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Abstract
We discuss effective interactions among brane matter induced by modifications of higher dimensional Einstein gravity via the replacement of
Einstein–Hilbert term with a generic function f (R) of the curvature scalar R. After deriving the graviton propagator, we analyze impact of virtual
graviton exchanges on particle interactions, and conclude that f (R) gravity effects are best probed by high-energy processes involving massive
gauge bosons, heavy fermions or the Higgs boson. We perform a comparative analysis of the predictions of f (R) gravity and of Arkani-Hamed–
Dvali–Dimopoulos (ADD) scenario, and find that the former competes with the latter when f  (0) is positive and comparable to the fundamental
scale of gravity in higher dimensions. In addition, we briefly discuss graviton emission from the brane as well as its decays into brane-localized
matter, and find that they hardly compete with the ADD expectations. Possible existence of higher-curvature gravitational interactions in large
extra spatial dimensions opens up various signatures to be confronted with existing and future collider experiments.
 2005 Elsevier B.V. All rights reserved.

1. Introduction
The relative feebleness of gravity with respect to the weak
force and its stability under quantum fluctuations, the gauge
hierarchy problem, has been pivotal for introducing a number of ‘new physics’ models to complete the standard electroweak theory (SM) above Fermi energies. The idea [1–3]
that the scale of quantum gravity can be much lower than the
Planck scale, possibly as low as the electroweak scale itself
[4,5] since this extreme is not excluded by the present experimental bounds [6], has opened up novel lines of thought
and a number of phenomena which possess observable signatures in laboratory, astrophysical and cosmological environments.
The basic setup of the Arkani-Hamed–Dimopoulos–Dvali
(ADD) scenario [5] is that (1 + 3)-dimensional universe we
live in is a field-theoretic brane [7] which traps all flavors of
matter except the SM singlets, e.g., the graviton and righthanded neutrinos. As long as the surface tension of the brane
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does not exceed the fundamental scale M̄D of D-dimensional
gravity, at distances  1/M̄D the spacetime metric gAB remains essentially flat. In other words, for singlet emissions
(from brane) with transverse (to brane) momenta |pT |  M̄D
the background spacetime is basically Minkowski. Therefore,
it is admissible to expand D-dimensional metric about a flat
background
1−D/2

gAB = ηAB + 2M̄D

hAB ,

(1)

where ηAB = diag(1, −1, −1, . . . , −1) and hAB are perturbations. The gravitational sector is described by Einstein gravity



1 D−2
D √
SADD = d x −g − M̄D R + Lmatter (gAB , ψ) , (2)
2
where ψ collectively denotes the matter fields localized on the
brane. There are various ways [5] to see that the Planck scale
seen on the brane is related to the fundamental scale of gravity
in higher dimensions via

1+δ/2
M̄Pl = Vδ M̄D
(3)
1+δ/2

which equals (2πR)1/2 M̄D
when δ ≡ D −4 extra spatial dimensions are compactified over a torus of radius R. Obviously,
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larger the R closer the M̄D to the electroweak scale [5]. Experimentally, size of the extra dimensions, R, can be as large as a
small fraction of millimeter [6], and thus, quantum gravitational
effects can already show up at experimentally accessible energy
domains provided that the strength of gravitational interactions
on the brane drives from higher dimensional gravity as in (3).
Upon compactification, the higher dimensional graviton gives
rise to a tower of massive S, P and D states on the brane, and
they participate in various scattering processes involving radiative corrections to SM parameters, missing energy signals as
well as graviton exchange processes. These processes and their
collider signatures have been discussed in detail in seminal papers [8,9].
The ADD mechanism is based on higher dimensional Einstein gravity with metric (1). Given the very fact that general
covariance does not forbid the action density in (2) to be generalized to a generic function f (R, 2R, ∇A R∇ A R, RAB RAB ,
RABCD RABCD , . . .) of curvature invariants, in this work we
will derive and analyze effective interactions among brane matter induced by such modifications of higher dimensional Einstein gravity, and compare them in strength and structure with
those predicted by the ADD mechanism. The simplest generalization of (2) would be to consider, as we will do in what
follows, a generic function f (R) of the curvature scalar. Such
modified gravity theories are known to be equivalent to Einstein gravity (with the same fundamental scale) plus a scalar
field theory with the scalar field

