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In models featuring extra spatial dimensions, particle collisions in the early Universe can produce
Kaluza-Klein gravitons. Such particles will later decay, potentially impacting the process of big bang
nucleosynthesis. In this paper, we consider scenarios in which gravity is free to propagate throughout n flat,
compactified extra dimensions, while the fields of the Standard Model are confined to a (3þ 1)-
dimensional brane. We calculate the production and decay rates of the states that make up the Kaluza-Klein
graviton tower and determine the evolution of their abundances in the early Universe. We then go on to
evaluate the impact of these decays on the resulting light element abundances. We identify significant
regions of previously unexplored parameter space that are inconsistent with measurements of the
primordial helium and deuterium abundances. In particular, we find that for the case of one extra
dimension (two extra dimensions), the fundamental scale of gravity must be M⋆ ≳ 2 × 1013 GeV
(M⋆ ≳ 1010 GeV) unless the temperature of the early Universe was never greater than T ∼ 2 TeV
(T ∼ 1 GeV). For larger values of n, these constraints are less stringent. For the case of n ¼ 6, for example,
our analysis excludes all values of M⋆ less than ∼106 GeV, unless the temperature of the Universe was
never greater than T ∼ 3 TeV. The results presented here severely limit the possibility that black holes were
efficiently produced through particle collisions in the early Universe’s thermal bath.
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I. INTRODUCTION

Measurements of the primordial light element abundan-
ces provide us with our earliest probe of cosmic history,
allowing us to constrain the expansion rate and overall
composition of our Universe as early as ∼1 s after the big
bang. In particular, this information indicates that the early
Universe was radiation dominated and at least as hot as a
few MeV [1–5]. Little is known, however, about the
thermal history of our Universe prior to the onset of big
bang nucleosynthesis.
At extremely high temperatures, particles in the thermal

plasma can scatter to produce gravitational excitations,
leading to the production of a stochastic gravitational wave
background [6,7]. Such considerations allow us to con-
strain the maximum temperature of the very early Universe,
Tmax ≲MPl ∼ 1019 GeV [8,9]. If those gravitational waves

were later diluted, such as through inflation, this constraint
would instead apply to the temperature of subsequent
reheating, TRH ≲MPl ∼ 1019 GeV.
If our Universe has extra spatial dimensions, gravita-

tional excitations can be be produced more efficiently and
at lower temperatures. As a result, we can potentially place
much more stringent constraints on the maximum temper-
ature of the Universe at early times in such scenarios. In this
study, we will focus on the model proposed by Arkani-
Hamed, Dimopoulos, and Dvali (ADD) [10–12], which
features n extra dimensions that are flat and compactified
on a torus of radius, R. Unlike gravity, all of the Standard
Model fields are confined to a three-dimensional brane, the
volume of which constitutes the (3þ 1)-dimensional
spacetime that we experience.
This class ofmodelswas originally proposed as a possible

solution to the electroweak hierarchy problem [10]. In
particular, the effective four-dimensional reduced Planck
scale, MPl ¼ MPl=

ffiffiffiffiffiffi
8π

p
≈ 2.4 × 1018 GeV, is related to the

fundamental (nþ 4)-dimensional Planck scale,M⋆, accord-
ing to the following [10,12]:

M2
Pl ¼ RnM2þn

⋆ : ð1Þ
Thus, for the appropriate values ofR and n, the fundamental
scale of gravity could be similar to electroweak scale,
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M⋆ ∼ TeV. In such a scenario, the apparent hierarchy
between the Planck scale and the electroweak scale would
be a consequence of the Standard Model’s localization on
the (3þ 1)-dimensional brane.
Since the ADD model was proposed more than two

decades ago, stringent constraints have been placed on
this class of scenarios. In particular, data from the
Large Hadron Collider require that M⋆ must be greater
than several TeV [13,14]. Tests of the gravitational
force law at submillimeter distances further constrain
R≲ 30 μm [15–17], corresponding to M⋆ ≳ 5.4 ×
108 GeV for n ¼ 1 and M⋆> 3.6×103 GeV for n ¼ 2.
The requirement that neutron stars are not overly heated
by Kaluza-Klein graviton decays further requires M⋆ ≳
1.7 × 105 GeV for n ¼ 2 and M⋆ ≳ 7.6 × 104 GeV for
n ¼ 3 [18] (for further discussion, see the entry on extra
dimensions in the Particle Data Group’s Review of
Particle Physics [19]).
In light of the constraints from the Large Hadron

