(1)
R . For each case, the black curves (upper of each pair)

denote the case ∆ = 0.01 and the red curves (lower of each pair) ∆ = 0.05.

translates into a KK mass window slightly below the window obtained for B(1) alone. In
Figure 3 we present the resulting relic abundance of B(1) including both the one flavor
and three flavors of e(1)

R , for two choices of ∆ corresponding to 1% and 5% mass splittings.
The curves become approximately degenerate with the B(1) without coannihilation case
when ∆ ∼> 0.1. In each case, the resulting mKK window shifts slightly downward because
of the increase in the predicted relic density, favoring values between 600 − 1050 GeV,
depending on the number of light e(1)

R flavors and the mass splitting.

6.2 ν(1) Coannihilation with e(1)
L

As mentioned in the introduction of section 5, one should include e(1)
L in the calculation

of the LKP relic density when assuming that the LKP is ν(1). Indeed, ν(1) and e(1)
L are

expected to be nearly degenerate, with tree level mass splittings on the order of the mass
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First estimates, for various 
co-annihilation scenarios
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Figure 3: Contour plot of Ωh2 = 0.11 in the R−1 − mh plane for ΛR = 20 (left) and
ΛR = 50 (right). The shaded region correspond to the 3σ WMAP range, 0.0952 < Ωh2 <
0.1288, in the case where level 2 KK-particles in the final state are included (dark) or
neglected (light grey). All coannihilation channels are taken into account. In the region
above the full contour the LKP is the charged Higgs.

We observe, see Fig. 4 for the case of the singlet leptons, that the value of Ωh2 increases
with a smaller mass splitting. This might seem in contradiction with the discussion above
since we had argued that the lepton coannihilation had the effect of decreasing Ωh2, as
seen from Fig.2, a0 and c0. The main effect of a smaller mass splitting is to reduce the
contribution of the channel σ(e1Rγ

1 → eγ2), indeed the e2R resonance moves very near
the threshold for the reaction and so does not contribute significantly to the thermally
averaged cross section. This effect is more significant than the increase in the Boltzmann
factor which can be at most 15% since in MUED for lepton singlets, BeR = 0.86 for
R−1 = 1.3 TeV. In a sense the relic density is moving towards the value it would have
if we had neglected the production of γ2 in the final state. Conversely an increase in
the mass splitting leads to a mild decrease in Ωh2, here the Boltzmann suppression of the
coannihilation channels is more than compensate by the decrease in the number of degrees
of freedom. Note however that the relic abundance is insensitive to the mass splitting if
it is more than 3%.

We have also examined the effect of the mass splitting with the partners of the left-
handed leptons. The effect follows the same trend although the influence on Ωh2 occurs
for splittings below 5%. The maximum increase in Ωh2 is comparable to the one obtained
for singlet leptons, see the left frame of Fig. 4. Decreasing the mass of KK quarks on
the other hand has the opposite effect as for leptons. A smaller mass splitting leads to
a lower value for Ωh2, this is because in this case the factor Bi changes significantly and
QCD processes of the type q1q1 → qq give a large contribution. To illustrate this we
consider the case where we shift the mass of the KK singlet d-type quarks, see the right
frame of Fig. 4. Finally we have also considered the implication of mass shifts for the
Higgs. The KK-Higgs masses are modified either by increasing the light Higgs mass or by
introducing a mass shift via the parameter Zφ. In both cases this can lead to an increase
of Ωh2 around 10% when the mass difference is a few per-mil.

In summary keeping the mass splitting as a free parameter allows to find scenarios
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Full result in mUED, including all 2nd KK levels

Belanger, Kakizaki & Pukhov, 2010Servant & Tait,  NPB ’03
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gin.
The relic density of the LKP has been calculated in

several previous works, first by [21]. The key issue in
this type of calculation is the presence of numerous par-
ticles freezing out at similar epochs to the LKP, given
the mass-degenerate nature of the mUED spectrum. As
a result, the inclusion of a more and more complete set
of coannihilating partners [22] has been the name of the
game in achieving the highest possible accuracy.

