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PHYSICAL REVIEW D 68, 085018 (2003

Graviton cosmology in universal extra dimensions

Jonathan L. Feng, Arvind Rajaraman, and Fumihiro Takayama
Department of Physics and Astronomy, University of California, Irvine, California 92697, USA
(Received 8 August 2003; published 31 October 2003

In models of universal extra dimensions, gravity and all standard model fields propagate in the extra
dimensions. Previous studies of such models have concentrated on the Kaluz&Klgpartners of standard
model particles. Here we determine the properties of the KK gravitons and explore their cosmological impli-
cations. We find the lifetimes of decays to KK gravitons, of relevance for the viability of KK gravitons as dark
matter. We then discuss the primordial production of KK gravitons after reheating. The existence of a tower of
KK graviton states makes such production extremely efficient: for reheat tempefatyendd extra dimen-
sions, the energy density stored in gravitons scaleﬁg'igd’z. Overclosure and big bang nucleosynthesis
therefore stringently constraifgzy in all universal extra dimension scenarios. At the same time, there is a
window of reheat temperatures low enough to avoid these constraints and high enough to generate the desired
thermal relic density for KK weakly interacting massive partifféIMP) and superWIMP dark matter.

DOI: 10.1103/PhysRevD.68.085018 PACS nuni$erl1.10.Kk, 12.60-i, 95.35+d, 98.80.Cq

I. INTRODUCTION logically, however, KK gravitons may play an important role.
For example, the LKP may be the lightest KK graviton
Since the initial work of Kaluza and Kleifl], models of [27,28. It is not easy to verify this, since loop diagrams
extra dimensions have played an important part in particlénvolving gravitons are divergent. On general grounds, how-
theory. These ideas have been revived in models ogver, one expects the mass corrections to &e/m
TeV-scale universal extra dimensioi$ED) [2—4]. In these  ~(MpR) 2, since gravitons decouple &8p— . This is
models, as in Kaluza-KleiiKK) theory, both gravity and potentially very small, and, since loop corrections to other
standard modelSM) fields propagate in aD=4+d dimen- KK particle masses are typically positifé], it is not un-
sions. likely that in UED theories, the lightest KK graviton is the
In models where the extra dimensions are tori, everyLKP. In this case, all SM KK particles eventually decay to
known particle has a tower of KK partner particles, eachthe KK graviton, and the KK graviton is the only possible
carrying KK number. Momentum conservation in the extrakK dark matter candidate.
dimensions implies KK number conservation. Such models KK graviton dark matter interacts only gravitationally and
predict a plethora of unseen massless particles and a tower gfa superweakly interacting massive particle, or superWIMP,
stable KK particles, both of which are phenomenologicallydark matter[27,28. As such, it is impossible to detect in
problematic. conventional dark matter experiments. However, its potential
For more general geometries, unwanted massless mod&apact on big bang nucleosynthe¢BBN), the cosmic mi-
may be projected out, and there are fewer or no stable Kkcrowave background, and the diffuse photon flux provides
particles. A particularly interesting situation occurs whenalternatives for dark matter searches. In evaluating such sig-
there is only aZ, symmetry(called KK parity in the extra  nals, it is important to have accurate, rather than just order of
dimensions. An example of this situation is the c&se5 magnitude, results for decay times of WIMPs to super-
where the extra dimension is the orbif@d/Z,, whereS'is ~ WIMPs. We determine these in this study.
a circle of radiuR [4]. For SM fields, the geometry projects  In addition, KK gravitons may be produced in the early
out half of the massless modes, leaving only the 4D SMuniverse during the reheating era following inflation. The
degrees of freedom, and also breaks KK number conservg@henomenon of gravitino production after reheating in super-
tion, rendering almost all KK partners unstable. However,symmetric scenarios is well studig@®9,30. The case of
the geometry preserves KK parity, and so the lightest KKUED is qualitatively different, however, as there is an infinite
particle(LKP) is stable, making it a viable realization of dark tower of new particle states that may be populated at high
matter with an extra-dimensional origif]. Among SM KK temperatures, with the density of states growing rapidly at
partners, the LKP is ofteB', the KK partner of the hyper- large masses, especially for largeAs we will see, in UED
charge bosof6]. Formy,~TeV, Bl is an excellent weakly- primordial KK graviton production is in fact very efficient,
interacting massive particlaVIMP) dark matter candidate, and constraints on dark matter abundances and BBN provide
with a thermal relic density consistent with observations andstringent bounds on early universe cosmology in all UED

promising prospects for detecti¢@—13]. scenarios, irrespective of which particle is the LKP and other
These studies, as well as those exploring the collidespectrum details.
[6,14-18 and low-energy4,19—25 implications of UED, We emphasize that the bounds we derive apply to UED

have focused on the SM KK spectrum, typically neglectingscenarios in which all SM particles propagate in all extra

the gravitational sectorSee, however, Ref$15,26.) KK dimensions. The acronym UED has also been used to refer to
gravitons couple extremely weakly, so their effects are insigscenarios in which all SM particles propagate in some of the
nificant for colliders and low-energy experiments. Cosmo-available extra dimensions, but there are additional very
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large extra dimensions in which only gravity propagdse=s, I — = _

e.g., Refs[15,26)). In such scenarios, gravity may be strong K(h)=7( MNPhynp—hMh oy —20MN e P

not far from the weak scale, and upper bounds on the reheat

temperature are extremely stringent and may be as low as +2h yh"™ ), 3)
~MeV [31]. ' ’