Collider, we will not attempt to motivate this study by
appealing to the electroweak hierarchy problem, but rather
by the broader possibility of extra spatial dimensions, such
as within the context of string theory [11,20]. With this in
mind, we will consider values of M⋆ that range from
several TeV up to the Planck scale.
In this class of models, particle collisions in the

early Universe can result in the efficient production of
Kaluza-Klein (KK) gravitons. For gravitons lighter than
mKK ∼ 105 GeV, such states will decay during or after
the era of big bang nucleosynthesis, producing energetic
Standard Model particles that can break apart helium
nuclei through the processes of photodissassociation
or hadrodissociation. Such decays can reduce of the
primordial helium abundance and increase the abun-
dance of primordial deuterium. We explore the impact
of these decays and use measurements of the light
element abundances to place constraints on this class
of scenarios.
The remainder of this paper is organized as follows.

In Sec. II, we evaluate the evolution of the Kaluza-
Klein graviton abundance in the early Universe, includ-
ing their production via freeze-in and their subsequent
decays. In Secs. III and IV, we discuss the impact
of these decays on the primordial light element abun-
dances and use this information to place constraints on
this class of models. In Sec. V, we consider the impact
of these constraints on the possibility that black holes
could be efficiently produced through particle collisions
in the early Universe. We summarize our main results
in Sec. VI.

II. KALUZA-KLEIN GRAVITON FREEZE IN

In the ADD scenario, all of the Standard Model fields are
restricted to propagate within the (3þ 1)-dimensional

brane. In contrast, gravitons are free to propagate
throughout the (nþ 4)-dimensional bulk. To observers
on the brane, these massless spin-2 gravitons appear as
massive Kaluza-Klein states. More specifically, for
each level of the Kaluza-Klein graviton tower, there
exists one spin-2 state, h̃m, (n − 1) spin-1 states, and
nðn − 1Þ=2 spin-0 states, ϕ̃m, all with masses given by
mh̃m

¼ mϕ̃m
¼ m=R, where m is the level of the Kaluza-

Klein tower. The spin-1 states are entirely decoupled
and will play no role in the calculations performed
here [21].
The spin-2 Kaluza-Klein gravitons decay to Standard

Model fields with the following partial widths [21]:

Γh̃m→γγ ¼
m3

h̃m

80πM2
Pl

;

Γh̃m→ZZ ¼
13m3

h̃m

960πM2
Pl

�
1−

4m2
Z

m2
h̃m

�
1=2

�
1þ 56m2

Z

169m2
h̃m

þ 48m4
Z

169m4
h̃m

�
;

Γh̃m→WW ¼
13m3

h̃m

480πM2
Pl

�
1−

4m2
W

m2
h̃m

�
1=2

�
1þ 56m2

W

169m2
h̃m

þ 48m4
W

169m4
h̃m

�
;

Γh̃m→gg ¼
m3

h̃m

10πM2
Pl

;

Γh̃m→HH ¼
m3

h̃m

480πM2
Pl

�
1−

4m2
H

m2
h̃m

�
5=2

;

Γh̃m→ff̄ ¼
gfm3

h̃m

640πM2
Pl

�
1−

4m2
f

m2
h̃m

�
3=2

�
1þ 8m2

f

3m2
h̃m

�
; ð2Þ

where gf is the number of internal degrees of freedom of the
fermion species (4 for each charged lepton, 2 for each
neutrino, and 12 for each quark).
For mh̃m

≳ TeV, the sum of these partial widths is given
by1

Γh̃m
≈

71m3
h̃m

240πM2
Pl

: ð3Þ

The partial widths of the spin-0 Kaluza-Klein graviton
states are given by [21]

1Note that this quantity is sometimes calculated including
decays into right-handed neutrinos, in which case the numerical
prefactor is instead given by 293=960π.
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Γϕ̃m→γγ ¼0;

