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1. Introduction

Scattering amplitudes are ubiquitous in quantum field theories. It allows us to systematically
understand the validity of quantum field theories at every order in perturbation theory. It also allows
us to understand the energy scale at which a given theory should be superseded by a larger theory
consistent with all the symmetries of the low-energy theory. This is true for all the fundamental
forces of nature, including electroweak theory and quantum chromodynamics, as well as gravity.

In recent years, there has been a renewed surge of interest in theories of compactified higher-
dimensional gravitational theories. First introduced as a way to unify elctromagnetism and gravity
within a 5 dimensional fundamental theory by Kaluza and Klein (KK) [1, 2], compactified theories
appear naturally in the broader context of string theory, a candidate for a quantum theory of gravity.
Low energy constructions of compactified theories emerged in the late 1990’s as an intermediate
solution to the hierarchy problem originating from a variety of string compactifications. These low-
energy constructions include compactifications over a flat background such as the Arkani-Hamed-
Dimopoulous-Dvali (ADD) model[3], as well as compactifications with a bulk Anti-de-Sitter (AdS)
geometry, such as the Randall-Sundrum (RS) model[4, 5]. Phenomenological consequences of these
models, including solutions to the hierarchy problem, flavor puzzle, electroweak phase transition and
constructive approaches such as the clockwork mechanism have been studied in great detail[6, 7].

Recently, phenomenological dark matter models with massive spin-2 particles (known as KK
resonances, obtained by compactification of an extra-dimension) as a mediator between the dark
and the visible sector have also received a lot of attention. In this case, it was estimated in several

works that the matrix elements of these KK spin-2 particles grew as O ( (where s is the

s? )
M AL
squared centre of mass energy, A, the scale of the effective 4D theory, and Mgk is the massive
spin-2 KK particle), in contradiction with expectations based on unitarity arguments which predict
that in compact extra-dimensional theories the scattering amplitude should grow no faster than
v

particle are analogous to the theories of massive gravity as the Fierz-Pauli theory, where scattering

). The predictions of the phenomenological dark matter papers with a massive spin-2 KK

amplitudes of matter with massive spin-2 particles grow as O , where my is the mass of the

s
mgMp,
spin-2 particle and Mp; the observed 4D Planck mass [8, 9]. This begs a larger question, how do
we reconcile the apparent contradictory result of the difference in the high energy scaling behaviour

of scattering amplitudes of massive spin-2 particles in massive gravity and KK theories.

The rest of this document briefly illustrates the reconciliation for the 2 — 2 elastic scattering
of massive spin-2 KK particles in a stabilized AdS background. Further details can be found in
the references [10-15] for the pure gravitational sector calculation, in [16, 17] for an exposition
of the reconciliation in a general ‘t-hooft-Feynman gauge using the Goldstone Boson equivalence
theorem, and in [17, 18] for scattering of masssive spin-2 KK particles with matter, and finally in
[19] a correct estimate of dark matter abundance in KK portal models.
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2. Gravitational Sector of the Model

Without loss of generality, we parametrize the 5 dimensional metric as, [13, 14], we write the
Lagrangian for the stabilized 5D model on a curved AdS background as,

S = / d*x dy (Len + Lo + Lpo + Loy +AL), 6]
1%

where Lgy is the 5D Einstein-Hilbert term, L4 and Ly are the kinetic and potential energy
terms of the stabilizing bulk scalar field ¢§(x, y), Lcuy is the Gibbons-Hawking-York term [20, 21]
required for a well-posed variational problem in the gravitational spin-2 KK and the spin-0 GW
sector. Finally, AL is a total derivative term added to the action to eliminate the mixing between
the tensor and scalar fields in 5D. The specific forms can be found in [12, 14].

In unitary gauge, the SD metric for an RS-like background is parametrized as [14]
W8y 0 and GMVN = (g“"/w 0 ) )

0 —y?

G =
MN ( 0 —1/»?

in terms of coordinates x™ = (x*,y), where y € (—nr., +nr.] parametrizes an orbifolded extra-
dimension (where y and —y are identified); for convenience we define ¢ = y/r., and use y or ¢
interchangeably as the coordinate of the fifth dimension. Here

gvan,uv"'Kil,uv(xyay)’ (3)

where 1, is the usual 4D “mostly-minus" metric and ft,,,,(x, y) parametrizes metric fluctuations.
The quantities w and v are defined as,

5 (4 e2A)
R B

. e2A) A
y = ( + e Kr(x,y)) , “)

where the function A(y) specifies the background AdS geometry' and 7(x, y) parametrizes scalar
metric fluctuations around this background. We normalize the Lagrangian such that the 5D gravi-
tational coupling « is related to the SD fundamental Planck mass M5 according to k* = 4/ M53.