The paper is organized as follows. In Sec. Il we derive thgi, FEF"{\',' andhMN= 77MPnNQFPQ_ Also
interactions of KK gravitons coupled to UED SM fields in
general toroidal dimensions. In Sec. Ill we then obtain the N (B
KK graviton interactions for UED orbifold compactifica- £o(¢) E(d))'g K @
tions, specializing to the case of tB&/Z, orbifold discussed s the flat- -space matter Lagrangian, and
above. For this case, we first show that boundary terms com-
ing from the ends of the interval are typically negligible and N )= N oL
then determine the spectrum and bulk interactions of the or- ()= L— 2— (¢)

bifold theory. In Sec. IV we find the decay rates for next-to- 79w 9=7

. . 1 l
lightest KK particle(NLKP) gauge boson8"—~G"+y and s e flat-space stress-energy tensor. To reproduce the stan-

. 1
Ig:m\/l\(/)entsf;pe n—>e(53t r; awtec'z:] (raelervsgcr:g;? :gpﬁé\;\ﬂ'(\:ﬂepfgf‘:ﬁeﬁlzt edard gravitational interactions among massless modes, we
i primordial abu Ve lequire M8 °TIiL;=(167Gy) '=Mj. Defining h=Mh

of KK gravitons produced after reheating in Sec. V and de- ' ] i
rive constraints on the reheat temperature in Sec. VI. Ougnd ¢=M,¢, we find the linearized action

conclusions are given in Sec. VILI. Ly
Slijn: J’ d4X( H J’ '_y
i Jo L

1
K+ Lo(d)+ 531~ hMNTMN(¢)

(5

Il. GRAVITON INTERACTIONS

FOR TORUS COMPACTIFICATIONS ®)

To discuss graviton cosmology, we must first derive the
interactions of KK gravitons in UED. Graviton interactions
in extra dimensions have been discussed previously, partiCL\.f\—'
larly in the context of theories where SM fields are confined
to four spacetime dimension&See, e.g., Refd.32,33; we
will follow the analysis of Ref[32] in discussing the linear-
ized gravitational action.Here we instead couple the gravi-
tational sector to extra-dimensional SM fields and also
implement the orbifold projection. - Tuv Ty

We begin in this section by determining the couplings of Twn= T, T/ (8)
KK gravitons and KK SM fields in the case of torus com-
pactifications. ForD spacetime dimensions, the action for where ¢=6'¢,,. For simplicity, we will henceforth take
matter coupled to gravity is R;=R for all i. Each component field is then conventionally

decomposed into 4D fields through the Fourier expansion

here the kinetic terms are now canonically normalized.
To write this in terms of 4D fields, we define

h,uv+ 77,uv¢ A/,LJ )

A, 26 @

hyn=

D_ \pD-2 D ) - -
s’=Mp f d®x[gl [R+L(4)], (1) ()= S (e IR
n
whereMp is the D-dimensional Planck scale andlis the R
Lagrangian for all matter fields, which we denote generically (X,y)= 2 A |(X)e L €)
by ¢. We use coordinates<""=(x“,y‘), where Gsyi
gZWRiELi . R
— — n
Linearizing about flat space usingyn= 7vn+hun s iy (xy)= 2 B (0e" VR,
wherep=(1,-1,—1,...,—1), we find the Fierz-Pauli ac- "
tion [34] and similarly for the stress-energy tensor component fields.
Here ﬁ-)?z >, ny', where ﬁ=(n1, ...,Ng) and eachn;
b b2 L runs from— to «. We will also use the variable
Sh=mg 2 [an{TT [ "ay
! ii 1/2
5”ninj
_ _ 1 _ my= R2 (10)
X|K(h)+Lo(¢)+ EhMNTMN(Q{))}v 2
_At each massive leved, part of the f|eIdsAM , AI”V, nd
where the graviton kinetic terms are contained in ¢, j are absorbed to give mass to the graviton sin.ﬁt,;aln an
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extra-dimensional

breaking. The resulting physical states adefining n2
=5niny)

~ snR
h” h” Si— (&MAZJ+0" A”])
n2
nni\(2ad,9, My
—(6ij+2 L;)(g £ £ )¢>.,, (11)
n m>
- 5k'n
ALi=Pij An +2i——4d ¢J| (12
B =\2(PyP;+aP;Py) df. (13
where we have defined
ninj
Pi=|di——z | (14)

anda satisfies 34— 1)a%+6a=1.

PHYSICAL REVIEW D68, 085018 (2003

realization of spontaneous symmetry : 1.