φ

(D−2)/2
= M̄D



 ∂f 
D−1


log
D−2
∂R 

(4)

in a frame accessible by the conformal transformation gAB →
(∂f/∂R)gAB [10]. Therefore, generalized action densities of
the form f (R) are equivalent to scalar-tensor theories of gravity, and thus, matter species are expected to experience an additional interaction due to the exchange of the scalar field φ [11].
This is the fundamental signature of f (R) gravity compared to
Einstein gravity for which simply f (R) = R.
In this work we study how f (R) gravity influences interactions among brane matter and certain collider processes to
observe them. In Section 2 below we derive graviton propagator and describe how it interacts with brane matter. Here we put
special emphasis on virtual graviton exchange. In Section 3 we
study a number of higher dimensional operators which are sensitive to f (R) gravity effects. In Section 4 we briefly discuss
some further signatures of f (R) gravity concerning graviton
production and decay as well as certain loop observables on the
brane. In Section 4 we conclude.
2. Gravitational interactions from f (R) gravity
We parameterize generalized gravity theory via the action

S=



√
1 D−2
f (R) + Lmatter (gAB , ψ) ,
d D x −g − M̄D
2

where couplings to matter fields ψ are identical to those in (2).
The metric field obeys
1
f  (R)RAB − f (R)gAB + (gAB 2 − ∇A ∇B )f  (R)
2
TAB
= − D−2 ,
M̄D

(6)

where prime denotes differentiation with respect to R, and
√
2 δ( −g Lmatter )
µ
TAB = − √
(7)
= δ δ (
y )δA δBν Tµν (z)
−g
δg AB
is the stress tensor of the brane matter where yi and zµ stand, respectively, for coordinates in extra space and on the brane. The
second equality here reflects the fact that entire energy and momentum are localized on the brane. Clearly, energy–momentum
flow has to be conserved ∇ A TAB = 0, and this is guaranteed to
happen provided that ∇ µ Tµν = 0.
Obviously, the equations of motion (6) reduce to Einstein
equations when f (R) = R. In general, for analyzing dynamics
0
of small oscillations about a background geometry, gAB = gAB
with curvature scalar R0 , f (R) must be regular at R = R0 .
In particular, as suggested by (6), f (R) must be regular at the
origin and f (0) must vanish (i.e., bulk cosmological constant
must vanish) for f (R) to admit a flat background geometry.
For determining how higher curvature gravity influences interactions among the brane matter, it is necessary to determine
the propagating modes which couple to the matter stress tensor.
This requires expansion of the action density in (5) by using (1)
up to the desired order in hAB . The zeroth order term vanishes
by f (0) = 0 constraint whose necessity was mentioned above.
The terms first order in hAB vanish by equations of motion. The
quadratic part, on the other hand, turns out to be


1
Sh = d D x hAB (x)OABCD (x)hCD (x)
2

1
− (D−2)/2 hAB (x)T (x)AB
(8)
M̄D
such that propagator of hAB (x), defined via the relation
1
E F
F
OABCD (x)DCDEF (x, x  ) = δ D (x − x  ) δA
δB + δBE δA
,
2
takes the form
−iDABCD p 2
f  (0) + 2f  (0)p 2
(D − 2)f  (0) + 2(D − 1)f  (0)p 2
1
ηAB ηCD
× 
f (0)p 2
1
ηAC ηBD + ηAD ηBC
+
2f  (0)p 2

=−

+
(5)

369

1
2f  (0)p 2


2

(D − 2)f (0) + 2(D − 1)f (0)p f (0)p 4

× ηCD p A p B + ηAB p C p D

(9)
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D.A. Demir, Ş.H. Tanyıldızı / Physics Letters B 633 (2006) 368–374

+

(ξ − 1) BD A C
η p p + ηDA p C p B + ηAC p B p D
2f  (0)p 4

where (n1 , . . . , nδ ) is a δ-tuple of integers. Given this Fourier
decomposition of the stress tensor, the amplitude for an onbrane system a to make a transition into another on-brane system b becomes

+ ηCB p D p A
2(D − 2)f  (0)p 2
(D − 2)f  (0) + 2(D − 1)f  (0)p 2
1
× 
pA pB pC pD
f (0)p 6