The original calculation of Ref. [21] was extended and
refined in Ref. [23, 24], who considered coannihilation
processes with all first level KK partners and included
all possible tree level (co-)annihilations into 2 SM par-
ticles. The next step in complexity arises from the fact
that, again due to the nature of the KK ladder, KK level
2 states have a mass comparable to twice the mass of KK
level 1 particles, including the LKP. Resonant annihila-
tion (albeit suppressed by small KK level 1-1-2 couplings)
is thus a potentially very important e↵ect. This point
was addressed in Ref. [25–27], where it was pointed out
that loop induced couplings of second level KK particles
to a pair of SM particles are important for the relic den-
sity calculation, as such couplings lead to the mentioned
resonantly enhanced annihilation processes.

Finally, it was more recently pointed out, in Ref. [28],
that annihilation into second level KK states should be
considered in the calculation of the relic density as well,
as many of these states will subsequently decay nearly
entirely to SM states via a loop process, e↵ectively con-
tributing to the total cross section into SM particles rel-
evant to the freeze-out process.

In this work we include all the mentioned layers of

complexity in calculating the LKP relic density, and use
the “right” Higgs mass [7]. Specifically, we use the most
recent mUED CalcHEP model file discussed in [29], mod-
ifying it to include all-loop level couplings of second level
KK states to SM particles discussed in [28], and use it
in connection with version 3.2 of the micrOMEGAs code
[30, 31] to calculate the LKP relic density. Our results
are shown on the mUED parameter space (R�1,⇤R) by
the shaded blue band in Fig. 1.

As previously discussed, our study focuses on the
(R�1,⇤R) parameter space, as the Higgs mass is now
known to high precision. In the calculation whose results
are shown in Fig. 1, we have assumed that the second
level KK photon and the second level KK Higgs particles
and photons decay completely to SM particles. This is
driven mainly by the fact that the masses of the second
KK excitations are near or below threshold for the decay
into the appropriate two first KK excitations, and other
decays are loop-suppressed to the same degree as those
directly to a SM pair. Including these particles in the
final state collects the most important contributions to
3-body SM final states LKP annihilation.

In Fig. 1 the solid blue line corresponds to the best fit
value for the dark matter relic density, ⌦�h = 0.1189 [32],
quoted by the Planck collaboration when including their
cosmic microwave background (CMB) results, WMAP

FIG. 1: Current collider, direct detection, Higgs vacuum sta-
bility, and cosmological limits on the mUED parameter space.

polarization results, high-l CMB data from ground tele-
scopes, and baryon acoustic oscillation measurements.
The shaded region around this line represents the 3 �
uncertainty on this result, corresponding to a range of
values for ⌦�h between 0.1136 and 0.1238. All values of
R�1 greater than the value traced by this line are forbid-
den as they lead to over-closure of the universe.

We also include the recent collider limits discussed in
the previous section, as well as constraints on the param-
eter space from direct detection experiments [33]. For the
latter, we have utilized spin independent cross sections as
calculated with micrOMEGAs [34] and the most recent
exclusion limits at 90% confidence level on these cross
sections from the Xenon100 [35] and LUX [36] collabora-
tions.

Finally, as mentioned above we have included the limit
found by [9], requiring that the universe have a su�-
ciently stable electroweak vacuum. This is plotted as a
dashed brown line in Fig. 1, and is approximately a con-
stant upper bound on ⇤R < 5 for all the mass scales of
interest for dark matter physics.

One of the key findings of the present investigation is
that the cosmologically favored value for the KK scale
R�1

increases at low ⇤R (the region of parameter space
favored by vacuum stability constraints) as ⇤R decreases,
while the behavior is the opposite for higher values of
⇤R. Inspecting the relevant processes contributing to
the LKP freeze-out, we find that this is to be attributed
to coannihilation processes between level 1 KK photons
and other level 1 KK particles at low values of ⇤R, partic-
ularly the KK excitations of the gluon and quarks, which
quickly become irrelevant as ⇤R increases because the
splitting between the mass of the level one KK photons
and colored KK particles grows rapidly.