- -1 - -
L=~ ZF;‘W,F‘“‘”' + 5 MEALAT, (20
T B R T
¢—§5ﬂ¢ij5’ ¢ _Emn¢ij¢ : (21
and F;‘w i—%AD. ﬁ,fAfLi . The interaction terms of the non-

zero modes are

Tnmt j d4X ZQ [‘CE int+ ‘CR int+ 525 int]' (22)

The Lagrangian for the physical fields needs to be treated
slightly differently for the zero modes versus the non-zerowith

modes. For the zero modes, the action is

St [ LG+ 19
where
_l hOMV,ph hO hO,u 2h0,uv hO P
- 4( Wy
0 Ov,u Ouvi 1 m 40 0
+2h%h Z FOiFo i+ = 5 %3,
+ Ej 0 3,B0 (16)
1 1 . 1 y
0 Ouv 0 40 00
‘Chmt M4h,u1/T " +M_4A,uiT MI+2_N|4¢ijT I],
(17)
andF9, ;=a,A%—d,A%;.
The non-zero modes have the kinetic terms
nKE.— fd“x S L+ LatLn, (189)
n#0
where
L= 2 (Rwesfi R oRe Fio
h™ 4( uv,p s W py
1 1 - -
+2h”h e - 2 h“’”h +4mh hn,
(19

n#0
where
i 1 =i chu
‘C’h int— 2M4 h,LLVT " ’ (23)
R P
£Aint:M_4PijA'uT,u : (24
n 1 ~ NS —nij
¢ int— 2_M4¢ijT ) (25
-rij 3 77’“}1-n 37 220" (9"T},) +2aP Ty,
P.. .
! — 2Py Py TR (26)

f 2(1+a(d—1))

Note that in all expressions above, both (n,, ... ,ny) and
(—nqy,—ny, ...,—ngy) are to be included in sums over
+#0, and alld? pairs are to be included in sums ovgr

IIl. GRAVITON INTERACTIONS FOR ORBIFOLD
COMPACTIFICATIONS

The analysis so far is valid for compactification on a torus
SY. For reasons described in Sec. |, we are most interested in
the case where KK number is broken to KK parity. This may
be achieved by compactifications on orbifolds.

For simplicity, we now concentrate on tBe=5 case with
coordinatesxM=(x*,y), where the extra dimension is an
interval SY/Z, of length 7R [4]. This geometry can be de-
scribed as an orbifold of a circle compactification, where we
orbifold by the symmetryy— —vy. In the SM sector, this
symmetry is accompanied by the transformatidf)s—V,,
and Vs— —V; for the gauge fields. The 4D scalar is pro-
jected out, and the massless sector includes only the 4D
gauge field. A similar projection on fermions removes half of
the degrees of freedom, leaving only the chiral fermions of
the SM.

In the gravitational sector, we will project by the action
h,,—h,,, h,s——h,s and hss—hss undery——y. At
the massless level, this preserves the 4D graviit&g(x),
while removing the gravi-vectork® xs(X) and h J(X). The
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gravi-scalarh25(x) is preserved by this projection; we as- hw(x,y)zho ()

sume that some other physics stabilizes this mode and gen-
erates a large mass for {fThe phenomenology and cosmol-
ogy of an extremely light gravi-scalar is discussed in Refs.
[35].) The final massless sector is, then, just the SM plus the
4D graviton.

A. Boundary interactions

Prior to discussing the bulk interactions, we need to con-
sider the boundary terms. These arise because the space we
are considering is singular gt=0,7R, and hence we expect
new interactions at these points. The nature of these interac-
tions can only be derived from an underlying microscopic

As,(x,y)=A%5,(x)

+upv
n n_y n . n_y
+\/§n§>:O hl,,(x)cos +h?, (x)sin—|,
(29
n n
2> ']rsl,(x)cos—y+A'15V(x)sin—y ,
n>0 R R

(30

theory (such as string theoyythat smooths out the singular-  ¢.(x,y)= d>‘155(><>

ity.

Nevertheless, we can make some qualitative statements
about these terms. If the singular points are smoothed out to
a sizelg, these interactions are localized near the singular
points in a region of sizéz. We can formally write these
interactions in the form

B Rdy | [y TR-y
=[x [Tl e 0

where f(w) goes to zero fow>1. We have assumed that
the resolution of the singularity is such that KK parity is
preserved.

The basic assumption we will make is thatc wR. This n

is not unreasonable; for example, a natural guess for thﬁ{e"

scalel g would be the(higher-dimensionalPlanck scale. If
we then consideR™*~1 TeV, we findl-*~10'° TeV, so
indeedl < 7R in this case. i r<#R, we can estimate the
boundary terms as

|
S~Tr—';f(0) J d*x £(x), (28)

n
22 h

n n
V23 | ¢ eyx)c0S2 + ¢ ol x)sinL
n>0 R R

T, (%Y)=T0,(X)

(31)

n D/ n . y

+\/§r]§>:0 T} (X)coso + T8, (X)sinT,
(32

and similarly for the other component fields.

n

45,0 Al s, and ¢" o5 fields are projected out by

The physical graviton fiel@s" at KK level n>0 is

R
+;LV+ 7],41,V¢?—55) + H(a#AESV"F c?,,ArlSM)

R2

~ 5 0u0(2¢1 5. 33

that is, the boundary terms are suppressed by a factor |, this new basis, the linearized action for tBefields is

= /7R, which is small. Thus, to leading order, we can ignore
these terms.

KK number-violating terms are generated at one loop S's :J' d%x
n

[6,36]. The tree-level spectrum already breaks KK number,
since certain modes are projected out by the orbifold action.
These are translated at loop level to interactions that violate
KK number. The typical decay widths of the higher KK
modes are therefore am, .