+

A k2 =
(10)

in momentum space. It is clear that
f  (0) > 0

(11)

as otherwise all graviton modes become ghost. Therefore, if one
is to prevent ghosty modes participating in physical processes
it is necessary to keep f  (0) positive definite. The parameter ξ
in (10) arises from the gauge fixing term
f  (0) AC B
1
η
Lg =
∂ hAB − ∂A hB
B
ξ
2

1
∂ hCD − ∂C hD
D
2
(12)

+∞

TAB (x) =



+∞

···
n1 =−∞

nδ =−∞

× e−i(k·z−

n·
y
R )

µ

d 4p 1
√
(2π)4 Vδ

δA δBν Tµν (k),

(13)

n

1
Λ
Sδ−1
δ
4

(2π) M̄D f (0) M̄D
(a) (b) µν
× Tµν
T
−

f  (0)

is introadded to the hAB action density in (8). Here,
duced to match the terms generated by Lg with the ones in (8).
The propagator (10) depends explicitly on the second derivative
of f (R) evaluated at the origin, and it correctly reduces to the
graviton propagator in Einstein gravity [8,9] when f  (0) = 0
and f  (0) = 1. The specific choice ξ = 1 corresponds to de
Donder gauge frequently employed in quantum gravity. Obviously, one can probe f (R) with higher and higher precision
by computing higher and higher order hAB correlators. Indeed,
for probing f  (0), for instance, it is necessary to expand the
action density in (5) up to quartic order so as to compute the requisite four-point function. Rather generically, higher the order
of correlators higher the dimensions of the operators they induce. The propagator (10) induces a dimension-8 operator via
graviton exchange between two matter stress tensors [8,12]. On
the other hand, four-point function induces a dimension-16 operator via graviton exchange among four matter stress tensors.
The scattering processes which proceed with graviton exchange do exhibit new features as one switch from ADD setup
to f (R) gravity. Indeed, single graviton exchange influences
various processes including 2 → 2 scatterings, particle selfenergies, box diagrams and as such. The tree level processes
are sensitive to virtual states associated with the propagation of
graviton in the bulk. On the other hand, loop level processes involve particle virtualities both on the brane and in the bulk. In
this sense, tree level processes offer some degree of simplicity
and clarity for disentangling the graviton contribution (see [12]
for a through analysis of the virtual graviton exchange effects)
from those of the SM states. Hence, in the following, we will
restrict our discussions exclusively to tree level processes.
By imposing compactness of the extra space and taking its
shape to be a torus as in the ADD mechanism one finds

(a)
Tµν
(k)Dµνλρ k 2 −

n · n
(b)
Tλρ (k),
R2

(14)

2 factor in
where use has been made of (3) in obtaining 1/M̄Pl
front. Though we are dealing with a tree-level process the amplitude involves a summation over all Kaluza–Klein levels due
to the fact that these states are inherently virtual because of their
propagation off the brane. Conservation of energy and momentum implies that only the first two terms in the propagator (10)
contributes to (14). Therefore, after performing summation the
transition amplitude (14) takes the form

A k2 =

D

1
2
M̄Pl

δ−2

Λ
R √
k2

1
T (a) µ Tν(b) ν
δ+2 µ

(δ + 4)
Sδ−1
Λ
1
δ
4

2(δ + 2)(δ + 3) (2π) M̄D f (0) M̄D
Λ
Tµ(a)µ Tν(b)ν
×R 
k̃ 2

δ−2

+

(15)

2 /M̄ 2 ) compared to
which exhibits a huge enhancement O(M̄Pl
D
(14) due to the contributions of finely-spaced Kaluza–Klein
levels [5]. Here Sδ−1 = (2π δ/2 )/ (δ/2) is the surface area
of δ-dimensional unit sphere and Λ (which is expected to be
O(M̄D ) since above M̄D underlying quantum theory of gravity
completes the classical treatment pursued here) is the ultraviolet
cutoff needed to tame divergent summation over Kaluza–Klein
levels. In fact, A(k 2 ) exhibits a strong dependence
√ on Λ, as suggested by (see also series expressions of R(Λ/ k 2 ) derived in
[8,9])

