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Abstract

We propose a new mechanism for rendering dark matter self-interacting in the presence
of a massive spin-2 mediator. The derived Yukawa-type potential for dark matter is
independent of the spins of dark matter in the leading order of the momentum expan-
sion, so are the resulting non-perturbative effects for the dark matter self-scattering.
We find that both the Born cross section and relatively mild resonance effects assist
to make the self-scattering cross section velocity-dependent. We discuss how to evade
the current indirect bounds on dark matter annihilations and show that the model is
marginally compatible with perturbative unitarity in the ghost-free realization of the
massive spin-2 particle.
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1 Introduction

There are plenty of indirect evidences for dark matter (DM) such as galaxy rotation ve-
locities, gravitational lensing, large scale structures, Cosmic Microwave Background (CMB)
anisotropies, etc. It has been assumed that dark matter is collision-less, so there is no
or little self-interaction between dark matter particles. Weakly Interacting Massive Parti-
cles (WIMPs) have been a well motivated candidate for dark matter with negligible self-
interaction and weak interactions with known particles in the Standard Model but they have
been challenged by strong bounds from direct detection experiments [1]. Any single evidence
for dark matter beyond the gravitational interactions would provide an important guideline
for pinning down the particle physics nature of dark matter.

There has been a tension between N-body simulations and observed rotation velocities in
galaxies. The former favors the cuspy profile of dark matter density distribution at galaxies
but the latter shows the cored profiles. This is known as the small-scale problem [2,3], which
is related to another problem such as too-big-to-fail problem. Self-Interacting Dark Matter
(SIDM) has been suggested to solve those small-scale problems via the large self-scattering
cross section with g /mpy = 0.1—10 cm? /g [4]. Although baryonic effects, if included in the
N-body simulations, could ease or eliminate the tension [5], it is worthwhile to investigate the
particle physics models for rendering DM self-interactions velocity-dependent to be consistent
with the bounds from galaxy clusters [6] and look for the observable signatures.

In this article, we propose a novel mechanism for self-interacting dark matter of arbitrary
spin by exchanging a massive spin-2 mediator between dark matter particles. The spin-2
mediator couples to dark matter through the energy-momentum tensor [7-9|, giving rise to
the effective Yukawa-type potential between dark matter particles. In this framework, we
compute the momentum transfer cross section for DM self-scattering in the Born limit and
include the non-perturbative effects for the same process in the presence of a light spin-2
mediator. We also show how the DM self-scattering cross section is velocity-dependent in
order to satisfy the bounds from galaxy clusters. We also discuss the consistency of large self-
interactions with indirect bounds on dark matter annihilations and perturbative unitarity in
the presence of non-linear spin-2 couplings.

The readers can refer to a companion paper of the same authors [10] dealing with the effec-
tive theory for dark matter self-interactions with a massive spin-2 mediator, which includes a
complete discussion in the momentum expansions of the dark matter self-interactions in the
effective field theory and contains the next-to-leading order terms and spin-dependent inter-
actions beyond the leading terms that we focus on in this work. Therefore, the companion
paper in Ref. [10] is complementary to our current paper.

2 Dark matter potential from spin-2 mediators

We introduce the couplings of a massive spin-2 mediator G,, with mass m¢g to the SM
particles and dark matter with mass mpy (which is a real scalar S, a Dirac fermion x or a



real vector X), through the energy-momentum tensor, as follows [7],
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Then, the tree-level scattering amplitude for the self-scattering of dark matter through the
spin-2 mediator is
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where ¢ is the 4-momentum transfer between dark matter particles and the tensor structure
for the massive spin-2 propagator is given by
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Here, we note that the energy-momentum tensor for dark matter, TEVM, depends not only on

the 4-momentum transfer but also on the dark matter momenta, although it is not explicitly
shown. The tensor P, s satisfies traceless and transverse conditions for on-shell spin-2
mediator, such as n*°P,, ,5(¢) = 0 and ¢ P,,.45(¢) = 0 [7]. A similar approach was taken
for computing the DM-nucleon scattering amplitudes in the effective field theory with a
massive spin-2 mediator and dark matter [8,9].