There is another source of boundary terms: certain m
nipulations of the bulk terms require integration by parts,
which produce boundary contributions. These terms are also
suppressed for the reason given above.

B. Bulk interactions

Because we project out modes that are even or odd under
y——Yy, it is more convenient to replace the conventional
Fourier expansion of Eq9) by the expansion

085018-4
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1 R
L3 Z(G”’”PG“ -G, GM#—2G"" GJ * A;‘L:ah— —d,a"s, (44
+2G"G"* ) - %mﬁenwezv and identifying coefficients of cog/R, we find
1 2 rn ™ = i F mpEn—m_ 1 EM En-mpo
+ZmnG G", (37) +uv— “o o vp Zn,uv po
1 +m.m AmAn—m_ E AnAn—mp
gint GZV rJrMV- (38) nttn—m| MM 2 Nuv p ’
_ (45)
The KK graviton propagator s
B (k) where FEVEaMAT—aVA/T. The G}, (9)A7(k)AZ "(ky)
(GM G )= mvp (39) vertex is therefore
uv=po 2, 0!
—my+ie
where X;Lvaﬁ 2M naIBklMKZV n,uaklﬁKZV 77V,Bk1,u,k2a
K.k, k,k 1
,uvp(r(k) 2 77,up_ 2 771/(7'__2 +7],ua77vﬁ(k1 k2)_ nuv(naﬁ(kl k2) klﬁkZDz)
mﬂ mn
2 Kuks Kk, MMy (77 7 —En 7 )+(a<—>/3) :
+ n,ua'_ > nvp_ m2 n'''n-m pnallvB 2 Tuv af
my, n
(46)
4 K.k, KK,
T3\ T T2\ e T2 ) (40 The fermion couplings may be calculated similarly. The
" " stress-energy tensor for 5D Dirac fermions is
andm,=n/R.

To determine the KK graviton couplings, we must deter- T ZiPD — 1— b
mine the matter stress-energy tensor compongnts’. For MN= 7mn( Y Dpd—myoihif) — Elﬂl YmDnY
gauge fields,

1— 1 1
1 2¢' Dmy—5 > TMNY P(yiypth) + < (7M(¢| )
TMN:FMPFPN_ZﬂMNFPQFPQ- (41)
1 —
We expand the gauge field in harmonics +2ndiymd), (47)

a,(x,y)=a2 ,(x)

>

wherem,o is the 5-dimensional mass of the fermion. We will
consider aZ, action on the fermion which acts agx,y)
=—vys(X,—Yy). This preserves the zero mode of the left-
handed fermion, but not that of the right-handed one. In this

(42) case, the expansion in harmonics is of the form

ny n
n n H
aw(x)cos—R + a,M(x)sm—R ,

as(x,y)=a% 5(x) P(X,y) = ¢2(x)
+\2 >
n>0

ny . ny
aiE(x)cosﬁ + a’ls(x)smﬁ :

+\/—2 {lﬂL(X)COS +|¢R(x)smr:?y

(43 (48)

All arl# anda', ; fields are projected out by the orbifold.
The physical gauge field], at KK level n>0 is

|95 YsW(X,y)=\2 2, Imn{wL(X)sm +I</1R(x)cosng

This analysis differs by a factor of 2 from the journal version of (49
Ref. [32], but agrees with the later e-print version hep-ph/

9811350v4. The stress-energy tensor for fermions is
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n

— _ P _ B 1 )
T8 ,,= mE:O D (YL YDl "= My gyl ™) eﬂ<p)=ﬁ(o,—1n 0), (53)
—Eﬁiw D,y "— EWW Doyl " 1
27t e 2me e € (p)=—(p.0,0E). (54

1 — 1
- = PPy ™+ = + . o . o
2 " WY ¥ 5 20t M- o) The graviton polarization vectors satisfy the normalization

and polarization sum conditions

_ 1
XU + 7 0,0y )

eS/.LI/ S’ % 46331 (55)
1 — -
+Zav(ernl J’MWE m)+(RHL) ) (50) 2
e;w pa ;wpff* (56)
where lﬁg(x):O. The KK graviton-fermion-fermion vertex
for G;‘w(q) JM (k1) "~ M(ky) interactions is then whereB,,,,, is as given in Eq(40).