Λ
R √
k2

π
= −i
2
−

k2
Λ2

δ
2 −1

π
+
2

k2
Λ2

δ
2 −1

cot

δ
δ k2
1
2 F1 1, 1 − , 2 − , 2
δ−2
2
2 Λ

πδ
2
(16)

for 0  k 2  Λ2 , and
Λ
R √
k2

=

1 Λ2
δ
δ Λ2
1,
F
,
1
+
,
2 1
δ k2
2
2 k2

(17)

for k 2 < 0 or k 2 > Λ2 . The imaginary part of R, relevant for
the timelike propagator (16), is generated by exchange of onshell gravitons, i.e., those Kaluza–Klein levels satisfying k 2 =
n · n/R 2 . On the other hand, its real part follows from exchange
of off-shell gravitons. For spacelike propagator, the scattering
amplitude (17) is real since in this channel Kaluza–Klein levels
cannot come on shell.
The first and second lines of A(k 2 ) in (15), except for the
overall 1/f  (0) factor in front, are identical to the single graviton exchange amplitude computed within the ADD setup [8,9].
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(a)

(a)µ

(b)ν

In fact, operators Tµν T (b)µν and Tµ Tν
are collectively
induced by exchange of J = 2 and J = 0 modes of gravity waves hAB [8,9]. The third and fourth lines at right-hand
side, on the other hand, are a completely new contribution not
found in ADD setup. The structure of the induced interaction,
(a)µ (b)ν
Tµ Tν , implies that it is induced by exchange of a scalar
field, different than the graviscalar which induces the same type
operator in the first and second lines of (15). The sources of this
additional interaction is nothing but the scalar field φ defined in
(4). Therefore, the main novelty in A(k 2 ) lies in the third and
fourth lines at right-hand side of (15) which is recognized to be
generated by the exchange of a scalar field with non-vanishing
bare mass-squared
m2φ = −

δ + 2 f  (0)
2(δ + 3) f  (0)

(18)

so that k̃ 2 = k 2 − m2φ in (15). The nature of the scalar field
φ depends on sign of f  (0): φ is a real scalar for f  (0) < 0
and a tachyon for f  (0) > 0. Moreover, when f  (0) = 0 it is
clear that f (R) gravity remains Einsteinian up to O(R3 ) and
this reflects itself by decoupling of φ from propagator (10) and
transition amplitude (14) since now φ is an infinitely massive
scalar. On the other hand, when f  (R) is singular at the origin
the bare mass of φ vanishes and thus A(k 2 ) simplifies to the
(a)µ (b)ν
first and second lines of (15) such that coefficient of Tµ Tν
changes from −1/(δ + 2) to −1/(2(δ + 3)). A tachyonic scalar,
m2φ < 0, decouples from the transition amplitude (15) as k 2 −
m2φ → ∞. This can be seen from the asymptotic behavior of
(16) by noting that on-shell graviton exchange is shut off for
k 2 − m2φ  Λ2 . Similarly, a true scalar, m2φ > 0, also decouples
from the transition amplitude (15) when k 2 − m2φ → −∞ as
suggested by the asymptotic behavior (17). In the next section
we will study higher dimensional operators induced by f (R)
gravity and their collider signatures.
3. Higher dimensional operators from f (R) gravity
The impact of f (R) gravity on the transition amplitude (15)
(a)µ (b)ν
is restricted to occur via the dimension-8 operator Tµ Tν .
This operator involves traces of the stress tensors of both systems a and b. In general, trace of the energy–momentum tensor,
at tree level, is directly related to the sources of conformal
breaking in the system [13]. It may be instructive to determine
stress tensors and their traces for fundamental fields. The energy and momentum of a massive vector field Aµ is contained
in the conserved stress tensor
(J =1)
= ηµν
Tµν

1 λρ
1
F Fλρ − MA2 Aλ Aλ
4
2

− Fµρ Fνρ − MA2 Aµ Aν

(19)

whose trace
Tµ(J =1)µ = −MA2 Aµ Aµ

(20)

demonstrates that vector boson mass breaks conformal invariance explicitly. On the other hand, conserved energy–
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momentum tensor for a massive fermion reads as
i
(J =1/2)
= −ηµν (ψ̄i/
∂ ψ − mψ ψ̄ψ) + ψ̄(γµ ∂ν + γν ∂µ )ψ
Tµν
2
1
+ 2ηµν ∂ λ (ψ̄iγλ ψ) − ∂µ (ψ̄iγν ψ)
4

