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PHYSICAL REVIEW D 75, 036004 (2007)

Exotic collider signals from the complete phase diagram of minimal universal extra dimensions

Jose A.R. Cembranos, Jonathan L. Feng, and Louis E. Strigari

Department of Physics and Astronomy, University of California, Irvine, California 92697, USA
(Received 21 December 2006; published 8 February 2007)

Minimal universal extra dimensions (mUED) is often thought to predict that the lightest Kaluza-Klein
particle (LKP) is the Kaluza-Klein gauge boson B!, leading to conventional missing energy signals at
colliders and weakly interacting massive particle (WIMP) dark matter. In fact, the implications of mUED
are far richer: the B!, charged Higgs boson H*!, and graviton G! are all possible LKPs, leading to many
different phases with distinct signatures. Considering the complete phase diagram, we find predictions for
charged or neutral particles with decay lengths of microns to tens of meters; WIMP, superWIMP, or
charged relic particles; metastable particles with lifetimes of the order of or in excess of the age of the
Universe; and scenarios combining two or more of these phenomena. In the cosmologically preferred
region, the Higgs boson mass is between 180 and 245 GeV, the LKP mass is between 8§10 and 1400 GeV,
and the maximal splitting between first Kaluza-Klein modes is less than 320 GeV. This region predicts a
variety of exotic collider signals, such as slow charged particles, displaced vertices, tracks with non-
vanishing impact parameters, track kinks, and even vanishing charged tracks, all of which provide early
discovery possibilities at the Large Hadron Collider.

DOI: 10.1103/PhysRevD.75.036004

I. INTRODUCTION

The idea that there may be extra spatial dimensions is an
old one, going back at least as far as the work of Kaluza and
Klein in the 1920’s [1]. Their original idea was untenable,
but it has many modern descendants, of which the closest
living relative is universal extra dimensions (UED) [2]. In
UED, all particles propagate in flat, compact extra dimen-
sions of size 1078 m or smaller. Each known particle has
an associated set of heavy partner particles, providing a
wealth of possible implications for particle physics and
cosmology.

In this study we consider minimal UED (mUED) in
which there is one extra dimension of size R compactified
on an S'/Z, orbifold, where Z, is the action y — —y, with
y the coordinate of the extra dimension. Every state of the
standard model has a partner particle at Kaluza-Klein (KK)
level n with mass nR™!, supplemented by tree-level con-
tributions from electroweak symmetry breaking and radia-
tive corrections [3,4]. In general UED theories, there may
also be contributions to the KK masses from mass terms
localized on the orbifold boundaries. These contributions
would generically violate bounds on flavor and CP viola-
tion. To remain consistent with the experiment, a simple
assumption, which defines mUED, is that these boundary
contributions are absent. The resulting model preserves a
discrete parity known as KK-parity, which implies that the
lightest KK particle (LKP) is stable and a possible dark
matter candidate [5-9].

Minimal UED is therefore an extremely simple, viable
extra-dimensional extension of the standard model. It is
completely determined by only 2 parameters: m;,, the mass
of the standard model Higgs boson, and one new parame-
ter, R, the compactification radius. (In detail, there is also a
third parameter, the cutoff scale A, but the dependence on
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A is logarithmic and weak, as discussed below.) Precision
electroweak measurements require R~! = 250 GeV
[2,10], with other low energy constraints similar or weaker
[11,12]. Particle physics alone does not place an upper
bound on R™!, but the thermal relic density of LKPs grows
with R™!, and LKPs would overclose the Universe for
R™'>1.5TeV [5,13-17], providing strong motivation
for considering weak-scale KK particles. For the Higgs
boson mass, the direct constraints on the standard model
also apply to UED and require m;, > 114.4 GeV at 95%
confidence limits (CL) [18]. In contrast, however, the in-
direct bounds on m,, are significantly weakened relative to
the standard model, requiring only m; <900 GeV for
R~ =250 GeV and m;, <300 GeV for R~! =1 TeV at
90% CL [10].

Early studies of UED focused on the line in model
parameter space defined by m;, = 120 GeV [4] and ne-
glected the existence of the KK graviton G! [5,6].
Given these assumptions, for R™! =250 GeV, the LKP
is the hypercharge gauge boson B!, and these studies
therefore focused on missing energy signals at colliders
and weakly interacting massive particle (WIMP) dark
matter for cosmology. These predictions are similar to
those from supersymmetry with R-parity conservation.
UED with KK-parity and supersymmetry with R-parity
predict different collider event rates for similar spectra,
and the different spins of partner particles may be distin-
guished through, for example, indirect dark matter detec-
tion in positrons [6]. Nevertheless, the difficulty of
distinguishing UED and supersymmetry has attracted
much attention and been a fertile testing ground for future
experiments, especially the Large Hadron Collider (LHC)
[19].

In fact, however, more recent studies have shown that
framework of UED is far richer than indicated above. First,
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it was noted that the KK graviton G' necessarily exists in
any UED model and may be the LKP, leading not to WIMP
dark matter, but to superWIMP dark matter, with a com-
pletely different set of cosmological and astroparticle sig-
natures [7-9]. Second, studies have now emphasized that,
by relaxing the constraint m;, = 120 GeV and considering
higher values, KK Higgs bosons may become lighter than
the B!. That both of these possibilities may be realized in a
general UED model is, perhaps, not surprising.
Remarkably, however, all of these complexities arise
even in the extremely constrained framework of mUED.
Any one of the G!, B!, and the charged Higgs boson H™!
may be the LKP, leading to many different “phases” of
parameter space with qualitatively distinct signatures. The
“triple point,” where mg1 = mpg = mpy=1, lies in the heart
of parameter space at (R™!, m;) = (810 GeV, 245 GeV),
leading to many interesting features.