In Fig. 2, we show the predicted sensitivities of the
LHC and of future dark matter direct detection exper-
iments in the mUED parameter space. The projected
sensitivity of Xenon 1T is taken from [37], and the fu-
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FIG. 2: Projected collider and direct detection sensitivities in
the mUED parameter space

ture LHC reach is based on a four-lepton search originally
presented in [11], which has been updated to account for
di↵erent possible splittings in [38]. We note that, since
this final state requires splittings large enough to detect
the leptons produced in cascade decays of KK particles,
sensitivity is lost as the smallest values of ⇤R. These
future bounds together leave only a small window of vi-
able dark matter parameter space around R�1 of 1225
GeV and ⇤R of 3. It is possible that future ISR-driven
searches may have sensitivity to this region, but no ex-
plorations of that sensitivity which include the important
systematic errors exist. Future generation-2 experiments
such as DarkSide G2 and LZ will conclusively probe the
entire range of parameter space, extending the reach of
direct dark matter detection well beyond the cosmologi-
cally favored blue band [37], as shown by the pink dotted
line.

We have also explored the e↵ects on the calculation
of the relic density of including the annihilation of the
LKP to second-level KK states as well as the e↵ect of
including loop-induced vertices of second-level KK parti-
cles to SM particles. For a benchmark value of ⇤R = 20,
the cosmologically favored valued of R�1 = 1340.8 GeV
when the calculation is done as described in the previous
paragraphs. However, the favored value of the compact-
ification scale drops to 1105.0 GeV when we do not take
into account the decays of second level KK particles in
the final state to SM states in our relic density calcula-
tion, and it drops further to R�1 = 1011.9 GeV when we
then remove loop induced couplings of second level KK
particles to SM particles from our CalcHEP model file.
The e↵ects of including these annihilation processes in
the relic density calculation become more pronounced at
increasingly higher values of ⇤R. Therefore, our results
are in agreement with those of Ref. [28]: the inclusion of
loop-induced couplings and particularly annihilation pro-
cesses with second level KK particles in the final state
make a substantial di↵erence in the calculation of the

relic density pushing the KK scale to up to more than
30% higher, with obvious important phenomenological
implications.

V. DISCUSSION AND CONCLUSIONS

We explored the parameter space of the minimal Uni-
versal Extra Dimensions framework after the Higgs dis-
covery. We outlined and gave an updated overview on the
collider and direct dark matter constraints on the rele-
vant parameter space defined, now that the Higgs mass
is known, by the inverse compactification scale R�1 and
the e↵ective theory cuto↵ scale ⇤R. These constraints
e↵ectively limit the KK scale R�1 to values in excess of
700-800 GeV, depending on the precise value of ⇤R, with
direct detection searches covering most e↵ectively the low
⇤R region where collider searches are less e↵ective due
to a highly degenerate mass spectrum.
The requirement that the electroweak vacuum be sta-

ble bounds the theory parameter space from above, set-
ting an approximate upper limit to ⇤R < 5 for mass
scales that avoid overclosing the universe. We carried
out the most accurate to-date calculation of the LKP
relic density, and we found that the physics driving the
LKP dark matter relic abundance in the low ⇤R region
is richer than previously thought. Several coannihilation
partners for the LKP dark matter particle contribute sig-
nificantly to the total e↵ective pair-annihilation cross sec-
tion, and important e↵ects arise also from resonant KK-
level 2 modes as well as from pair-annihilation into KK-
level 2 particles subsequently decaying into SM particles.
The overall result is a significant increase in the cosmo-
logically favored R�1 range towards larger KK masses,
as well as a non-trivial behavior with the cuto↵ scale ⇤R.
For intermediate values of ⇤R, the benchmark range for
R�1 is around 1.2 TeV. We note that our results for the
relic density constraints di↵er from [38], because of our
inclusion of resonances and annihilations to second level
KK states in the calculation, increasing by as much as
30% the cosmologically favored value of R�1.
Finally, we discussed prospects for the detection of a

signal from mUED with both direct detection and col-
lider experiments. We showed that the cosmologically
favored parameter space will be entirely exhausted by
generation-2 direct dark matter noble gas experiments
such as DarkSide G2 and LZ, and LHC searches should
also cover much, perhaps all, of the viable parameter
space for dark matter in mUED.
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non-minimal UED

Relic density strongly dependent on 
mass splittings!

Figure 10: The change in the cosmologically preferred value for R−1 as a result of varying the
different KK masses away from their nominal MUED values. Along each line, the LKP relic density
is Ωχh2 = 0.1. To draw the lines, we first fix the MUED spectrum, and then vary the corresponding
KK mass and plot the value of R−1 which is required to give Ωχh2 = 0.1. 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 (green). The circle on each line denotes the MUED values
of ∆ and R−1.