− ∂ν (ψ̄iγµ ψ)
(21)
whose trace
Tµ(J =1/2)µ = mψ ψ̄ψ

(22)

shows that fermion mass breaks conformal invariance explicitly. In contrast to vector fields and spinors, trace of the stress
tensor for a scalar field is not directly related to its mass term.
(J =0)µ
is non-zero even for a massless scalar. For a
In fact, Tµ
(J =0)µ
scalar field Φ to have Tµ
to be proportional to its mass
term it is necessary to introduce gauging 2Φ → (2 − ζc R)Φ
with ‘gauge coupling’ ζc = (D − 2)/(4(D − 1)) [14]. The curvature scalar serves as the gauge field of local scale invariance.
This gauging gives rise to additional terms in the stress tensor
of Φ, and they do not vanish even in the flat limit. More explicitly, for a massive complex scalar with quartic coupling the
stress tensor reads as


(J =0)
2 †
Tµν
= −ηµν ∂ ρ Φ † ∂ρ Φ − MΦ
Φ Φ − λ(Φ † Φ)2
+ ∂µ Φ † ∂ν Φ + ∂ν Φ † ∂µ Φ + 2ζ (ηµν 2 − ∂µ ∂ν )Φ † Φ
(23)
whose trace


Tµ(J =0)µ = −2(1 − 6ζ ) ∂ ρ Φ † ∂ρ Φ − λ(Φ † Φ)2
2 †
+ 4(1 − 3ζ )MΦ
Φ Φ
(J =0)µ

(24)

2 Φ † Φ for ζ = ζ ≡ 1/6, as desired.
= 2MΦ
reduces to Tµ
c
(J =0)µ
For ζ = ζc , say ζ = 0, Tµ
involves kinetic term, selfinteraction potential λ(Φ † Φ)2 as well as mass term of the scalar
field. The terms proportional to ζ in (23) might be regarded
as either following from coupling of Φ to curvature scalar as
discussed above, or as a field-theoretic technicality to improve
properties of the dilatation current [15].
The stress tensor traces (20), (22) and (24) with ζ =
1/6 show that effects of graviscalar exchange (the operator
(a)µ (b)ν
Tµ Tν in the first and second lines of (15)) and f (R) gravity (the operator in the third and fourth lines of (15)) can show
up only in those scattering processes which involve massive
brane matter at their initial and final states. Their phenomenological viability depends on how heavy the brane states
compared to M̄D . For instance, high-energy processes initiated
by e+ e− annihilation or γ γ scattering or p p̄ annihilation can(a)µ
not probe the operator Tµ Tν(b)ν in (15). On the other hand,
scattering processes which involve heavy fermions (e.g., bottom and top quarks, muon and tau lepton), weak bosons W ± ,
Z, and Higgs boson h are particularly useful for probing the
gravitational effects. Each of these processes provides an arena
for probing effects of scalar graviton exchange in general, and
f (R) gravity effects in particular. It might be instructive to depict explicitly how A(k 2 ) differs from that computed within the
ADD setup by a number of specific scattering processes.
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Concerning 2 → 2 scattering of weak bosons one can consider, for instance, the process Zα (p1 )Zβ (p2 ) → Zγ (k1 )Zλ (k2 )
which is described by the amplitude
AZZ→ZZ k 2
= ASM k 2 +

1
f  (0)

AADD k 2

MZ4
Sδ−1
Λ
(δ + 4)
4 f  (0) M̄
2(δ + 2)(δ + 3) (2π)δ M̄D
D

Λ
Λ
× R √ ηαβ ηγ λ + R √ ηαγ ηβλ
s̃
t˜

Λ
+ R √ ηαλ ηβγ
ũ

δ−2

+

γ

β

× Zα (p1 )Z (p2 )Z (k1 )Zλ (k2 )