With these conventions, the helicity amplitudes for the

I decay of a KK hypercharge gauge boson to a KK graviton
Y,uV 4M 7]#1}[2(7 k2p mp— m) (7 klp mm) are y VP ge gaug g
1 1+ 10 *
~(7Kay= M- m)] = 5 (Ki+k2), 7, IMB*(k)—=G*(p)+ ¥~ (q))|
= costyX*"*Pe (k) ez * (q)ed(p)
1
- E(kl+k2)vyu . (51) 4 9
COS&W mBl mGI 5
Note that if the fermions in this vertex are on shell, only the \/—M4 mZa ma. |’ 57
last two terms remain.
M BlO k Glil + ¥
IV. NLKP DECAY WIDTHS INTO LKP GRAVITONS | B - ((?) 4 (q))| +1x
= cosfwX*"*Pe (K ez * (q)e,,* (p)
Using the vertices of Sec. Ill B, we can now calculate
Feynman diagrams involving gravitons and SM fields. We 3 2
are particularly interested in the decay widths for applica- _ Ccosby Mg1| Mg (58)
tions to models of dark matt¢R7,2g, where an NLKP SM V2M, mgt mél '
field decays to a stable LKP graviton. The NLKP may either
be a gauge boson, such Bs, or a fermion, such as™. 1+ 142 .
These decay widths may be calculated using the usual trace [MEB™(K)—G Ep)“' Y (q))|+
techniques or by helicity amplitude methods. We have done = COSBWX“”“Be;(k)e (q)e*z*( )
both and checked that they yield identical answers. We
present the helicity amplitude analysis here. m2
The polarization vectors of a massive graviton, given the _ ‘305‘9sz1 Gt (59
normalization conventions of Sec. Il B, are M, B él
_2 *
Cu 26# € The total squared amplitude, averaged over the initial three
- 0 polarizations and summed over final states, is
e;w=\/§( €, Ot e e*)
1
2 - M Blh k Glh/ + hn 2
:\ﬁ(&ﬂ o280, 3,2, IMEBH0=G (p)+y"(@)
2 12 2 4
+ o . me m m m
Here e, and e are the polarization vectors of a massive COSZ Ofw '321 _ _;51 6+ 3_§1+ _i‘l '
gauge boson; for a massive vector boson wittf 9 M3 Mg1 Mg Mg
=(E,0,0p) and massn, (60)
1 .
€, (p)=—=(0,1j,0), (52  and the decay width of a KK hypercharge gauge boson to a
V2 KK graviton is therefore

085018-6
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cog 6y, mél mél 3 - 1_08 s is born out. NLKPs therefore decay .after BBN, and
I'(B'—-Gly)= — | 1= their decay products are subject to rather stringent BBN con-
1447M 7y M1 Mg1 straints.
Even relatively mild degeneracies may disrupt these ex-
mG pectations; however, as faxm=my xp— M xp<<Mkp the
1+3m_51+6m31 61 Jifetimes scale ag(Am)~ 2 and r<(Am)~* in the gauge

boson and fermion cases, respectively. This behavior is mir-

The decay width of a chiral KK fermion to a KK graviton rored in the analogous case in supersymmetry of superpart-
may be calculated similarly in the helicity amplitude formal- gﬁgﬁygggaﬂng;f[ Zgéavx'gg; ;Egr r?:t?\zsggr%el;ngfcsj:)ae\r/vas
ism. Forp#=(E,0,0p), the helicity spi )
Ism. Forp”=( P). the helicity spinors are WIMP dark matter were identified. The similarity of Egs.

E+m &t E+mé (61) and (66) to the supersymmetric case indicates that KK
ut(p)= i) u- ¢ _) graviton dark matter is also a viable superWIMP candidate
VE-m ¢ —VE-m¢ with promising possibilities for detection.

where §+T:(1,O) andng:(Oll), and we take the Dirac V. REHEATING AND KK GRAVITON PRODUCTION
representation.

The helicity amplitudes for a chiral fermion decaying to a Infl
KK graviton are, then,

KK gravitons are produced copiously after the big bang.

ation dilutes these gravitons away, but their number den-
sity may be regenerated during reheating. The situation is
analogous to the case of supersymmetry, where gravitinos

1=+ 1+1 0+
[M(FLR(K =G () + L R(A))] may be produced after reheating, and constraints bound the

T +1x reheat temperature togy=10°— 10 GeV [29,30. As we
=Y#uT(q)u=(k)e,,* (p) :
will see, however, the presence of a tower of KK levels leads
3 2 1312 to much stronger production of gravitons, and much stronger
1 Ma) o Ma 63) bounds on reheat temperature in UED models. In this section
2My4 mg: may| we estimate the density of KK gravitons produced after re-
f heating for UED models with an arbitrary number of extra
1+ 10 0+ dimensiond. In the next section, we discuss the cosmologi-
|M(vaR(Q_>G (P)+ fR(A))] cal significance of these results. Throughout we assume that
=Y”Vui(q)ut(k)eg,,(p) the extra dimensions remain fixed in size.
UED models are characterized by two hierarchically sepa-
4 2 132 rated scales: the KK mass scai@~TeV, and the 4D
1 mfl mGl 8 i i
== —|1-—| , (64)  Planck scaleM ;=~1.7x 10" GeV. For this analysis, cosmol-
\/5M4 Mgt M;1 ogy introduces another scale, the reheat temperagse As

_ UED models are 4D effective theories of some higher-
where we have assumed a massless zero mode fermion. Thgnensional theory, they are valid only up to some cutoff

squared amplitude, averaged over the initial two polarizascaleM, which is much smaller thakl , [37]. We therefore

tions and summed over final states, is assumel gu<Mg, and soTgy<<M,.
1 In terms of these scales, the expansion rate of the universe
< 1h 2 is H~T?/M,. The interaction rate of SM particles and their
2, 0T |M(f RK—G (p)+f q))l KK partners with each other issyn~ «?T. The decay rate
o . of SM particles at KK leveh may also be estimated to be
1 m?1 mél mf21 mle I'spy~am, . Given the hierarchy betweehand My,
=—-—1- 3+2 . (65
6 M2 m? m2, |m2
4 fl Gl Gl
osvn,I'sy>H, (67)