The GW stabilization mechanism [22, 23] relies on the existence of a non-trivial background
scalar field configuration ¢ (y) such that the size of the extra dimension is stabilized by a competition
between the kinetic (gradient) and potential energies of this field, which is “pinned" to different
values at the two ends (branes) of the orbifold. We expand the bulk scalar ¢(x, y) as

[¢0(y) + F(x,7)] . )

X |I=

A 1
¢(x,y) = —¢ =
K

where scalar fluctuations are encoded in f(x, y).2

IFor RS1 [4] models, in which the extra dimension is unstabilized, A(y) = k|y| as sourced by brane and bulk
cosmological constants.with k being the curvature of the AdS background.

2The factors of k (in units of energy_S/ 2) included in Eq. (5) are defined so that ¢y and f are dimensionless in natural
units.
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For any arbitrary well behaved and bounded potential that stabilizes the AdS bulk geometry, the
quadratic fluctuation terms of the full Lagrangian in Eq. (1), once compactified with proper boundary
conditions, generates a pair of Sturm-Liouville (SL) equation that can be solved to yield the KK
spectrum of the gravitational (spin-2) sector and the scalar (spin-0) sector. A detailed description
of the procedure to bring the KK mode Lagrangian to a quadratic form can be found in [13, 14].

For the tensor fluctuations, which give the masses and the wavefunctions of the spin-2 KK
modes, the tensor field fzﬂ,,(x, y) can be decomposed into a tower of 4D KK states le(ﬁ,) (x) with

©=y[re,
R 1 +00 (n
() = = ZO A () dn(9) ©)

r. being the radius of the compact extra dimension and ,,(¢) the 5D wavefunction of the n™ mode
that satisfies the SL differential equation:

dple ™ dpn] = —ple . (7)

These wavefunctions satisfy the Neumann boundary conditions where (d,¢,) = 0 at ¢ € {0, 7}.
The dimensionless eigenvalues u, = my,r. give the masses m, of the nth spin-2 KK mode. The
wavefunctions follow an orthonormality and complteness relation according to,

+7
/ do e A YmWn = Om,n, orthonormality , (8)
-n
+00
5(pa— 1) = 24 Z Wi(e1)¥j(g2), completeness. )
Jj=0

The difference between an unstabilized and stabilized model in the above is encoded in the new
background geometry with a modified warp factor A(y).

For the spin-0 sector, in which the metric fluctuation and the bulk scalar mix proportional to
vacuum expectation value (VEV) of the background scalar field ¢ (¢), the KK decomposition of the
5D scalar field #(x, y) into a tower of spin-0 KK modes proceeds by introducing extra-dimensional
wavefunctions y; (¢) and a tower of 4D scalar fields #() (x) parameterized as follows:

1 +00 )
Poey) = — > P (x)7i(p) . (10)
i=0

Vi £

The eigenmode equation that brings the 5D scalar spin-O Lagrangian to canonical form is given
by [13, 14, 24, 25],

i “ 44 26 26(¢p -
0y e,z(aw”)]‘e yim gy e 200 20 Ly,
0 0
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Figure 1: Elastic scattering of spin-2 KK particles of mode number n, as a sum of 4 gauge invariant diagrams
at leading order

3. Scattering Amplitudes and energy growth

We want to assess the high energy behaviour of the scattering amplitude corresponding to the
Feynman diagrams in Fig. In order to carry out scattering amplitude calculations we require to
define the polarizations of external spin-2 KK gravitons.

A helicity-1 spin-2 KK graviton carries five polarizations &’ These can be grouped into

/l(k)
two transverse, and three longitudinal polarizations, which can be split into two helicity-1 modes

and one helicity-0 mode, defined respectively as [12],

A==+2, &l o —s’:lsil, (12)
1

A==, &) = 6[8’;186+8g8l1], (13)
1

A1=0, sgvz%[sfl g, +&" srl+286‘86’], (14)

where s’; , are the usual polarization vectors for the photon and the helicity-0 polarization is defined
by,
g”(k)—& 1—M’2<K/€ (15)
0T Mgk EY

Choosing the centre-of-momentum frame for the incoming particles with four-vectors p; and
P2, and outgoing four-vectors k1 and k;, the outgoing energies Ey, and Eg, can be expressed in
terms of the Mandelstam variable s and the mass of the graviton Mg as,
_ A2 2
S Mk g, oS Mkk (16)
24/s 24/s

In order to extract the high energy behaviour of the amplitude, we consider the scattering of

Ey, =

two longitudinal KK gravitons,
R )y p () p(n) (17)

and expand the matrix element as a power series is /s,

Maa(s,0) = Y M\ T (0)s7/2. (18)

o€’

We observe that while the scattering amplitudes of individual diagrams grow as fast as O(s>),
the sum of all diagrams at every order from O(s>) to O(s?), once all KK modes are taken into account
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in the intermediate propagators in the s, ¢ and u channel diagrams [10-13, 16, 18]. This is ensured
by a set of sum-rules that relates various 3 and 4 point coupling structures depicted in Fig. 1, and
provides an exact cancelation that can be evaluated analytically. In a stabilized Randall-Sundrum

model, this ensures that at high energies that scattering amplitudes of spin-2 KK modes grow as M =~
—kr, c

-, where Ay = Mpe 7, is the energy scale untill which the RS model is valid perturbatively.