With this as motivation, we consider here the full pa-
rameter space of mUED and its implications for particle
physics and cosmology. In Sec. II we present the complete
phase diagram of mUED. For reasons given below, we
begin by excluding the graviton G' from consideration
and define phases to be regions with distinct standard
model (NLKP, LKP) pairs. With this classification, we
explore the collider physics of mUED in Sec. III, and
find that long-lived particles with macroscopic decay
lengths at colliders are common in the full parameter
space.

In Sec. IV, we then include the graviton G', and examine
each phase in light of cosmological constraints on charged
dark matter, diffuse photon spectra, and dark matter
thermal relic densities. We find that each phase of parame-
ter space is cosmologically viable, given, for example,
a low enough reheat temperature Try > 1 MeV, justifying
the effort made in Sec. IIl to elucidate the collider
implications of every phase. At the same time, for standard
cosmological scenarios with Try = 10 GeV, we find
that the viable region of parameter space has 180 GeV =
m;, < 245 GeV, 810 GeV < R~ ! = 1400 GeV, and a
maximal splitting between the LKP and the heaviest
n =1 KK state (the KK gluon g') is always less than
320 GeV. In addition, this cosmologically favored region
of the phase diagram predicts charged particle decays, such
as H'' — B'ud, B'c5, B'e*v,, B'u*v,, Bt v,, with
macroscopic decay lengths from microns to tens of
meters, leading to the possibility of spectacular signals
and early discoveries at the LHC. These predictions
are rather striking and differentiate mUED from supersym-
metry and essentially all other frameworks for new
physics proposed to date. These collider signals, as well
as other conclusions and future directions, are presented in
Sec. V.

Finally, our conventions and notations are collected in
the appendix, along with Feynman rules and other techni-
cal details helpful for determining decay widths.
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I1. MASS SPECTRUM AND PHASE DIAGRAM

As we will see below, although mUED is among the
simplest extra-dimensional extensions of the standard
model, the spectrum of mUED is remarkably intricate.
We will find that there are several LKP candidates, and
degeneracies < 1 GeV among the lightest KK states are
not uncommon.

Rather than deal immediately with the complexity of
this complicated spectrum, we begin in this section by
ignoring the existence of the KK graviton G!. This is
beneficial for two reasons. First, because the KK graviton
has only cosmological significance, neglecting it allows us
to defer cosmological considerations and the accompany-
ing dependence on early universe assumptions to focus on
collider physics predictions, which are much more robust.
Second, this simplification allows us to divide the parame-
ter space into a manageable number of phases with quali-
tatively distinct signatures at colliders.

The definition of “phase” is, of course, somewhat arbi-
trary. The simplest option is to divide the parameter space
into regions with different LKPs, as a pair of LKPs is
produced in every KK event, and so the nature of the
LKP determines to a large extent the collider signatures.
At the other extreme, one might argue that, viewed in
sufficient detail, collider signals depend on the entire KK
spectrum, making each point in parameter space a different
phase and eliminating the utility of the concept of phases in
model parameter space.

For mUED, however, we find that a useful definition of
phases lies between these two extremes. As we will see, in
mUED, the nature of both the LKP and the next-to-lightest
KK particle (NLKP) are important, as they both impact
qualitatively what signatures are predicted. In this section,
we therefore, exclude the G' from consideration and divide
the parameter space into phases with distinct standard
model (NLKP, LKP) pairs. In mUED, and without taking
into account the KK graviton, the following KK particles
may be either the LKP or the NLKP: the hypercharge
gauge boson B!, the 3 SU(2) singlet leptons ek, uk, and
7k, the charged Higgs boson H*!, and the CP-odd Higgs
boson A'. The complete spectrum for mUED, including
one-loop corrections, was first presented in Ref. [3]. Here
we reproduce the formulae that determine the masses of
these states.

The mUED spectrum is completely determined by 3
parameters,

R™L my, A ey

where R is the compactification radius, m;, is the Higgs
boson mass, and A is the cutoff scale. As seen below,
masses depend only logarithmically on A. The dependence
is therefore weak, and we have checked that, for the range
10 = AR = 50, our main results are essentially indepen-
dent of A. For numerical results, we take AR = 20
throughout this study.
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The G!, H*!, and A! masses are

mg = R, )
mztl =R 2+ m}, + 6m3, 3)
mil =RZ+ m% + 8m%,, 4)

where the radiative correction to the Higgs boson masses is

3 3 m2\ In(A’R?)
dm% = (—g2 +g”— )716772 R72,

2 4 v?

and v =~ 246 GeV is the Higgs boson vacuum expectation
value. Note that the electroweak symmetry breaking and
radiative corrections to m: are negligible, and the correc-
tions to mg=1 and m4 are not only small, but may also be
either positive or negative, depending on .

The KK charged lepton mass matrix, where /; and [
denote SU(2) doublet and singlet states, respectively, is

(&)

R+ 8my m; 6
m; —-R! - &my, ’ ©
where

27 9 In(A%R?)
S — (=" ,2 + = n R_l, 7
iy (16g 16 ) 1672 ™

9 _In(A2%R?)

Sy = - gD R, 8
T 48  em? ©

For the viable regions of parameter space, the lighter
eigenstate is very nearly a pure [} state, and so we refer
to it as l}e. We diagonalize the mass matrix of Eq. (6) (and
also the matrix of Eq. (9) below) in obtaining numerical
results, but the [, mass is very well approximated by the
lower right-hand entry of the mass matrix. The KK leptons
eps Mk Tk are extremely degenerate, with m.i(,1) —
M1 = mi(mR ~ 1 MeV(10 keV).