Γϕ̃m→ZZ¼
m3

ϕ̃m

ðnþ2Þ48πM2
Pl

�
1−

4m2
Z

m2
ϕ̃m

�
1=2

�
1−

4m2
Z

m2
ϕ̃m

þ12m4
Z

m4
ϕ̃m

�
;

Γϕ̃m→WW ¼
m3

ϕ̃m

ðnþ2Þ24πM2
Pl
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1−

4m2
W

m2
ϕ̃m

�
1=2

�
1−

4m2
W

m2
ϕ̃m

þ12m4
W

m4
ϕ̃m

�
;

Γϕ̃m→gg¼0;

Γϕ̃m→HH¼
m3

ϕ̃m

ðnþ2Þ48πM2
Pl

�
1−

4m2
H

m2
ϕ̃m

�
1=2

�
1þ2m2

H

m2
ϕ̃m

�
2

;

Γϕ̃m→ff̄¼
gfm2

fmϕ̃m

ðnþ2Þ48πM2
Pl

�
1−

4m2
f

m2
ϕ̃m

�
1=2

�
1−

2m2
f

m2
ϕ̃m

�
; ð4Þ

which for mϕ̃m
≫ TeV sums to

Γϕ̃m
≈

m3
ϕ̃m

ðnþ 2Þ12πM2
Pl

: ð5Þ

In Fig. 1, we plot of the lifetimes of the Kaluza-Klein
gravitons as a function of their mass for the case of
M⋆ ¼ 106 GeV and n ¼ 6.
Kaluza-Klein gravitons can be produced in the early

Universe through the inverse decays of Standard Model
particles, such as eþe− → h̃m, for example. It follows from
the principle of detailed balance that, in equilibrium [22],
the production rate of a given particle species will be equal
to the rate of its destruction. We can use this information
to calculate the rates at which the various Kaluza-Klein

graviton modes will be produced through the collisions of
Standard Model particles in the thermal bath [22–25]2:

Ph̃m
¼ nEq

h̃m
hΓh̃m

i;

≈ nEq
h̃m
Γh̃m

K1ðmh̃m
=TÞ

K2ðmh̃m
=TÞ ;

Pϕ̃m
¼ nEq

ϕ̃m
hΓϕ̃m

i;

≈ nEq
ϕ̃m
Γϕ̃m

K1ðmϕ̃m
=TÞ

K2ðmϕ̃m
=TÞ ; ð6Þ

where hΓh̃m
i and hΓϕ̃m

i are the thermally averaged decay
widths [26], T is the temperature of the decaying particle
population, andK1 andK2 are modified Bessel functions of
the second kind. The equilibrium number densities of
Kaluza-Klein gravitons are given by

nEq
h̃m

¼ 5

2π2

Z
∞

mh̃m

ðE2 −m2
h̃m
Þ1=2

eE=T − 1
EdE;

nEq
ϕ̃m

¼ nðn − 1Þ
4π2

Z
∞

mϕ̃m

ðE2 −m2
ϕ̃m
Þ1=2

eE=T − 1
EdE; ð7Þ

where the factor of nðn − 1Þ=2 in the second expression
accounts for the multiplicity of spin-0 states at each level of
the Kaluza-Klein tower.
We want to stress that the Kalzua-Klein graviton pop-

ulation never reaches its equilibrium abundance. We are
merely relating the rate of Kaluza-Klein graviton produc-
tion to the decay rate of those particles under the condition
of equilibrium.
For T ≳ TeV, these production rates reduce to

Ph̃m
≈
5ζð3ÞT3

π2
71m3

h̃m

240πM̄2
Pl

K1ðmh̃m
=TÞ

K2ðmh̃m
=TÞ ;

Pϕ̃m
≈
nðn − 1Þζð3ÞT3

2π2
m3

ϕ̃m

ðnþ 2Þ12πM2
Pl

K1ðmϕ̃m
=TÞ

K2ðmϕ̃m
=TÞ : ð8Þ

Note that the production rate of spin-2 Kaluza-Klein
gravitons exceeds that of spin-0 states by a factor of
∼283ðn þ 2Þ=½16nðn − 1Þ� ≈ 4.7–35 (for n ¼ 6 − 2).
The lifetimes of the scalar modes, however, are longer
than those of the spin-2 modes by a factor of ∼283=70,

FIG. 1. The lifetimes of Kaluza-Klein gravitons as a function of
their mass, for the case of M⋆ ¼ 106 GeV and n ¼ 6 (for which
the lightest Kaluza-Klein states have a mass of 1=R ≈ 74 GeV).
The black dots represent the spin-2 states (h̃m), while the red
squares correspond to the spin-0 states (ϕ̃m). We expect those
Kaluza-Klein modes with τ ≳ 1 s to decay after the onset of big
bang nucleosynthesis, potentially impacting the primordial light
element abundances.