8 Analogous to the case of W*W ™ scattering, the precise pattern of cancelation at every power
of O(s) such that the final amplitude grows like O(s) is due to the unitary gauge choice. In a’t-
Hooft-Feynman gauge one can show that the high energy growth grows no faster than O(s) from

the outset [16—18], ensured by a goldstone equivalence theorem analogous to W*W~ scattering.

4. Conclusion

We have analyzed the high energy behaviour of scattering amplitudes of massive spin-2 Kaluza-
Klein gravitons in extra-dimensional models. We have shown that while individual diagrams grow
as fast O(s°) in unitary gauge, delicate cancellations driven by higher dimensional diffeomorphism
and Ward Identities ensure that the final amplitude grow no master than O(s), with an effective
4D field theory scale determined only by the curvature and the radius of compactification. Further
development include studies of scattering amplitudes for brane localized curvature [26], as well as
multi-brane models such as in [27].

References

[1] T. Kaluza, Int. J. Mod. Phys. D 27, 1870001 (2018), arXiv:1803.08616 [physics.hist-ph] .
[2] O. Klein, Z. Phys. 37, 895 (1926).

[3] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, Phys. Lett. B 429,263 (1998), arXiv:hep-
ph/9803315 .

[4] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999), arXiv:hep-ph/9905221 .
[5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999), arXiv:hep-th/9906064 .

[6] C. Csaki, in Theoretical Advanced Study Institute in Elementary Particle Physics (TASI 2002):
Particle Physics and Cosmology: The Quest for Physics Beyond the Standard Model(s) (2004)
pp. 605-698, arXiv:hep-ph/0404096 .

[7] K. Agashe, G. Perez, and A. Soni, Phys. Rev. D 71, 016002 (2005), arXiv:hep-ph/0408134 .
[8] C.de Rham, Living Rev. Rel. 17, 7 (2014), arXiv:1401.4173 [hep-th] .
[9] K. Hinterbichler, Rev. Mod. Phys. 84, 671 (2012), arXiv:1105.3735 [hep-th] .

[10] R. Sekhar Chivukula, D. Foren, K. A. Mohan, D. Sengupta, and E. H. Simmons, Phys. Rev.
D 101, 055013 (2020), arXiv:1906.11098 [hep-ph] .

[11] R. Sekhar Chivukula, D. Foren, K. A. Mohan, D. Sengupta, and E. H. Simmons, Phys. Rev.
D 100, 115033 (2019), arXiv:1910.06159 [hep-ph] .


http://dx.doi.org/10.1142/S0218271818700017
http://arxiv.org/abs/1803.08616
http://dx.doi.org/10.1007/BF01397481
http://dx.doi.org/10.1016/S0370-2693(98)00466-3
http://arxiv.org/abs/hep-ph/9803315
http://arxiv.org/abs/hep-ph/9803315
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://arxiv.org/abs/hep-ph/9905221
http://dx.doi.org/10.1103/PhysRevLett.83.4690
http://arxiv.org/abs/hep-th/9906064
http://arxiv.org/abs/hep-ph/0404096
http://dx.doi.org/10.1103/PhysRevD.71.016002
http://arxiv.org/abs/hep-ph/0408134
http://dx.doi.org/10.12942/lrr-2014-7
http://arxiv.org/abs/1401.4173
http://dx.doi.org/10.1103/RevModPhys.84.671
http://arxiv.org/abs/1105.3735
http://dx.doi.org/10.1103/PhysRevD.101.055013
http://dx.doi.org/10.1103/PhysRevD.101.055013
http://arxiv.org/abs/1906.11098
http://dx.doi.org/10.1103/PhysRevD.100.115033
http://dx.doi.org/10.1103/PhysRevD.100.115033
http://arxiv.org/abs/1910.06159

Unitarizing Scattering Amplitudes of massive spin-2 Particles in Compact Extra-Dimensions Dipan
Sengupta

[12] R. S. Chivukula, D. Foren, K. A. Mohan, D. Sengupta, and E. H. Simmons, Phys. Rev. D
101, 075013 (2020), arXiv:2002.12458 [hep-ph] .

[13] R. S. Chivukula, D. Foren, K. A. Mohan, D. Sengupta, and E. H. Simmons, Phys. Rev. D
103, 095024 (2021), arXiv:2104.08169 [hep-ph] .