The neutral electroweak gauge boson masses are, in the
basis (B!, W),

R™2+1g202 + 5m1291 1g'gv? ©
%g’gv2 R2+ igzv2 + Bmév, ’ )
where

39 ¢?¢(3) g7 In(A?R%)\ ,_
omi, = (—— - ———2)R7?, 10
! ( 2 167 6 1677 ) (10)

5 g2§(3) 15g2 In(A2R?)\
dm?, =(—= + R7?, 11
My < 2 167 2 1672 ) an

and { is the Riemann zeta function, with £(3) =~ 1.202. For
the viable regions of parameter space, the lighter eigenstate
is approximately a pure B! state, and so we refer to it as B'.
Its mass is well approximated by the upper left-hand entry
of the mass matrix. Note that the contribution from elec-
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troweak symmetry breaking may be canceled by the radia-
tive correction.

For the reasons given above, we now ignore the G' and
divide the parameter space into regions with distinct
(NLKP, LKP) pairs. The result is given in Fig. 1. There
are four phases, which, from lower left to upper right, have
the (NLKP, LKP) combinations 1: (I, B)), 2: (H*!, B),
3: (B', H*!), and 4: (A', H*!). Note that the line m, =
120 GeV lies completely in Phase 1 (for 115 GeV =
R~ < 1430 GeV), but for larger m,, the H=' becomes
the NLKP. For even larger m,,, the H=! becomes the LKP,
and for still larger m,,, the lightest two KK particles are the
two Higgs bosons A! and H*!. Although we are tempo-
rarily excluding the KK graviton from consideration here,
for later reference, we have also plotted the line on which
mg = mpgi. The “triple point,” where mpg = mg =
my=1, is at (R™!, m,) = (810 GeV, 245 GeV) for AR =
20, and its location is essentially independent of A in the
range 10 = AR = 50.

In Fig. 2, we show the mass splittings Am = myrgp —
mykp in the full parameter space. Remarkably, the mass
splittings are only of the order of 1 to 10 GeV throughout
the full phase diagram. One might expect splittings of the
order of R™!/(167%), m3R ~ 10 GeV; modest additional
cancellations arising from effects highlighted above in fact
make this an overestimate in most of parameter space.

300 F
250 +
2 |
<) I
< |
S 200 | i
l
|
|
150 | |
I
|
|
|

1200

FIG. 1 (color online). The complete collider phase diagram of
mUED in the (R™!, m,) plane, where R is the compactification
radius, and m;, is the Higgs boson mass. The KK graviton G' has
been excluded from consideration, and the standard model
(NLKP, LKP) pairs in each phase are as indicated. We have
set AR = 20. For reference, the line on which mg1 = my is also
plotted. The “triple point,” where mg = mg = my=, is at
(R, m;) = (810 GeV, 245 GeV).
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300 £
250 |
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£ 200 L
150 |
I

400 80 1200
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FIG. 2 (color online). Mass splittings (in GeV) between the
standard model NLKP and LKP in the full phase diagram of
mUED. The dashed lines are the boundaries between different
phases shown in Fig. 1. We have set AR = 20.

ITII. LONG-LIVED PARTICLES AT COLLIDERS

In Sec. II, we found fractional degeneracies of 0.001 to
0.01 throughout the mUED phase diagram. These degen-
eracies suppress NLKP decay widths, such that NLKPs
produced in colliders may decay at points macroscopically
separated from the interaction point. In this section we
present numerical results for the most relevant decays.
Two- and three-body decay widths and lengths are given
in Figs. 3 and 4, respectively, and the NLKP decay lengths
throughout mUED parameter space are given in Fig. 5.
Analytical formulae for the decay widths, along with use-
ful results for calculating them, are given in the appendix.

107 | 110713
107
> 10°°
S
. 107
10712
0.01 0.1 1 10
Am (GeV)

FIG. 3. Decay widths and decay lengths as a function of the
mass splitting Am between KK states for the two-body decays
indicated. We have fixed the decaying particle’s mass to M =
1 TeV.
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10°¢
. 0
&) g
C 10° 2
10"
0.01 0.1 1 10

Am (GeV)

FIG. 4. Decay widths and decay lengths as a function of the
mass splitting Am between KK states for the three-body decays
indicated. We have fixed the decaying particle’s mass to M =
1 TeV. The discontinuities result from setting m; = mp = 0 for
all kinematically accessible final states. We include the ud final
state above the 77 threshold.

In Phase 1, the NLKP to LKP decay is [, — B'lz, which
is a two-body decay suppressed only by the mass degen-
eracy discussed above. As can be seen in Eq. (A17) and
Fig. 3, for mass splittings 100 MeV = Am =< 10 GeV the
decay lengths are 107 m = c7 = 10" m (for R =
1 TeV). To observe displaced vertices or nonvanishing
impact parameters at colliders, decay lengths should be
greater than about 10 wm. The [, — B'l; decay lengths
are, then, too short to be observable in any part of Phase 1.

Are there other particles in Phase 1 that can have macro-
scopic decay lengths? Although the answer is no, this
question merits discussion. The 4 lightest standard model

300 F
250 +
N
(]
<)
S 200 |
.
S AN
e \‘ L m
150 | g e
| "

400 800 1200
R(GeV)

FIG. 5 (color online). Standard model NLKP decay lengths in
the full phase space of mUED. We have set AR = 20 and
neglected the KK graviton G'. The dashed curves are the
boundaries of phases shown in Fig. 1.
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states in most of Phase 1 are, in decreasing order of mass,
(A, H*! I}, B"). The charged Higgs boson decays through
H*!'— B'ff" and H"! — [}Lv,. The former is three-body
and parametrically suppressed by (Am)’ /(m3,M?). As can
be seen in Eq. (A28) and Fig. 4, this by itself would lead to
a macroscopic decay length. The latter decay is two-body,
but suppressed by Yukawa couplings. Unfortunately, this
suppression for the 7 decay mode is insufficient to keep the
decay length macroscopic. Of course, there is an extremely
thin region in Phase 1 along the border between Phase 1
and 2 in which H*' — v, is kinematically allowed but
H*!'— 7hv_ is not, which would make the H*! decay
length observably long, but we do not consider this further.