(25)

after using (19) in (15). In this expression, s = (p1 + p2 )2 =
(k1 +k2 )2 , t = (k1 −p1 )2 and u = (k2 −p1 )2 = 4MZ2 −s −t are
µ
Mandelstam variables, and Z stands for the polarization vector
of Z boson. The amplitudes ASM (k 2 ) and AADD (k 2 ) can be
found in [16]. Obviously, f (R) gravity effects get pronounced
when MD lies close to MZ . Clearly, σ (ZZ → ZZ) feels f (R)
gravity via square of the third term in (25) and its interference
with SM and ADD contributions.
The fermion scattering ψ1 (p1 )ψ1 (p2 ) → ψ2 (k1 )ψ2 (k2 ) is
described by
Aψ1 ψ1 →ψ2 ψ2 k 2
= ASM k 2 +

1
f  (0)

AADD k 2

Sδ−1 mψ1 mψ2
Λ δ−2
(δ + 4)
4 f  (0) M̄
2(δ + 2)(δ + 3) (2π)δ M̄D
D
Λ
× R √ ψ̄1 (p1 )ψ1 (p2 )ψ̄2 (k1 )ψ2 (k2 )
(26)
s̃
after using (21) in (15). If ψ1 and ψ2 are identical fermions then
t and u channel contributions must also be included. The SM
and ADD pieces in this amplitude can be found in [8,9]. The
heavy fermion scatterings (e.g., tt → tt, bb → tt, τ τ → tt) are
potential processes for highlighting effects of f (R) gravity.
The 2 → 2 scattering of Higgs bosons provides another interesting channel to probe f (R) gravity effects. Indeed, after expanding
(23) around the electroweak vacuum Φ = (v +
√
h, 0)/ 2 with v 246 GeV, the amplitude for h(p1 )h(p2 ) →
h(k1 )h(k2 ) scattering takes the form
+

Ahh→hh k 2
= ASM k 2 +

1
AADD k 2
f  (0)

m4h
Sδ−1
Λ
(δ + 4)
δ
4

8(δ + 2)(δ + 3) (2π) M̄D f (0) M̄D


Λ
Λ
Λ
× R √ +R √ +R √
,
s̃
ũ
t˜

δ−2

+

(27)

2 is the Higgs boson mass-squared. It is
where m2h = −2MΦ
clear that size of f (R) gravity effects depends crucially on

how close MD is to mh . Calculations [17] within ADD setup
show that graviton exchange can have significant impact on
h(p1 )h(p2 ) → h(k1 )h(k2 ), and thus, resulting deviation from
the SM expectation might be of observable size.
The 2 → 2 scattering processes mentioned above illustrate
how f (R) gravity influences certain observables to be measured in collider experiments. Beyond these, there are, of course
various observables which can sense f (R) gravity. For instance, hZZ coupling, which is crucial for Higgs boson search
via Bjorken process, gets also modified by graviton exchange
(J =0) (J =1)
correlator. The discussions above show
[18] via Tµν Tλρ
that, independent of what brane matter species are taking part in
a specific process, entire novelty brought about by f (R) gravity is contained in the third and fourth lines of (15), and thus, it
proves useful to carry out a comparative analysis of this contribution with the same structure present in the ADD setup, for
(a)µ (b)ν
completeness. In fact, ratio of the coefficients of Tµ Tν
in (15)