The decay width of a chiral fermion to a KK graviton is i ) o
and so SM particles and their KK partners remain in thermo-

m’. m2,]* m2, dynamic equilibrium as the universe cools after reheating. In
D(fl o= o+ GY = 5 _; - ‘;’ 2+ ‘; contrast, the time scale for graviton interactions is very long.
96mMjy M, M1 M1 For example, the interaction rate fap%+ ¢pp— ™+ G",

(66)  Where k, I, m, andn specify KK levels anda, b, andc
label SM degrees of freedom, iggn~ T3/Mf1 Similarly, as
The decay widths of Eq$61) and (66) provide accurate discussed in Sec. 1V, the decay rates of KK gravitons are
expressions for NLKP lifetimes in the LKP graviton sce- I'c~my/Mj. These rates are therefore far below the expan-
nario. For NLKP and LKP masses at the weak sddlg.a. sion rate
and assuming mass splittings of the same order, the naive
expectation of lifetimesr=I"1~47M%/(Myea)~10° s ogh,I'g<H, (68)
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and gravitons never reach thermodynamic equilibrium. ford=1,2,3,4..., is thevolume of a unit spherical ball in
The qualitative picture, then, is that after reheating, thed dimensions, and the factor of £/th Eq. (73) accounts for
SM degrees of freedom exist in thermal equilibrium. Occa-ne restriction tan with non-negative components.
sionally, they produce KK gravitons, which are metastable
and decay long after big bang nucleosynthesis. If overprog,
duced, they may overclose the universe or their eventual de-

The number density of KK gravitons at leve| Ngn, IS
termined by the Boltzmann equation

cay products may destroy the predictions of big bang nucleo- dngn
synthesis. T +3Hngn=Cgn, (75
We now work toward a more quantitative estimate of
graviton abundances. During the era of graviton production,
) o where
the expansion ratkl is given by
8mGy w? Con= 2, (0 gkyl . gmaiv YN 4kn i (76)
H2= = (T)T4, (69) G b, b, G [N
3 PR 180\/'29*

is the collision operator. All graviton destruction processes
where pr and g, (T) are the total energy density and the are negligible, given the low abundances and decay rates of
effective number of light degrees of freedom, respectivelygravitons. We will parametrize the collision operator as
The entropy density is

92 Cen=Co[g,(T)nol?, (77)
T
- 3
=75 9 (DT 70 yhere
and the number density of a massless bosonic degree of free- as
dom is o= 5 (78
A7My

3
:LZ)TS. (71 Here a5 is the strong coupling constant af@dis a constant.

™ If every light degree of freedom could interact with every
. other light degree of freedom with cross sectionCgn with
For UED theories, C=1 would be a reasonable estimate. However, global and
g*(T)=ngDd(T). (72) local symmetries restrict which reactions are possmlg, and
not all interactions involve strongly interacting SM particles.
Here gk is the effective number of degrees of freedom perA detailed calculation o€ can be done once a specific UED
KK level, and is a model-dependent constant. In all modelsM0de! is chosen and its spectrum determined. Here we keep
however, there are more degrees of freedom at excited KK analysis general by leavitgas a free parameter. Based
levels than at the zero mode level, where many degrees &" the results of detailed studies of gravitino abundances
freedom are projected out. For the SM, the effective numbeffom reheating in supersymmetric mod¢B0], we expect

of degrees of freedom, organized by spin g-SM:gSM values of C~((0.01), and we will consider a range of
TSV gSM=4+ 290+ 2’4: 106.75. For thes'llzz UEOD 0.001=C=0.1 in present numerical results below. Given the

+IgSMy
89127 g high power dependence of the graviton abundanc@ gn

model, at each KK leveh>0 a gauge boson field has 3 ' . "
gaug e will see that bounds ofigy are rather insensitive to even

degrees of freedom and a fermion field has 4 degrees ﬁ_‘ fo2. Note also that. a€—1 i
freedom, so the total effective number of degrees of freedo IS generous range Iat. INote aiso that, as.=1 s cer-
tainly an overestimate, if a scenario passes all constraints

. KK_ KK, 7.SM4 , ~SM3 _ o - ; o .
IS 95" =00 89122797 2=197.5. A similar counting  gen withc=1, it is certainly allowed.

may be done for other UED models once the number of \wjith these definitions, the KK graviton number density
additional dimensions and the orbifold is specified. satisfies
The functionD 4(T) counts the number of excited modes
in the thermal bath at temperatufe D 4(T) may be approxi- dngn
mated by counting all modes with mass bel®wThis yields, gt " 3Hnen=Colg, (T)nol?. (79
for d extra dimensions,

No

1 T 1 This is most conveniently solved by changing variabigs
Dy(T)= _dvd[_} , (733 —Ye=ngn/s andt—T. dAdia.baticity implies that entropy
2 my S=sRxg, (T)T°R3®=T*"9R? is conserved, and so

where 1 ds_ 31 dR_ 3 dT_ 3 HT 80
> . 1 sat. SRar- M Gt T3t @0
a
Vy =2m am 5T, .., (74) , , :
r 1+9 3 2 With the relations of Eq(80), the Boltzmann equation be-
2 comes

085018-8



GRAVITON COSMOLOGY IN UNIVERSAL EXTRA DIMENSIONS PHYSICAL REVIEW D68, 085018 (2003

dYgn 3+d 1 5 If KK gravitons decay to SM particles¢ gives the total
9T~ 3 fT1s ol (Mnol”. (81)  energy density, normalized to the background photon density,
deposited during the era of graviton decay.