2We have not included the effects of Pauli blocking or Bose
enhancement in our calculation. In the case of Kaluza-Klein
graviton production, the phase space density of these particles, f,
is always much less than the equilibrium density, ensuring that
1þ f ≈ 1. For the case of Kaluza-Klein graviton decays, we are
primarily concerned with decays that occur during the era of big
bang nucleosynthesis (T ≲MeV), by which time the Kaluza-
Klein gravitons will be highly nonrelativistic, again ensuring the
validity of the approximation, 1 − f ≈ 1.
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leading to complementary impacts on the light element
abundances.
We are now in a position to calculate the evolution of the

abundances of the Kaluza-Klein gravitons by solving the
following coupled set of differential equations (for each
level of the Kaluza-Klein tower, m):

dnh̃m
dt

¼ −3Hnh̃m þ Ph̃m
;

dnϕ̃m

dt
¼ −3Hnϕ̃m

þ Pϕ̃m
; ð9Þ

where H ¼ ð8πρ=3M2
PlÞ1=2 is the rate of Hubble expansion

and ρ ¼ ρSM þP
m ρh̃m þP

m ρϕ̃m
is the total energy

density of the Universe, ρSM ¼ π2g⋆T4=30 is the energy
density in Standard Model particles, and g⋆ is the number
of relativistic degrees of freedom. We evolve the temper-
ature of the Standard Model bath by applying entropy
conservation, T ∝ a−1g−1=3⋆;S , where g⋆;S is the number of
relativistic degrees of freedom in entropy.
In Fig. 2, we plot the production rate of Kaluza-Klein

gravitons (divided by three powers of the temperature) for
several selected levels of the Kaluza-Klein tower, and for the
case of the M⋆ ¼ 106 GeV and n ¼ 6. Since these pro-
duction rates are many order of magnitude below the rate of
Hubble expansion, the Kaluza-Klein graviton abundances
never reach their equilibriumvalues, placing us safelywithin
the regime of thermal freeze-in. Unlike more typical freeze-
in scenarios, however, the largemultiplicity of Kaluza-Klein

states can greatly enhance the total energy density of these
particles that is produced. The case shown in Fig. 2, for
example, is effectively that of the simultaneous freeze-in of
∼2 × 104 different particle species, each of which contrib-
utes to the total resulting abundance.
In Fig. 3, we plot the evolution of the nonrelativistic

densities of Kaluza-Klein gravitons, ρi ¼ nimi, compared
to the total energy density in Standard Model particles, for
the case of M⋆ ¼ 106 GeV and n ¼ 6, and for two values
of the initial temperature, Tmax. Results are shown several
selected values of the Kaluza-Klein levels,m, as well as for
the sum of all modes. In the left frame, one can notice that
the m ¼ 103 states begin to appreciably decay prior to the
onset of big bang nucleosynthesis.

III. KALUZA-KLEIN GRAVITON DECAYS
DURING BIG BANG NUCLEOSYNTHESIS

Measurements of the primordial deuterium [27,28] and
helium [29–31] abundances provide us with the earliest
probe of our Universe’s thermal history, confirming that our
Universe was radiation dominated and generally well
described by ΛCDM cosmology throughout the era of
big bang nucleosynthesis, which began t ∼ 1 s after the big
bang [32–37]. Such measurements allow us to place
stringent constraints on the expansion history of our
Universe, as well as on any energy injection that may
have taken place during or after this era [38–61].
The presence of Kaluza-Klein gravitons in the early