(δ + 4) R(Λ/ k̃ 2 )
2
Q k =−
(28)
√
2(δ + 3) R(Λ/ k 2 )
is a useful quantity for such a comparative analysis. For determining how finite f  (0) influences the scattering processes
it suffices to determine m2φ dependence of Q(k 2 ) for given
values of k 2 , δ and Λ ∼ M̄D . In accord with future collider
searches, one can take, for instance, k 2 = (1 TeV)2 and Λ =
M̄D = 5 TeV, and examine m2φ dependencies of Re[Q(k 2 )]
and Im[Q(k 2 )] separately. In fact, depicted in Figs. 1 and 2
are, respectively, the variations of Re[Q(k 2 )] and Im[Q(k 2 )]
with m2φ . In the figures, m2φ varies from −(30 TeV)2 up to
+(30 TeV)2 for each number of extra dimensions considered:
δ = 3 (solid), δ = 5 (dot-dashed) and δ = 7 (short-dashed). As
suggested by (18), positive and negative m2φ values in the figures correspond, respectively, to negative and positive values of
f  (0) since f  (0) has already been restricted to take positive
values to prevent graviton becoming a ghost (see the propagator (10)). On the other hand, if A(k 2 ) in (15) exhibits a timelike
(k̃ 2 > 0) or spacelike (k̃ 2 < 0) propagation depends on how k 2
compares with m2φ . With the values of parameters given above,
the figures illustrate cases where k 2 > 0 yet k̃ 2 varies over a
wide range of values comprising spacelike and timelike behaviors as well as a heavy φ, i.e., |m2φ |  Λ2 .
The overall behaviors of both figures suggest that F (R)
gravity effects fade away for large |m2φ |, as expected. Both
real and imaginary parts of Q(k 2 ) exhibit a narrow peak at
m2φ = −(24 TeV)2 which corresponds to resonating of the transition amplitude by Kaluza–Klein levels with mass-squared =
k 2 − m2φ = Λ2 . From Fig. 1 it is clear that Re[Q(k 2 )] becomes
significant at large δ and negative m2φ . This is also seen to hold
for Im[Q(k 2 )] from Fig. 2. Obviously, f (R) gravity predictions differ from ADD ones for moderate (with respect to scale
Λ) negative m2φ or equivalently for sufficiently small and positive f  (0) (see Eq. (18) for details). Indeed, for positive values
of m2φ or equivalently for negative f  (0) the strength of f (R)
gravity contribution remains significantly below the ADD one.
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gravity setups. Therefore, distinction between the two frameworks rests mainly on the additional scalar field (4) imbrued in
the f (R) gravity dynamics. Consequently, detection of f (R)
gravity effects requires scattering processes on the brane to be
sensitive to the new energy threshold mφ not found in the ADD
setup.
Let us consider first role of f (R) gravity on brane-localized
loops. The simplest of such processes is the self-energy of a
brane particle. One may consider, for instance, self-energy of
the Z boson (or any of the massive SM fields mentioned in the
last section). At the level of a single graviton exchange one finds
−iΠ(q)
= −iΠSM (q) − i
Fig. 1. The dependence of Re[Q(k 2 )] on m2φ for k 2 = (1 TeV)2 , Λ =
M̄D = 5 TeV, and δ = 3 (solid curve), δ = 5 (dot-dashed curve) and δ = 7
(short-dashed curve). We vary m2φ from −(30 TeV)2 up to +(30 TeV)2 .

−

The behaviors of Re[Q(k 2 )] and Im[Q(k 2 )] illustrated in these
figures remain qualitatively similar for other k 2 , Λ or δ combinations. Therefore, one concludes that generalization of ADD
2 R to
mechanism based on Einstein–Hilbert action density M̄D
2
M̄D f (R) type higher curvature gravity theory can have observable effects on high energy processes (for instance, the ones
listed in (25), (26) and (27) listed above) when f  (0) is posi2 ).
tive and O(1/M̄D
4. Yet more signatures of f (R) gravity
So far we have focussed mainly on higher dimensional operators induced by tree-level virtual graviton exchange. Clearly,
effects of higher dimensional gravity on brane matter are not
restricted to such processes: graviton can contribute to selfenergies, effective vertices or box diagrams of brane matter;
graviton can be emitted off the brane matter; and graviton can
decay into brane matter. In this section we will discuss such
processes briefly for illustrating how f (R) gravity effects differ from those found in the ADD setup.
First of all, as suggested by (5), couplings of the gravity
waves hAB (x) to brane matter are identical in ADD and f (R)

2 f  (0) (δ
M̄Pl

d 4k

δ+4
+ 2)(δ + 3)