In Phase 1 the A' may decay through A' — H*!ff/,
By, IL1z. (Note that A' — B'Z* — B! ff is not allowed,
because the tree-level AZZ coupling is forbidden by
CP-invariance, and, of course, the tree-level AZvy coupling
is absent because the A is neutral.) The first two are highly
suppressed; A' — H=!ff' is parametrically suppressed by
(Am)>/mf,, a huge suppression given the degeneracies of
mUED, and A! — B'y is a two-body decay, but is loop-
suppressed. However, T'(A' — [Liz) = T(H*' — ILv)),
and so, once again, the Yukawa coupling decay is not
sufficiently suppressed to produce a long-lived track.

We conclude, then, that there are no long-lived tracks in
Phase 1. It is rather remarkable, however, that the NNLKP
and the NNNLKP can be so close to being long-lived,
despite the many decay channels open to them.

In Phase 2 the NLKP to LKP decay, H*' — B! ff’, is
three-body. The parametric phase space suppression of
(Am)’/(m3,M?) leads to decay lengths of 20 cm for Am =
1 GeV, as seen in Eq. (A28) and Fig. 4. As a result,
displaced vertices and nonzero impact parameters are ex-
pected for much of Phase 2 from the decays H'!' —
Blefv,, Blugv,, B'tiv,, B'ud, B'cs. The standard
model fermions produced are extremely soft, creating a
difficult challenge for collider experiments. We discuss
these issues in Sec. V.

Approaching the upper boundary of Phase 2, the H™!
and B! may be arbitrarily degenerate. For Am < 0.4 GeV,
the H*! is essentially stable for collider phenomenology
(again, see Eq. (A28) and Fig. 4), resulting in signals
associated with slow, metastable charged particles, such
as highly ionizing tracks and time-of-flight signals.

In Phase 3, the B! and H=! exchange roles relative to
Phase 2, and the NLKP decay is B! — H=!ff’. For small
mass splittings Am << M, this decay width differs from
that for H=! — B! ff’ only by the average over 3 initial
spin polarizations, and so the decay length is 3 times
longer, as shown in Eq. (A32) and Fig. 4. This decay length
is longer than 10 mm for most of Phase 3, and so the B!is
potentially observable as a long-lived particle. Note, how-
ever, that in contrast to Phase 2, the parent particle here is
neutral and the heavy daughter particle is charged.

As one approaches the Phase 3/Phase 2 boundary in
Phase 3, of course, the splitting between the B' and H™!
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may be arbitrarily small. For Am < 0.5 GeV, the B! life-
time is so large that one expects the standard missing
energy signal.

Finally, in Phase 4 the NLKP decay is A' — H*!ff’; the
decay length is given in Eq. (A36) and Fig. 4. The A and
H*! masses are similarly controlled by R~ 'and my,, and so
their mass splitting is almost constant throughout the phase
diagram. In Phase 4, Am = m 1 — my+ varies from
0.7 GeV to 1.8 GeV, and the A! decay length varies from
10 pum to 1 mm. This prediction is quite robust, and the
decay length is therefore likely in the observable range.

IV. COSMOLOGICAL CONSTRAINTS

So far we have neglected the KK graviton G! and
ignored cosmological constraints. In this section, we re-
introduce G' and discuss the three most stringent cosmo-
logical bounds on mUED: null searches for exotic charged
stable particles, the diffuse photon spectrum, and the ther-
mal relic density of WIMP dark matter.

Throughout this section, we assume that G! production
during reheating after inflation is negligible. This may very
well not be the case, as G! production is extremely effec-
tive in UED [9], and may be significant even for reheating
temperatures Try ~ TeV. The possibility of KK graviton
production during reheating has been examined in
Refs. [9,20].

With this assumption, the KK graviton is cosmologically
relevant when it is the LKP. In Fig. 6, we present the

300 F

T 1 Y

rrt ‘ |
\ \Hl\\ \
\ N AN ‘ H*l
\ L N |
N
250 | \ N |
~ |
= ' | e
< ! \
< \
S 200 | \ | :
\ \ :
B' \ \ B
1 AN
G o
N
150 | S i
\ T~
| T -
L . . d 1
400 80 1200
R (GeV)

FIG. 6 (color online). The complete cosmological phase dia-
gram of mUED in the (R™!, m,,) plane. Phases are determined by
the LKP when it is a standard model KK particle (H*! or B'),
and by the (NLKP, LKP) combination when the LKP is the KK
graviton G'. The dashed lines denote boundaries of the collider
phase diagram, as given in Fig. 1. We have set AR = 20.
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complete cosmological phase diagram of mUED, where
phases are defined by the LKP when it is a standard model
KK particle, and by the (NLKP, LKP) combination when
the LKP is the KK graviton G'.

A. Charged stable particles

In Phases 3 and 4, the lightest standard model KK
particle is the charged Higgs boson H*!. Including the
KK graviton G', we find that the H=! is not the lightest KK
particle everywhere in this region: in a thin region along
the lower left border of Phase 3, G' is lighter than H*! by a
GeVor less (for R~! = 300 GeV). The lifetime for H*! —
G'ff'is given in Eq. (A56); parametrically, it depends on
(Am)" /(myMzms,..,), where My = 1.72 X 10'® GeV is the
4-dimensional Planck mass. It is therefore extraordinarily
suppressed and typically many orders of magnitude greater
than the age of the Universe. Effectively, then, the H*! is
stable throughout Phases 3 and 4. (It is interesting to note,
however, that this feature can easily change if the mUED is
minimally extended to include KK right-handed neutrinos
[21]. In these scenarios, the KK right-handed neutrinos
effectively act as new superWIMPs, and can ameliorate
cosmological and astrophysical constraints.)