(green). The circle on each line denotes the MUED values of ∆ and R−1.

Fig. 10 summarizes our results from Section 5. It also provides a quick reference

guide for the expected variations in the predicted value of Ωh2 as we move away from the

Minimal UED model. For example, it is clear that unlike the case of coannihilations with

ℓR1, which was considered in [6], coannihilations with all other KK particles will lower the

prediction for Ωh2 and correspondingly increase the preferred range of R−1. This is due to

the larger couplings of those particles. Fig. 10 can also be used to quantitatively estimate

the variations in the preferred value of R−1 in non-minimal models.

On a final note, in the non-minimal UED model, other neutral KK particles such as Z1

can also be dark matter candidates. On dimensional grounds, the relic density is inversely

proportional to the square of the LKP mass,

Ωh2 ∼
g4
1

m2
γ1

, (6.1)

Ωh2 ∼
g4
2

m2
Z1

. (6.2)

Due to the larger coupling g2 of the SU(2)W gauge interactions, we expect the upper bound

– 21 –

Kong & Matchev, JHEP 2006

(NB: no 2nd level KK states 
included here!)

more than one UED:  yet more candidates ‒ spinless KK photon and Z bosons 
(= linear combinations of vector components along EDs)

NB: Even smaller cut-off scales needed for 6D!

Other LKPs possible: Z(1), H(1)

(         ruled out just like        ‒ same workaround: Dirac masses!)�(1) �̃



MSSM: SM + “Every particle gets a SUSY partner”

 add masses by including soft SUSY breaking terms: 124 free parameters!

 every SM bosonic and fermionic d.o.f. gets a SUSY fermionic and bosonic d.o.f. :!
  spin 1/2 gaugino for each SM gauge boson!
  scalar partner for each SM fermion helicity state, e.g. e � ẽL and ẽR

 need two complex Higgs doublets to cancel triangle anomalies:!
  3 Higgs d.o.f give masses to W and Z!
  5 physical Higgs fields left: h, H,A, H±



MSSM: some achievements

R ⇥ (�1)3B+L+2s

Conservation of R-parity

(introduced to suppress proton decay)

Lightest SUSY particle 
(LSP) is stable!



Standard Model particles and fields Supersymmetric partners
Interaction eigenstates Mass eigenstates

Symbol Name Symbol Name Symbol Name
q = d, c, b, u, s, t quark q̃L, q̃R squark q̃1, q̃2 squark
l = e, µ, τ lepton l̃L, l̃R slepton l̃1, l̃2 slepton
ν = νe, νµ, ντ neutrino ν̃ sneutrino ν̃ sneutrino
g gluon g̃ gluino g̃ gluino
W± W -boson W̃± wino
H− Higgs boson H̃−

1 higgsino

}
χ̃±

1,2 chargino

H+ Higgs boson H̃+
2 higgsino

B B-field B̃ bino
W 3 W 3-field W̃ 3 wino
H0

1 Higgs boson
H̃0

1 higgsino

⎫
⎪⎬

⎪⎭
χ̃0

1,2,3,4 neutralino

H0
2 Higgs boson

H̃0
2 higgsino

H0
3 Higgs boson

Table 4: Standard Model particles and their superpartners in the MSSM (adapted
from Ref. [203]).

Among the neutral candidates, a possibile LSP could be the sneutrino. Sneu-
trino LSPs have, however, been excluded by direct dark matter detection ex-
periments (see sections 4.1 and 5). Although axinos and gravitinos cannot be
a prori excluded, they arise only in a subset of supersymmetric scenarios and
have some unattractive properties (see section 3.1). In particular, gravitinos
and axinos have very weak interactions and would be practically impossible to
detect, making them less interesting from a phenomenological perspective. The
lightest neutralino remains an excellent dark matter candidate, and is further
discussed in the next section.