1
,
− MZ2 + i
+ i (q
n
(29)
where contribution of the four-point vertex that binds gravitons and Z bosons is contained in the seagull contribution. The
summation and integration involved in this expression are difficult to evaluate analytically, and therefore, one may eventually
need to resort some numerical techniques [9]. However, at least
for vanishing external momentum, one can show that f (R)
gravity contribution in the second and third lines of (29) is diminished at large |mφ |2 , and is particularly pronounced when
|mφ |2 ∼ MZ2 and m2φ < 0. Therefore, when f  (0) ∼ 1/MZ2 one
expects observable enhancements in the Z boson self-energy
(see [19] and [9] for analyses of the Higgs boson self-energy).
Having discussed effects of f (R) gravity on brane-localized
loops we now turn to an analysis of production and decays
of the graviton. In these processes graviton is a physical particle described by asymptotically free states connected by the
S-matrix elements. Therefore, the scalar field φ imbrued in
f (R) dynamics must be endowed with a positive mass-squared
for its decays and productions to be observable. Consequently,
f (R) gravity effects on graviton production and decay exist
within m2φ > 0 domain. However, as suggested by Figs. 1 and
2, f (R) gravity contribution, the second line of (15), stays significantly below the corresponding contribution in ADD setup.
This implies, in particular, that production and decay of φ graviton are suppressed relative to those of the J = 2 and J = 0
gravitons.
The above observation is confirmed by the fact that when
the looping particles come on their mass shells, as dictated
by the optical theorem, the Z boson self-energy (29) above
represents the Drell–Yan production of graviton and Z boson at lepton (via e+ e− → Z  → graviton + Z annihilation)
or hadron (via q q̄ → Z  → graviton + Z annihilation) colliders. The main novelty brought about by f (R) gravity is the
production of φ (in addition to J = 0 and J = 2 gravitons)
when the center-of-mass energy of the collider is sufficiently
large, i.e., s  m2φ + MZ2 . This phenomenon reflects itself by a
sudden change in the number of events (similar to opening of
×

Fig. 2. The same as in Fig. 1 but for Im[Q(k 2 )].

MZ4

1
ΠADD (q) − iΠseagull q 2
f  (0)

1
(2π)4 k 2 − m2φ −

n·
n
R2

+ k)2
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W + W − channel at LEP experiments). The dominant contribution to graviton emission comes from Kaluza–Klein levels in
the vicinity of R 2 (MZ2 − m2φ ). The emission of gravitons from
the brane is not restricted to such 2 → 2 processes, however. Indeed, massive brane-localized states can decay into gravitons,
including φ itself, and this reflects itself as an increase in their
invisible widths (see, for instance, [19] for a detailed discussion
of the Higgs boson width).
There are, of course, inverse processes to graviton emission.
Indeed, gravitons propagating in the bulk can decay into brane
matter when they land on the brane. The graviton decay channels can open only if their Kaluza–Klein level is high enough
[9]. The only exception to this is the φ graviton which can decay
into brane matter even at zeroth Kaluza–Klein level provided
that its mass, mφ , is larger than those of the daughter particles.
Detailed discussions of the production and decays of gravitons
(as well as those of the right-handed neutrinos propagating in
the bulk [20]) in the framework of ADD mechanism can be
found in [5].
This section is intended to provide a brief summary of what
impact f (R) gravity can have on processes involving braneloops, missing energy signals in brane matter scatterings, and
population of brane via the graviton decays. These processes
are of great importance for both collider [8,9] and cosmological [5,20] purposes, and discussions provided in this section is
far from being sufficient for a proper description of what effects f (R) gravity can leave on them. From this brief analysis,
combined with results of the previous section, one concludes
that f (R) gravity effects on decays and emissions of graviton
cannot compete with the ADD expectations.
5. Conclusion
In this work we have discussed a number of phenomenological implications of f (R) gravity in higher dimensional spacetimes with large extra spatial dimensions. In Section 2 we have
derived graviton propagator about flat Minkowski background
(which requires f (0), i.e., cosmological constant to vanish),
and have determined how it influences interactions among the
brane matter. In Section 3 we have listed down a set of higher
dimensional operators which exhibit an enhanced sensitivity
to f (R) gravity (compared to those operators involving light
fermions or massless gauge fields). Finally, in this section we
have performed a comparative study of ADD and f (R) gravity predictions and determined ranges of parameters where the
latter dominates over the former. The analysis therein suggests
that f (R) gravity theories with finite and positive f  (0) induce
potentially important effects testable at future collider studies.
In Section 4 we have discussed briefly how f (R) gravity influences loop processes on the brane as well as decays and
productions of gravitons.
The analysis in this work can be applied to various laboratory, astrophysical and cosmological observables (see [5] for a

detailed discussion of major observables) for examining nonEinsteinian forms of general relativity in higher dimensions.
The discussions presented here are far from being complete in
their coverage and phenomenological investigations. The rule
of thumb to be kept in mind is that higher curvature gravity influences scatterings of massive (sufficiently heavy compared to
the fundamental scale of gravity) brane matter.
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