The possibility of a stable charged particle is often
considered to be completely excluded by bounds on
charged dark matter. On the other hand, it is also true
that such particles can be diluted away to insignificant
abundances by a period of inflation. The tension between
these two statements may be put on a quantitative footing
by asking the question in the following way: Assume
inflation diluted the H*' density to zero. The Universe
then reheats, however, and Higgs bosons H =1 are regen-
erated. What is the maximal reheating temperature Try
such that the resulting H=! density is consistent with
bounds on charged relic particles? The lower the maximal
Try is, the more cosmologically disfavored the scenario. If
the maximal Try is less than 1 MeV, the required reheat
temperature is inconsistent with big bang nucleosynthesis
and the scenario may be considered excluded by
cosmology.

Bounds on Try were considered in exactly this context
in Ref. [22]. For stable charged particles X with masses
100 GeV = my < 1 TeV, this study found that the ex-
tremely stringent bound ny/ny < 10728 [23] on the num-
ber density of charge +1 X particles relative to that of
hydrogen atoms in sea water requires Tgry = 1 MeV, ef-
fectively excluding such particles. However, for 1 TeV =
my < 1.6 TeV, the experimental limit weakens drastically
tony/ny < 4 X 10717 [24], and Txy as high as ~1 GeV is
possible. Although Tryg ~ GeV is still extremely low from
a model building point of view, we know little about the
Universe at temperatures above 1 MeV, and such a possi-
bility cannot be excluded.

We conclude that Phases 3 and 4 with R™! < 1 TeV is
excluded cosmologically, but the rest of Phases 3 and 4 is

PHYSICAL REVIEW D 75, 036004 (2007)

allowed, provided the reheating temperature after inflation
satisfies Tryy = GeV. Of course, in all cases, the H=! relic
density is insufficient to be a significant amount of dark
matter.

B. Diffuse photon flux

In Phases 1 and 2 with R™! < 810 GeV, the KK graviton
G is lighter than the lightest standard model KK particle,
the B!. The decay B! — G'y is gravitational and the B! —
G! mass splitting is typically a few GeV or less. The
resulting decays, given in Eq. (AS1), are therefore ex-
tremely suppressed. For G! masses greater than 300 GeV,
the maximum mass splitting between the G' and B! is
about 1.5 GeV. Equation (A51) then implies that the B!
will decay after matter-radiation equality, and these decays
are thus strongly constrained by cosmological
observations.

For injected energies ~GeV in the redshift range of
interest (z ~ 103 — 0), the decay photons redshift, but the
flux of photons is otherwise unattenuated by scattering
processes with the intergalactic medium or cosmic micro-
wave background photons [25]. The fact that the B! —
G'y decays fall in this transparency window is quite
unique. If the decay photons were injected with energies
greater than 10 to 1000 GeV, depending on the decay
redshift, a large optical depth would result from pair-
production off of cosmic microwave background photons.
For lower injected energies below 10 keV, decay photons
would lose energy from scattering off of free electrons and
atoms. From Eq. (A51), a B' decaying today will produce
photons with injected energy ~20 MeV.

Constraints on late decaying B! particles have been
considered in the context of the superWIMP dark matter
scenario in Ref. [9]. The diffuse photon spectrum from
B! — G'v decays is [9]

dp 3 Ny to[ E

1/2
_} e E/E/DQ(E, — E),
Ein

dE 8w VoEin T
(12)

where N, is the number of B! particles at freezeout, V,, and
to are the present volume and age of the Universe, respec-
tively, and 7 is the B! lifetime. E;, = (m3, — mZ,,)/2mp is
the initial energy of the produced photons, which is related
to the present energy through E;, = (1 + z;,)E, where z;,
is the redshift when produced. For Am = mpg — mg <K
mg, 7% (Am)~3, and E;, = Am, and both are indepen-
dent of the overall KK mass scale.

We compare this diffuse photon spectrum to the diffuse
background spectrum in the MeV regime from COMPTEL
[26],

E
5 MeV

24
d¢ 1.1 X 10_4|: :| MeV~lem™2s ler™!,
dE

(13)
valid over an energy range E ~ 0.8-30 MeV. To apply the
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constraints from the observations, we demand that the
integrated flux from B! decays be less than the integrated
flux from the observed background over the energy range
of interest. In principle, this bound could be made more
strict by comparing the spectrum of photons from decays to
the power-law spectrum in Eq. (13). However, since the
photon background excludes such a large class of models,
we find the integrated flux bound an accurate criterion for
our purposes.

For a given number density N;, the diffuse photon flux
excludes certain lifetimes 7. These constraints are given in
Fig. 7, where we express the value of Ny, in terms of )z
normalized to Qpy for mg = 800 GeV. All parameters
above the curve are excluded by our criterion.

In the relevant region of the mUED phase diagram
(Phase 1 and 2 with R™' <810 GeV), 7= 10'? sec.
Assuming reheating temperatures Try = mpgi /25, the
B"’s are produced with significant thermal relic densities,
and these models violate the bounds of Fig. 7. This region
of the phase diagram is therefore also excluded given
standard cosmological assumptions. However, as in
Sec. IVA, for lower reheat temperatures, bounds from
the diffuse photon flux may be evaded.