Universe could have potentially impacted the light element
abundances in a number of ways. In particular, their decay
products could have broken up helium nuclei through the
processes of photodissociation and hadrodissociation,
reducing the abundance of primordial helium while
enhancing that of deuterium. These and other such proc-
esses have been modeled in detail in a number of publicly
available codes [62–64]. In this study, we make use of the
results of Kawasaki et al., who evaluated the impact of
decaying particles on the resulting light element abundan-
ces [48] (see also Refs. [45,47,49–57,59,60,65]). In par-
ticular, the authors of Ref. [48] derived constraints on the
lifetime and abundance of a decaying particle species for
various values of the particle’s mass and dominant decay
modes. These constraints were presented in terms of the
mass of the decaying particles multiplied by the number of
such particles per unit entropy, MY, as evaluated prior to
their decays, t ≪ τ. Whereas that study considered the
impact of only one decaying particle species at a time, we
are concerned here with the decays of the entire tower of
Kaluza-Klein gravitons. To recast the results of Kawasaki
et al. for the case at hand, we treat all Kaluza-Klein states
with lifetimes within a given decade (for example,
τ ¼ 102–103 s) as a single particle species, with a lifetime
and mass equal to that of the median Kaluza-Klein state
within that group. We then compare this to Fig. 12 of
Kawasaki et al. in order to determine whether a given

FIG. 2. The production rate of Kaluza-Klein gravitons divided
by three powers of temperature, P=T3, for the case of
M⋆ ¼ 106 GeV and n ¼ 6. We show results for Kaluza-Klein
gravitons with levels of m ¼ 104; 103; 102; 10, and 1. The solid
red lines correspond to the spin-2 states, h̃m, while the dashed red
lines correspond to the scalar states, ϕ̃m. For comparison, we also
show the value of the hubble rate, H, which is much larger than
the production rate of Kaluza-Klein gravitons, ensuring that
equilibrium is never achieved.
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scenario is consistent with the measured helium and
deuterium abundances. We repeat this procedure for each
decade of lifetime, allowing us to produce conservative
constraints on the values of M⋆ and n, as a function of the
initial temperature of the Universe, Tmax. We include in our
calculations only those graviton decays that proceed to
quarks or gluons, and apply Kawasaki’s constraints on the
uū channel (which are almost entirely indistinguishable

from those found in the cases of other hadronic final states).
The constraints are presented by Kawasaki et al. are shown
in Fig. 4.

IV. RESULTS

The main results of this study are present in Fig. 5, where
we plot the maximum temperature of the Universe that is
consistent with the measured light element abundances, as
a function of M⋆ and n. Where the curves are solid in this
figure, the light element abundances provide the strongest
constraint on this class of models. In contrast, whereas the
curves are dashed, the constraints derived here are less
restrictive than others that have been presented in the
literature (as summarized in Sec. I).
To understand the results that appear in Fig. 5, note that

we are applying constraints that apply to particles with
lifetimes ranging from τ ∼ 0.1 to 1012 s. From Eq. (3), we
find that this range corresponds to Kaluza-Klein gravitons
with masses in the range of mh̃m

∼ 3 to ∼7 × 104 GeV.
Thus, if the Universe was never at a temperature greater
than OðGeVÞ, the only Kaluza-Klein gravitons that
could be produced would be too long-lived to be con-
strained by the present analysis (although other con-
straints, such as those from the cosmic microwave
background could still be potentially restrictive). On the
other hand, in order for the Kaluza-Klein gravitons to not
decay prior to 0.1 s (or equivalently, for those states to be
lighter than mh̃m

∼ 7 × 104 GeV), the value of M⋆ must
not be too high. For the n ¼ 1 case, for example, the first
Kaluza-Klein mode has a mass of mh̃1

∼ 7 × 104 GeV for
M⋆ ∼ 7 × 1013 GeV, explaining why our constraints do
not extend to larger values of the fundamental Planck

FIG. 3. The accumulated nonrelativistic densities of Kaluza-Klein gravitons, ρi ¼ nimi, divided by the total energy density in
Standard Model particles for the case ofM⋆ ¼ 106 GeV and n ¼ 6, and for two values of the initial temperature, Tmax. We show results
for the Kaluza-Klein modes with levels of m ¼ 104; 103; 102; 10, and 1, as well as for the sum of all modes. The red lines represent the
abundances of the spin-2 states, while the black lines include both spin-2 and scalar states. Note that the m ¼ 104 and m ¼ 103 states
begin to appreciably decay prior to the onset of big bang nucleosynthesis.