[14] R. S. Chivukula, D. Foren, K. A. Mohan, D. Sengupta, and E. H. Simmons, Phys. Rev. D
107, 035015 (2023), arXiv:2206.10628 [hep-ph] .

[15] J. A. Gill, D. Sengupta, and A. G. Williams, Phys. Rev. D 108, L051702 (2023),
arXiv:2303.04329 [hep-ph] .

[16] R. S. Chivukula, E. H. Simmons, and X. Wang, Phys. Rev. D 106, 035026 (2022),
arXiv:2207.02887 [hep-ph] .

[17] R.S. Chivukula, J. A. Gill, K. A. Mohan, D. Sengupta, E. H. Simmons, and X. Wang, Phys.
Rev. D 109, 075016 (2024), arXiv:2312.08576 [hep-ph] .

[18] R. S. Chivukula, J. A. Gill, K. A. Mohan, D. Sengupta, E. H. Simmons, and X. Wang, Phys.
Rev. D 109, 015033 (2024), arXiv:2311.00770 [hep-ph] .

[19] R. S. Chivukula, J. A. Gill, K. A. Mohan, G. Sanamyan, D. Sengupta, E. H. Simmons, and
X. Wang, (2024), arXiv:2411.02509 [hep-ph] .

[20] J. W. York, Jr., Phys. Rev. Lett. 28, 1082 (1972).

[21] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15, 2752 (1977).

[22] W. D. Goldberger and M. B. Wise, Phys. Rev. Lett. 83, 4922 (1999), arXiv:hep-ph/9907447 .
[23] W. D. Goldberger and M. B. Wise, Phys. Lett. B 475, 275 (2000), arXiv:hep-ph/9911457 .

[24] E. E. Boos, Y. S. Mikhailov, M. N. Smolyakov, and I. P. Volobuev, Mod. Phys. Lett. A 21,
1431 (2006), arXiv:hep-th/0511185 .

[25] L. Kofman, J. Martin, and M. Peloso, Phys. Rev. D 70, 085015 (2004), arXiv:hep-ph/0401189

[26] R. S. Chivukula, K. A. Mohan, D. Sengupta, E. H. Simmons, and X. Wang, Phys. Rev. D
110, 095034 (2024), arXiv:2407.01684 [hep-ph] .

[27] S. Girmohanta, S. J. Lee, Y. Nakai, and M. Suzuki, JHEP 07, 182 (2023), arXiv:2304.05586
[hep-ph] .


http://dx.doi.org/10.1103/PhysRevD.101.075013
http://dx.doi.org/10.1103/PhysRevD.101.075013
http://arxiv.org/abs/2002.12458
http://dx.doi.org/10.1103/PhysRevD.103.095024
http://dx.doi.org/10.1103/PhysRevD.103.095024
http://arxiv.org/abs/2104.08169
http://dx.doi.org/10.1103/PhysRevD.107.035015
http://dx.doi.org/10.1103/PhysRevD.107.035015
http://arxiv.org/abs/2206.10628
http://dx.doi.org/10.1103/PhysRevD.108.L051702
http://arxiv.org/abs/2303.04329
http://dx.doi.org/10.1103/PhysRevD.106.035026
http://arxiv.org/abs/2207.02887
http://dx.doi.org/10.1103/PhysRevD.109.075016
http://dx.doi.org/10.1103/PhysRevD.109.075016
http://arxiv.org/abs/2312.08576
http://dx.doi.org/10.1103/PhysRevD.109.015033
http://dx.doi.org/10.1103/PhysRevD.109.015033
http://arxiv.org/abs/2311.00770
http://arxiv.org/abs/2411.02509
http://dx.doi.org/10.1103/PhysRevLett.28.1082
http://dx.doi.org/10.1103/PhysRevD.15.2752
http://dx.doi.org/10.1103/PhysRevLett.83.4922
http://arxiv.org/abs/hep-ph/9907447
http://dx.doi.org/10.1016/S0370-2693(00)00099-X
http://arxiv.org/abs/hep-ph/9911457
http://dx.doi.org/10.1142/S0217732306020792
http://dx.doi.org/10.1142/S0217732306020792
http://arxiv.org/abs/hep-th/0511185
http://dx.doi.org/10.1103/PhysRevD.70.085015
http://arxiv.org/abs/hep-ph/0401189
http://dx.doi.org/10.1103/PhysRevD.110.095034
http://dx.doi.org/10.1103/PhysRevD.110.095034
http://arxiv.org/abs/2407.01684
http://dx.doi.org/10.1007/JHEP07(2023)182
http://arxiv.org/abs/2304.05586
http://arxiv.org/abs/2304.05586

	Introduction
	Gravitational Sector of the Model
	Scattering Amplitudes and energy growth
	Conclusion