Our bound assumes that the B' decays during matter
domination, and we have neglected the impact of the
clustering around dark matter halos. Figure 7 shows that
the larger the B! lifetime 7 the more stringent the constraint
on Q. Of course, for extremely long lifetimes 7 greater
than the age of the Universe, the constraint weakens again.
For 7 = ¢y, it is possible to derive a strict bound from

1017 E_ T TTTT III T T IIIIIII T T IIIIIII T T TTTITIT
1om L Jo.1
- i ma
1016 -
—~ E |
9] F 7
a I | 8
h —~
101 | 12
E 1 %
101 11!
10]2 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 IIIIII_
10-® 107 10-6 10-5 10~

Qg./Qp, [B00 GeV/my]

FIG. 7. Constraints on the B! relic density (if they had not
decayed) from requiring that the integrated flux of photons from
B' — G'y not exceed the observed MeV diffuse photon flux.
The region above the curve is excluded.

PHYSICAL REVIEW D 75, 036004 (2007)

diffuse particles in the galactic halo, which would also
contribute to the diffuse gamma ray background [27].

C. WIMP thermal relic density

In Phases 1 and 2 with R™! > 810 GeV, the B! is lighter
than the G!, and so it is absolutely stable and a WIMP dark
matter candidate. Given standard cosmological assump-
tions, the B! thermal relic may then be determined. The
first calculation of Ref. [5] has now been refined by the
inclusion of the full mMUED spectrum, radiative corrections
to KK particle masses, n = 2 resonances, and all coanni-
hilation processes [13—17].

The results of Ref. [17] are reproduced in Fig. 8, which
is discussed more fully in Sec. V. Requiring that the B!
thermal relic density not exceed the observed dark matter
density provides yet another cosmological constraint on
the mUED phase diagram, excluding the lower right-hand
portion of the (R™!, m;) plane.

Of course, as with the other cosmological constraints,
the WIMP relic density constraint may also be avoided by
assuming a lower reheating temperature, which, in this
case, is somewhat below mpi /25.

300
Excluded Charged DM

250
>
[0
&)
£ 200 Excluded

Diffuse y—Bckg
Excluded
150 Overproduction

400

800
R (GeV)

1200

FIG. 8 (color online). The cosmologically preferred region of
the complete phase diagram of mUED. The G! has been in-
cluded, and the dark shaded regions are excluded by the cosmo-
logical constraints on stable charged relics, the diffuse photon
flux, and WIMP overproduction, as indicated. In the preferred
region, the light shaded region is from Ref. [17] and shows
where the B! thermal relic density is within 20 of the Wilkinson
Microwave Anisotropy Probe (WMAP) central value for non-
baryonic dark matter. Contours of constant decay length c¢7 =
10 um, 100 wm, 1 mm, ..., 1 m, 10 m are also plotted (only the
lowest few are labeled).
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V. SUMMARY AND LHC SIGNALS

In this study we have analyzed the complete parameter
space of mUED, in many senses the simplest extra-
dimensional extension of the standard model. In mUED
all particles propagate in one additional flat, compact
dimension, and the model introduces only one additional
free parameter, the compactification radius R of the extra
dimension. Despite this extremely simple structure, we
find that mUED encompasses a wide variety of seemingly
exotic and spectacular predictions for particle colliders and
cosmology, once the entire parameter space is considered.

Our results are summarized in Figs. 1, 5, and 8. We
began by setting aside the KK graviton G' and cosmologi-
cal considerations, leading to the complete collider phase
diagram of Fig. 1. We find that mUED supports four
distinct standard model (NLKP, LKP) combinations, or
phases, with qualitatively different implications for signa-
tures. Potentially most spectacular is the prediction of
long-lived particles at colliders. The NLKP decay lengths
throughout parameter space are given in Fig. 5. Long-lived
TeV-scale particles might appear exotic and unlikely.
However, the example of mUED provides a simple, con-
crete counterexample that highlights a generic possibility:
in any theory where TeV-scale particles receive identical
tree-level mass contributions M from some new source, the
typical splittings one might expect from radiative or elec-
troweak symmetry breaking effects are of the order of
M/(167%), m3,/M ~ 10 GeV. Modest additional cancel-
lations can bring this down to ~1 GeV, and such splittings
lead to macroscopic decay lengths in three-body decays.

In mUED, the KK spectrum is highly degenerate, and so
strongly interacting KK particles will be produced with
large rates at the LHC. Long-lived NLKP tracks will there-
fore presumably be most easily identified in the cascades
decays of KK quarks and gluons. Such events will be
characterized by many jets and missing transverse energy,
which will satisfy trigger criteria, and the jets will fix the
interaction point. The possible signals are:

(i) Phase 1: Prompt decays [, — B'lg, where [ = e, u,

7, the mass splitting between KK states is Am ~
O (GeV), and the final state lepton is consequently
very soft.

(ii) Phase 2: Decays H*' — B'ff’, where ff' = e¢Tv,,

wrv,, ud, 7" v,, c5, where the decay length is c7 =
100 nm (for R~! =< 1400 GeV) and may be effec-
tively infinite for collider phenomenology. Again
Am ~ O (GeV), and the final state fermions are
very soft. Depending on the observability of the final
state fermions, the exotic signatures could include
nonprompt decays producing displaced vertices,
tracks with nonvanishing impact parameters, track
kinks, or even disappearing charged (H*!) tracks
that mysteriously vanish after passing through only
part of the detector. In the parameter region where
the H*! is effectively stable, it may be produced at

PHYSICAL REVIEW D 75, 036004 (2007)

low velocities, resulting in time-of-flight anomalies
and highly ionizing tracks.

(iii) Phase 3: Decays B! — H™!ff’, where the ff' pairs
are as in Phase 2, with decay length typically satisty-
ing ¢ = 10 mm (except in a tiny region, in which
could be even shorter than 10 wm), and again Am ~
O (GeV), and the final state standard model fermi-
ons are very soft. The possible signatures are as
above, with the exception that, since the NLKP is
neutral and the LKP is charged in this case, NLKP
events could instead be seen as charged (H™=") tracks
that mysteriously appear somewhere in the detector.