FIG. 4. Constraints on a particle species decaying to quarks
from measurements of the primordial element abundances, as
presented in Ref. [48]. From top to bottom, the curves correspond
to the upper limits on the abundance of particles of mass 106, 105,
104, 103, 102, and 30 GeV. These constraints are presented in
terms of the number density of decaying particles per unit entropy
(prior to their decays), YX ¼ nX=s.
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scale. Alternatively, for n ¼ 6, mh̃1
∼ 7 × 104 GeV corre-

sponds to a value of M⋆ ∼ 2 × 108 GeV. In this later case,
you may notice that our constraints only extend up to
M⋆ ∼ 6 × 106 GeV. The reason that they do not extend to
higher values of M⋆ is that the number of decaying
particles per unit entropy is not particular large in this
case and the decays occur around τ ≲ 0.1 s, where the
constraints are rather weak (see Fig. 4). If we instead
consider M⋆ ∼ 6 × 106 GeV, then the lightest Kaluza-
Klein mode has a mass of mh̃1

∼ 800 GeV and a lifetime
of τ ∼ 8 × 104 s. Constraints in this lifetime range are
much more stringent, allowing us to exclude values of
Tmax that are comparable to or larger than the mass of the
lightest Kaluza-Klein mode.

V. IMPLICATIONS FOR BLACK HOLE
PRODUCTION

It has long been appreciated that small-scale inhomogen-
eties in the early Universe may have led to the formation of
primordial black holes [66,67]. Alternatively, in models
with extra spatial dimensions, black holes could have
been produced through the collisions of particles in the
thermal bath, in particular if the total energy of a collision
exceeds the fundamental Planck scale, M⋆ [68] (see also
Refs. [69,70]).
In the context of the flat and compactified extra dimen-

sions that we have considered in this study, the differential
production rate of black holes in a thermal bath of
temperature, T, is given by [71]

dΓBH

dMBH
¼ g⋆ðTÞ2

8π4

�
8Γðnþ3

2
Þ

nþ 2

� 2
nþ1

MBHT2

�
MBH

M⋆

�2nþ4
nþ1

×

�
MBH

T
K1ðMBH=TÞ þ 2K2ðMBH=TÞ

�

× ΘðMBH −M⋆Þ; ð10Þ

where Γ is the gamma function, K1 and K2 are again the
modified Bessel functions of the second kind, and Θ is the
Heavyside step function. For T ∼M⋆, black holes can be
produced at a very high rate. In particular, after dropping
order one factors, this expression integrates to ΓBH ∼M4

⋆
for temperatures near the fundamental Planck scale. This
indicates that the black hole production rate per particle
could potentially be larger than the Hubble rate by a huge
factor, roughly ∼ðΓBH=nSMÞ=H ∼ 4ðM4

⋆=T
3Þ=ðT2=MPlÞ∼

4MPl=M⋆. In contrast, the black hole production rate is
dramatically suppressed at temperatures lower than M⋆.
This behavior is confirmed in Fig 6, where we plot the
integrated production rate of black holes per Standard
Model particle per Hubble time, for several values of M⋆
and for n ¼ 1, 2, 4, and 6 (this result depends only very
weakly on the value of n).
If a large number of microscopic black holes had been

generated in the early Universe, these objects could have
had a number of potentially observable impacts. In par-
ticular, the products of their Hawking evaporation could
have included particles that would act as dark radiation
(and contribute to the effective number of neutrino species,
Neff ) or contribute to the dark matter density [72]
(see also Refs. [73–75]). Alternatively, in some scenarios

FIG. 6. The integrated production rate of black holes per
Standard Model particle per Hubble time, for several values of
M⋆ and for n ¼ 1, 2, 4 and 6 (this result depends only very
weakly on the value of n). For comparison, we plot as a dashed
curve the value at which each Standard Model particles produces
an average of one black hole per Hubble time, ΓBH=ðnSMHÞ ¼ 1.