Alternatively, one may take the opposite limit, and as-
sume that KK gravitons decay predominantly through KK
number preserving interactiol®"—n LKP+ X, and nearly
all of the energy stored in KK gravitons exists now in the
form of KK dark matter. In this scenario, the current dark

Ygn changes untilG" production stops at temperatuiie
~m, and then remains constant until gravitons begin to de-
cay. After BBN and before KK gravitons decay, then,

T 3+d 1 : : P o
Ygn= JmRHdT T hTs Colg, (T)ng]? matter energy density, normalized to the critical density, is
” ny e
45V50%(3) Mgk | 3+d AL 87
- / 0 13 eV’
2m® M, VI 25 Pe

wheren® ,=410 cm 3 |s the present photon number density,

Vd TRH 1+(d/2) R >~ ]
X\ =5 (_) —|n|tt@)| (82) andpl= 5300 eV cm 3 is the critical density.
20\ Mkk Numerically, giveng®®N=3.36 anda3~0.1, we find for
D=5:
For comparison with cosmological constraints, it is con-
venient to determine the graviton energy density, normalized gf 1M myg 19 Tru]™
to the background photon number density=2n,, at the {c=1.1x10 " GevxC o
. 200, |1 TeV| | mgk
time of BBN: (88)
myNgn S KK11/2
fa=— | =mYeir 06=8.4x10 7% C| 2* M| Teu ™
v IBBN YIBBN S 200] |1 TeV| [mgx
- (89
BBN| ~ -
= nimgg Y gn. 83
45§(3) g* | | KK TGN ( ) for D=6:
The total graviton energy density is then determined by sum- g1 me 14 Trul®
- > o [5=8.9X10"1° GevxC —
ming overn. For T significantly larger tharmyy , we may 200 |1 TeV| | m
take the continuum limit (90)
1 gKK 1/ m 2 T 5
don= J—A n?"dn, 84 =6.8X10 X C| = A
Eﬁ_)f pd"d &4 06=6.8<10"%Cl566 |7 Tev| | mye)
91
where
and forD=7:
42
Ad=2 qr=22mAm2mt, (85) £ 0x10-35 Gevx |25 gk 1M myg 14 Tru |22
F(E) £e="5.0x eVXE1200 |1 Tev| | me
(92)
for d=1,2,3,4... is thearea of a unit sphere id dimen- KK11Z 21 1132
sions, and the factor of 192n Eq. (84) again accounts for () =3.9x10"7xC (‘;’(‘)0} [l 'IiEKV _RHI
the restriction ton with non-negative components. Integrat- € Mk 93)

ing over all KK levels up tan,=Try, the total energy den-

sity in KK gravitons is Note that for eaclD, these expressions, derived from Egs.

(86) and(87), are not mutually consistent — the energy den-
_z . fT/mKK 1 = Apd-1 d sity in gravitons is deposited in SM particles, or in KK dark
qe {en~ od N “fen dn matter(WIMP or superWIMB, or a mixture. These expres-
sions are the maximal energy deposited in SM particles, and
the maximal primordial energy density of KK dark matter.

\/—5(3 mKKC\/W BBN 3+d

as 9 T avarzay Which, if either, is realized depends on the specific UED
2 Ma (1+d)(4+3d) model, and detailed considerations of higher KK mode cas-
VA Toy| 2+ 02 cade decays. On the other hand, these expressions are useful,
A2 d( ) _ (86)  as, if both are within existing bounds, the model is guaran-
230 | myy teed to be consistent with current constraints.
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VI. COSMOLOGICAL CONSTRAINTS

There are two sets of constraints on the KK graviton ;g2

abundance. First, gravitorG" may decay to stable LKPs,

such asG! or BL. The fraction of initial energy that winds up

in LKPs is highly dependent on the UED model and the — to!
spectrum of KK modes, which determines the form of cas-E
cade decays. Clearly the energy density in LKPs cannot ex.‘;
ceed the energy density of the initial KK gravitons. We may & 100
therefore impose the constraint

_ Qynp<0.1
Qe<Qpy=~0.23. (94) o=l = T =
- Tra<Myx /25
If this constraint is satisfied, KK dark matter will not over- 5 | > @ RH KK L
close the universe, irrespective of details of the UED model. Y 0.2 0.5 1.0 2.0 5.0 10.0
The second set of constraints follows from requiring that myx (TeV)