(iv) Phase 4: Decays A! — H*!ff, where f = e, u, T,
u, d, s, ¢, and the decay length is constrained to the
relatively narrow range 10 um < ¢7 < 1 mm. The
signatures are as in Phase 3.

Following these collider results, we reintroduced the KK
graviton G' and considered cosmological constraints. For a
low enough reheating temperature after inflation, (portions
of) all four phases, even Phases 3 and 4 with charged
LKPs, were viable, justifying our efforts to classify their
collider signatures.

At the same time, much of the phase diagram is excluded
if one assumes a standard cosmology with reheat tempera-
ture above R™!'/25. The final results are given in Fig. 8.
Phases 3 and 4 are excluded by bounds on stable charged
particles, Phases 1 and 2 with R™! <810 GeV are ex-
cluded by bounds from the observed diffuse MeV photon
flux, and Phases 1 and 2 with high R™! are excluded
because WIMPs are overproduced through thermal
freezeout.

The resulting cosmologically preferred region is
bounded on all sides, resulting in the “triangle” shown in
Fig. 8. In this region

(i) The Higgs boson mass lies in the range 180 GeV <
my, < 245 GeV. This region is allowed by indirect
bounds on m;,, and implies the “golden” four lepton
signatures for Higgs bosons at the LHC.

(i) The compactification radius satisfies 810 GeV =
R™! = 1400 GeV. The LKP mass is therefore in
this range, and the splitting between the LKP and
the heaviest n = 1 KK particle, the KK gluon g!, is
never more than 320 GeV. KK particles will there-
fore be copiously produced at the LHC. On the
contrary, none of these new particles would be pro-
duced directly at the International Linear Collider
operating at center-of-mass energies below 1.5 TeV.

(iii) The NLKP to LKP decay is H=! — B'ff', with
decay lengths satisfying ¢7 =4 um, with effec-
tively no upper bound. Generically, then, long-lived
tracks are predicted for the LHC, leading to the
wealth of novel signatures detailed above.

These features differentiate mUED from essentially all
other proposals for new electroweak physics. In particular,
they differ markedly from supersymmetry, in which all of
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these features would be viewed as extraordinarily
unnatural.

‘We have not examined the cross sections for, and back-
grounds to, NLKP production at the LHC in these various
phases. Such an analysis is, of course, required if one is to
conclude anything about the observability of these inter-
esting phenomena. We have also not considered the exten-
sion of mUED to include neutrino masses and KK right-
handed neutrinos [21]. The existence of these new states at
mass R~! provides an alternative nongravitational decay to
the decays to G' discussed here. Given the simplicity of
mUED and the results obtained here, all of these directions
merit further investigation.

We note also that the mUED scenario provides a simple
particle physics framework for seemingly exotic cosmol-
ogy. For example, it is remarkable that the values of R™!
that give significant B! thermal relic densities also give
extremely degenerate B! and G' states. Throughout the
mUED parameter space, it is quite easy to envision scenar-
ios in which the dark matter is produced from the decays of
cold, thermal relics with a wide variety of lifetimes. For
example, we can consider decays at ~10° s, as in the
superWIMP framework, or during the matter-dominated
epoch of the Universe, as in metaCDM [28], or even life-
times longer than the age of the Universe. In the context of
cosmological small-scale structure, dark matter from de-
cays may help alleviate problems facing standard cold dark
matter (CDM) models [28—-31]. These unique phenome-
nological signatures suggest new avenues for investigating
the identity of dark matter.
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APPENDIX A: DECAY WIDTH ANALYSIS

1. Notation and approximations

We use the following notation for the electromagnetic
fine structure constant, the weak mixing angle, the hyper-

charge and weak coupling constants, and the 4-
dimensional Planck mass:
_e 11 (AD)
T ar T BT
sin?6y, =~ 0.238,0.231, (A2)
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e

I'= , A3
§ cosfy, (A3)
e
= , A4
& sinfy, (A4)
M —1 ! M, =~ 172X 10 GeV. (A5)
= = w ~ |, €V.
4 \/167TGN »\/Q I

In the first 2 lines, the first numerical values given are
appropriate for processes with momentum transfer of
~1 GeV, and the second values are those at the weak scale
appropriate for evaluation of the KK mass spectrum.
Throughout this paper, we consider decays X(M, p) —
Y(m,, q1)Zy(my, q2)[Z5(m5, g3)], with mass and momen-
tum labels given, where X and Y are heavy KK level n = 1
particles and Z, and Z; are light KK level n = 0 (standard
model) particles. We neglect the effects of standard model
particle masses in all open decay channels. With this
approximation, the two- and three-body decay widths are
1 M?*—m} s
=1 M

(A6)

M (M2 —=m3,)(m3, —m3)/m, 1
o= [ dm? dm3y————=|M[?,
3 jm% lejO mys3 2567T3M3| |
(A7)

: 2 — 2
respectively, where m;; = (q; + ¢;)*.

In presenting the results for decay widths, it is conve-
nient to define

Am=M— m,, (A8)
2
— ™M
Y= (A9)
Ne = YN, (A10)

where N is the sum of color factors over all kinematically
accessible channels. For three-body decays, we include
only diagrams mediated by off-shell standard model gauge
bosons, and neglect all others, which are mediated by much
heavier KK particles and are suppressed by small Yukawa
couplings. For example, for H*! — B! ff', we include the
contribution from H*! — B'W=* — B! ff’ but neglect the
contributions from H*! — ff''* f'f* — B ff'. For all
three-body decays, we also assume Am << myy.

Finally, in the width formulae below, the symbol =
appears before expressions that are valid assuming Am <
M.