FIG. 5. The upper limits derived in this study on the maximum
temperature of the Universe, Tmax, as a function ofM⋆ and n. The
dashed portions of the lines represent values ofM⋆ that are ruled out
by other considerations (see Sec. I). We only consider values of the
temperatures that are below the fundamental Planck scale,T < M⋆.
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microscopic black holes could grow rapidly through accre-
tion, significantly delaying their evaporation [68,76,77].
The constraints obtained in this study severely limit the

rate at which black holes could have been produced through
particle collisions in the early Universe. This can be seen by
comparing the black hole production rates shown in Fig. 6
to the constraints we have presented in Fig. 5. For the case
of M⋆ ¼ 106 GeV, for example, our constraints derived
from the primoridal light element abundances require
Tmax ≲ 400 GeV for any value of n ≤ 6. For such temper-
atures, the black hole production rate is vanishingly small.
Thus, for this value of M⋆, particle collisions will not
produce any significant abundance of black holes in the
early Universe. If we consider larger values of M⋆, then
black hole production could still be potentially important.
For M⋆ ¼ 109 GeV (1012 GeV), for example, large black
hole production rates are still possible, provided that
n ≥ 3 (n ≥ 2).

VI. SUMMARY AND DISCUSSION

In this study, we have considered the impact of
Kaluza-Klein gravitons on the primordial light element
abundances, as established during the era of big bang
nucleosynthesis. In particular, we have focused on the
ADD scenario, which features n ¼ 1–6 extra spatial
dimensions which are flat and compactified around a
torus of radius, R. We have taken the fields of the
Standard Model to be confined to a (3þ 1)-dimensional
brane, allowing the fundamental scale of gravity to be
much lower than the effective four-dimensional Planck
scale, M⋆ ≪ MPl [10,10,12].
In this model, massless spin-2 gravitons propagating

in the nþ 4 dimensional bulk appear to observers on
the brane as a tower of massive Kaluza-Klein states, with
an evenly spaced series of masses, mKK ¼ m=R, where m
is the level of the Kaluza-Klein tower. These Kaluza-
Klein gravitons can be produced in the early Universe
and, for mKK ≲ 105 GeV, will subsequently decay during
or after the era of big bang nucleosynthesis. Such
decays can produce energetic Standard Model particles
which can break up helium nuclei, significantly altering
the predicted abundances of primoridal helium and
deuterium.
We have calculated the production and decay rates of

Kaluza-Klein gravitons in the early Universe, and evaluated
the impact of these decays on the primordial light element

abundances. These abundances, in turn, allow us to place
constraints on Kalzua-Klein gravitons with masses in the
range of mKK ∼ 3 GeV to ∼7 × 104 GeV, as summarized
in Fig. 5. For one extra dimension, n ¼ 1, we exclude
all values of M⋆ ≲ 1013 GeV (≲ 109 GeV) unless the
maximum temperature of the Universe was less than
∼500 GeV (∼0.3 GeV). For larger values of n, our con-
straints are somewhat less stringent. For the case of
n ¼ 6, for example, our analysis excludes all values of
M⋆ ≲ 106 GeV unless the maximum temperature of the
Universe was less than ∼400 GeV.
The results presented here severely limit the possibility

that black holes may have been produced in significant
numbers through particle collisions in the early Universe’s
thermal bath [71]. For the case of M⋆ ≲ 106 GeV, we can
rule out the possibility that any appreciable abundance of
black holes was formed through such collisions, for any
value of n ≤ 6. For larger values ofM⋆, thermal black hole
production may still have been potentially important. For
M⋆ ¼ 109 GeV, for example, efficient black hole produc-
tion could have occurred in the early Universe, provided
that n ≥ 3.
Before closing, we note that the models we are consid-

ering here are similar to, but not the same as, the “dark
dimension” scenario that has been proposed within the
context of the Swampland program of string theory [78,79].
In particular, whereas Kaluza-Klein gravitons can decay
into lighter KK modes in the dark dimension picture, extra-
dimensional momentum conservation prevents such decays
in the ADD model (decays into Standard Model particles
are allowed, as the brane is a dynamical object which can
recoil to take on the momentum of the decaying graviton).
We leave the consideration of this class of models to
future work.
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