SM particles produced in late decays of KK gravitons not .
destroy the successful predictions of BBN. These constraints FIG. 1. Bounds on the reheat temperatlirg; as a function of
are complicated, depending sensitively on the kind of energff'x from the overclosure constraiflg<0.23 and the BBN con-
deposited and the time at which it is released. For electrostraint{c<10"**GeV for D=5,7, as indicated. We assurgé
magnetic decays, the constraint gEM: BEMg has been =200; the range in each bound arises from varyinfgom 0.001 to
L A , G 0.1 (see text In the region withT gy<myy/25, Try is too low to
studied in detai[38—40, most recently in Ref{41]. These RH ™1 KK RH
traint ,kf d fi 106 . generate the thermal relic abundance for WIMPs. The vertical bands
constraints are very vI\E/’aa o_rg ecayti s mcregae delimit regions where th®* thermal relic abundance is too low
in stringency from¢g'<10° GeV at 7~10° s to (g

! Q <0.1), approximately right, and too higl){,»>0.3).
<102 GeV at7~10° s, and then remain roughly constant = " e

up to 7~ 10" s. ;’lhe range in each constraint results from vary@hgn the
For hadronic cascades, the picture is at present less clear. .
b b range 0.00&C<0.1. Note that theTgy limits are rather

For 7<10" s, hadronic constraints are relatively weak, bUtinsensitive to the substantial uncertainties encodedC,in
they become ([?=B"% <1072 GeV for 1G s<r :

02 . iven the extreme sensitivity of graviton abundancetgdg;
=10* s[42]. For longer I|fet|_mes, there are no detailed re- ?or C varying by two order{: ofgmagnitude the bouﬁ%s on
cent analyses. The constraint may become weaker, but '

. . : ad rHy Vary by only factors of 2 to 4, depending on the number
isigmgGgsqzsg\iatlvely that it remains at the of extra dimensions.

From Egs.(88)—(93), we see that both the overclosure
and BBN constraints may be satisfied for aDyand Try VIl. SUMMARY
~mgk~1 TeV, even forC~1 and taking the extreme cases
in which all energy is deposited in either stable LKPs, EM We have provided a general formalism for analyzing the
cascades, or hadronic cascades. Although there are many uftnamics of gravitons in UED theories. In particular, we
certainties in this analysis, there is surely an allowed windowound the couplings of KK gravitons to fermions and gauge
in which the KK graviton abundance satisfies all existingPosons and presented the widths for decays of excited fermi-
constraints. This is necessary to establish the viability of Kkons and gauge bosons into KK gravitons in E(l) and
WIMP and superWIMP dark matter. For LKPs to achieve the(66). These results are of special relevance when a KK gravi-
desired thermal relic density, either in the form of WIMPston is the LKP and a superWIMP candidate, as they deter-
such as8! or superWIMPs such a&?, the universe must be mine the observable implications of KK graviton dark matter
reheated to a temperatufig,=my/25. The region with for, for ex_ample, BBN, the cosmic microwave background,
ideal KK WIMP thermal abundandé] is also shown. This and the diffuse photon flux. _
result shows that there are consistent cosmologies in which We have also determined the abundance of KK gravitons
the reheat temperature is low enough to suppress the primoproduced after reheating in a general manner applicable to
dial KK graviton abundance appropriately, but high enoughYED models for arbitrary numbers of extra d|mensu_)ns, and
to generate the desired thermal relic abundance for WIMP oflso more generally to other models of extra dimensions. The
superWIMP dark matter. possibility of populating a large number of graviton states at

At the same time, given the rather strong power law dedifferent KK levels implies that the production of gravitons
pendence of the graviton energy density, overclosure andfter reheating is extremely efficient and e>§treme_ly sensitive
BBN stringently constraintTgy. In Fig. 1 we plot the to the reheat temperatufi. Ford extra dimensions, the
bounds onTgy as functions ofmg for D=5,7 from con-  €nergy density in gravitons, given in E@6), is
straints on overabundance and energy release. Roughly we

find constraints Tgy=1—10 TeV for 100 GeKmyyk Ner M2y [ Toy | 27 (302)
<1 TeV. In a given model, one of the constraints may be o= meﬁi~ﬂ<ﬂ) (95)
inapplicable, but they cannot both be completely avoided. n S My Mk
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This is to be contrasted with the case of gravitif29,30,
for which

be below the cutoff of the 4D effective thedr§7] and rather
severely constrain ideas for leptogenesis. Such low reheat
temperatures also constrain inflation scenarios, requiring, for
example, that inflaton decay to SM particles be suppressed
by extremely small couplings or kinematically through en-
hanced SM plasma masses at high temperafdr&s

At the same time, we have found that there exists a range
of reheat temperature withzy~mgx such that the primor-

- 2
a=me NG Msusy Tru
G G M4

(96)

S Msysy

The constraints oy are therefore extremely stringent.

They are presented in Fig. 1 and are of the ordefl gf dial production of KK gravitons is within bounds, but a ther-

=<1-10 TeV for 100 Ge\V myx <1 TeV. : .
The constraints derived here are robust, being indeperf—nal relic density of WIMPs may be produced. KK WIMP

dent of the gravi-scalar mag35] and applicable irrespective anq superWIMP candidate_s are thgrefore viable, despite the
of which KK particle is the LKP. These constraints also ap_strlnggent graviton constraints applicable to these extra di-
ply in the presence of KK parity violating interactions, as mensional theories.

these will only serve to increase the primordial graviton pro-
duction and lead to the decay of gravitons to SM particles.
They supplement the requirement that the reheat temperature We are grateful to T. Han for helpful correspondence.
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