2. Two-body nongravitational decays

Feynman rules for the relevant vertices are

BRI —igly,, (A1)
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= . & m Am 5[ TeV 2
H "[Bvi—" —i— —Py, (A12) ~ -16 il B
RVI Lomy b 1.96 X 10 GeVNC[GeV} [ i } (A27)
T n— .8 m 5
AMRLTT — i — — 9y Py (A13) 1 rGeVI5SrT M 127-1
2m = 10lm—|—| | = , A28
P Rl b 1
The decay widths are
2]

DUk — Bl = e (=021 +2) (A4

_ N ngIZ M3
(B! — H=1£f) = c el
( 1) = 14567 w2,

X [(1— + 73y + y? + y3
 3a (Am) s [(1 =)+ 73y +y* +y°)
= o’y M (AL5) + 12y2(4 + 3y) Iny] (A29)
Am 721 TeV
~2.87 X 107 GeV[m} [e} (A16) - Nca? (Am)* (A30)
GeV]L M 2407rsin @y cos> Oy mi,M?
GeVTRr M 77!
~|6.87 X 10712 m[—} [—H (A17) Am B5rTeV T
Am | [ TeV ~6.52 % 1077 GeVNe| — [ | —- A31
‘ N Gev] | M &30
and
FH = Ly) =T(A' = 1L] AlS8 1 VI5r M 127-1
( RVZ) ( RL) ( ) ~[3.03 m— Ge ’ (A32)
Ne| Am | | Tev
8 M g1~ yp A19
T 3o m_%v ( y) ( ) and
_ N g4 MS
2 2 (Al — H*LfF __Ycs M
~ .62 m721 (Am) (A20) ( 1) 1228873 m,
2sin“Oy my, M 5. 3
X[ =) =Ty =7y +y°)
20 Am P[TeV — 12y*In A33
=810 % 1070 Gev L] 22PN 2281 any) y*iny] (A3
mz | GeV M
Nca?  (Am)
m2rGeV [ M 77! ~ . (A34)
~(244X 108 m—| — | | =— . A22 60msin*@y,  m,
ool lw]] e v
Am 75
~ ]. X —-13 R
3. Three-body nongravitational decays 1.40 %10 GeVNC[GeV} (A35)
Feynman rules for the relevant KK vertices are
, - 1 TGeVP57-1!
n +n 7. &
A"(p)H="(q)W,;: E(P + 9 (A24) 4. Gravitational interactions
The decay widths are

Feynman rules for gravitons in UED have been pre-
_ N g2 g/2 MS
P(H*' = B'ff) = oo

sented in Ref. [9]. Here we abstract those most relevant
for the phenomenology of the lightest KK states.
491527 m¥,m?3

The graviton interactions are given by
X [(1—y)(1+y+ 73y +9y3)

1
L= —G.,T", (A37)
+12y%(3 + 4y) Iny] (A25) ' ;2M4 pys s+
Nea? (Am)S where the sum is over KK levels. The stress-energy tensor
=~ =) 3 YY) (A26)
807rsin” @y cos Oy myM

receives contributions from scalars, fermions, and gauge
bosons of the form
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T = Z[(n‘“’n” + nHonP
m=0

_ ,r’,uvna'p)DpHmTDa_Hn*m
+ prrm3 H™ Y, (A38)

ry = 3wy o,

m=0

L. _
~ S P ivD Y

Mo B0
| - _

DR
ner PPy ")

S+ ) R

ORIy ) + Lo iy

(R L)} (A39)

TTZ’V — i |:Fm,u,pFZ—mV _ inmem Fn mpo
m=0

o~ o)
(A40)
where /%(x) = 0, m, = n/R, D is the covariant derivative,

and F)}, = 9,BY — d,B}.
The sum over graviton polarizations is

Kk, k kg
Z (k)ém*(k) - 2<T’MP m2 )(nva' - 2 >
i my my

kK, K,k
+ 2<77,ua' 2 ><771/p -

2
4 k,k, k k.
o))

5. Two-body gravitational decays

Feynman rules for the relevant KK vertices are

- 1
G (D0 "2 | 1,070z = )
1
= (y?p, — my,)] — E(p +42)uYy

1
-5+ a7, | (A42)
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—nm .7 1
GZ,VBZZ(p)B% 1(512)- 12—M4|:77a,817u512y - nuapﬁqb/
MNP u92a + n,u,oznvﬁ(p ’ q2)

1
- Enw(nag(P “q2) — Pg42a)

1
+ mnmn—m<7’,ua M — Enuunaﬁ})

+(a e ,3)}. (A43)
The decay widths are
! Gllp) = L M 1—y)*2+3 Ad4
(I — R)_KMZ 4( W y)  (Ad4)
5 (Am)*
~ Ad5
61 M2M ( )
~8.97 X 1074 GeV A46
o] [5r] o
~ [7.34 X 1015 s [Gev} [ﬁ} (A47)
TeV
and
2 7
L, _cosThy M — (1 + 3y + 612
I'(B'— G'y) v Mim?(l ¥ (1 + 3y + 6y%)
(A48)
5cos%0y, (Am)?
~ A49
Omr M; (A49)
~ 455 X 10-% Gev| 2L (AS50)
GeV
371
~ [1.45 X 1013 s[@} } (AS51)
Am
6. Three-body gravitational decays
The relevant KK interaction vertex is
*n n . 7 m
H= (P)G,unp . IZ—AZ(WWUW + nuo'nvp
= NuuMpe)P’- (A52)

The decay width is
M = G'f7)
Ncg? M’
1382477 m3,M3m}
— 245y% — 50y* + 4y°) — 60y*(2 + 3y) Iny]
(A53)

[(1 = y)(1 — 5y — 5y?

N2a (Am)’

~ A54
637%sin®0y, mi,MIM> (A9
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(2]
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(5]

Am

7
~5.58 X 1075! GeVNC[—} [ (A55)

GeV

TeV 72
m
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7 27-1
~[ 118 x 1025 GeVT M . (A56)
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