To determine the identity of the LSP (or other characteristics) in a given
supersymmetric scenario, we have to specify how supersymmetry is broken. If
supersymmetry were not broken, then each superpartner would have a mass
identical to its Standard Model counterpart, which is clearly not the case. Thus,
new terms which break supersymmetry must be added to the Lagrangian. These
terms, however, should be added carefully, in order not to destroy the hierarchy
between Planck and electroweak scales. The possible forms for such terms are

Lsoft = −
1

2
Ma

λλaλa −
1

2
(m2)i

jφiφ
j∗

−
1

2
(BM)ijφiφj −

1

6
(Ay)ijkφiφjφk + h.c., (70)

where the Ma
λ are gaugino masses, m2 are soft scalar masses, B is a bilinear

mass term, and A is a trilinear mass term. We will discuss some specific super-
symmetry breaking scenarios later in this section.

40

Potential DM candidates in the MSSM

Gravitino:
also

Planck-scale 
suppressed 
interactions       no 
WIMP candidate!

�

Table from Bertone-review

(color) 
charged

Sneutrinos:
Generally too large 
direct detection 
cross sections

Lightest Neutralino:
Prototype WIMP 
candidate!



Collider, direct and indirect detection of supersymmetric dark matter 9

Figure 2. The m0 vs. m1/2 plane in mSUGRA for A0 = 0 and various
values of tan β, with µ > 0 and mt = 171.4 GeV. The red-shaded regions are
excluded because electroweak symmetry is not correctly broken, or because the
LSP is charged. Blue regions are excluded by direct SUSY searches at LEP2.
Yellow and green shaded regions are WMAP-allowed, while white regions are
excluded owing to Ω!Z1

h2 > 0.129. Below the magenta contour in each frame,
mh < 110 GeV.

parameter drops to sufficiently low values and the !Z1 becomes increasingly higgsino-like.

The !Z1 coupling to Higgs bosons increases, as does σSI( !Z1p). In the HB/FP region, the

cross section reaches above the 10−8 pb level, within the reach of the next round of
experiments.

In Fig. 4b), we show the flux of muons from νµ → µ conversions at earth coming

from neutralino annihilation to SM particles within the solar core. Here, we use the

Isajet/DarkSUSY interface for our calculations[29], and require Eµ > 50 GeV. The

predicted rate depends in this case mainly on the sun’s ability to sweep up and capture

neutralinos, which depends mainly on the spin-dependent neutralino-nucleon scattering
cross section (since in this case, the neutralinos mainly scatter from solar Hydrogen,

and there is no mass number enhancement), mostly sensitive to Z exchange. The rates
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In this range, the LHC reach is up to m1/2 ∼ 700 GeV, corresponding to a reach in mg̃

of about 1.8 TeV, and may be extended by ∼ 15-20% by b-jet tagging[34]. While LHC

can cover the relic density allowed bulk and stau co-annihilation regions, as well as most

of the A-funnel region that appears only for large tanβ, the HB/FP region extends far

beyond the LHC reach. The ILC(1000) reach is everywhere lower than LHC, except in

the HB/FP region. In this region, while gluinos and squarks can be extremely heavy, the
µ parameter is small, leading to a relatively light spectrum of charginos and neutralinos.

These are not detectable at the LHC because the visible decay products are too soft.

However, with specialized cuts, chargino pair production is detectable at ILC even if

the energy release in chargino decays is small, and the ILC reach extends beyond LHC

in this region[35].

Figure 5. The projected reach of various colliders, direct and indirect dark
matter search experiments in the m0 vs. m1/2 plane of the mSUGRA model for
A0 = 0, µ > 0, mt = 172.6 GeV for tan β = 10 (left frame) and tan β = 55
(right frame). The DD and various ID contours are for the corresponding
expected sensitivity in Fig. 4. For the ID results, we have adopted the N03 DM
halo density profile.

In Fig. 5, we also show reach contours for DD and ID searches for WIMP dark

matter[30]. Signals from DD are observable in i). the region of low m0 and low m1/2,

where squarks are light and scattering via squark exchange occurs, and ii). also in the
entire HB/FP region (where !Z1 is MHDM) where the reach of the LHC is limited to

m1/2
<∼ 700 GeV. Thus, in the HB/FP region with m1/2 > 700 GeV, it is possible a DM

direct detection signal might be seen, while no signal is evident from LHC. The DD rate

increases with tanβ, accounting for the shift in the corresponding contour in the right

hand frame.

Baer, Park & Tata, NJP 11 (2009)