The conservation law ¢, T*" = 0 is satisfied for ¢ being the 4-momentum of the massive
spin-2 mediator mediated between on-shell dark matter particles, so we can replace G, in
the scattering amplitude (2.2) by 7,,. For instance, the energy-momentum tensor for fermion
dark matter y is given by
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where the fermion DM is incoming into the vertex with momentum k; and is outgoing from
the vertex with momentum k;. Then, we can show explicitly that ¢*T), = 0 with ¢* = k{' —kj
being the momentum of the massive spin-2 mediator by using the equation of motion for
fermion dark matter. Similarly, the general energy-momentum tensors containing other spins
of dark matter and/or the SM particles follow the same conservation law, ¢*7},, = 0.

As a consequence, the self-scattering amplitude for dark matter in eq. (2.2) is divided
into trace and traceless parts of energy-momentum tensor, as follows,
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As a consequence, in the non-relativistic limit of dark matter and mg < mpy, we find that
the effective potential for dark matter is approximated to be Yukawa-type, up to (mg/mpu)?
corrections [10], independent of the spins of dark matter, as follows,
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with
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Therefore, the effective self-coupling Apy of dark matter is determined by the DM mass and
the gravitational coupling to the spin-2 mediator. We note that both spin-independent and
spin-dependent effective field potentials for dark matter with the massive spin-2 mediator
were derived in Ref. [10].

3 Spin-2 mediators and dark matter self-interactions

We first discuss the Born cross section for dark matter self-scattering and derive the Yukawa
type potential for dark matter self-scattering in the non-perturbative regime. Then, we show
the parameter space for self-scattering cross section in the Hulthén potential approximation
and comment on the potential problem from dark matter annihilations and solutions.

3.1 Born approximations for self-scattering

The momentum transfer cross section for DM self-scattering [11,12] is given by
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We first consider the Born regime with Apympy/(47meg) S 1 and take the limit of a small
dark matter velocity with mpyv < mg where v is the relative velocity of dark matter. Then,
the momentum transfer cross sections for DM self-scattering are given in the order of scalar,
fermion and vector dark matter, as follows,
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with Apy being defined in eq. (2.8) for DM = S, y, X and rx = (mg/mx)?. These approxi-
mate results in the Born limit are used to compare with the full results in the later discussion



in Fig. 3. In the limit of a vanishing DM velocity, we can approximate eqs. (3.2), (3.3) and
(3.4) further, as follows,
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which differ from the total self-scattering cross sections at the leading order in Ref. [9] by
1/2,3/4 and 1/2 factors for scalar, fermion and dark matter cases, respectively, due to the
fact that the momentum transfer is not averaged over in the latter case.

3.2 Bethe-Salpeter equation with spin-2 mediator

In the non-perturbative regime with Apyympam/(4mme) 2 1, Sommerfeld and /or bound-state
effects become more important. In the Coulomb limit with a small dark matter velocity, we
need to resum the ladder diagrams with the massive spin-2 mediator for the self-scattering
of dark matter in the Feynman diagram approach as in the cases with light spin-0 or spin-1
mediators [11,12], resulting in a Schrodinger-like equation with the Yukawa-type potential for
dark matter given in eq. (2.7). For consistency, we will also show in the next section that the
spin-2 mediator coupling does not exceed the unitarity bound for dark matter annihilation
processes.

Before going into a further discussion on the self-scattering and Sommerfeld effects for
dark matter, we discuss the resummation of the ladder diagrams in the case of the massive
spin-2 mediator in more detail. As illustration, we consider the elastic self-scattering process
for scalar dark matter, S(p)+S(k) — S(p’)+S(k’). We find that the non-perturbative four-
point function I'(p, k;p’, k') for the scattering process with the spin-2 mediator exchanges
satisfies a recursive relation [15] , as follows,
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where G(s) is the propagator for scalar dark matter and f(p, k;p' k') is the tree-level four-
point amplitude, given by
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The resummation of ladder diagrams is needed to capture Sommerfeld effects at a small
momentum transfer between dark matter particles due to t-channel poles. The typical mo-
mentum transfer for dark matter self-scattering is ¢ ~ mpyv. Since the momentum in-
tegration is dominated by small loop momenta for energy-momentum conservation in the
non-relativistic self-scattering of dark matter, the energy transfer becomes w = py — pj = 0,
thus the scattering process is instantaneous, and we can approximate the above tree-level
point amplitude in eq. (3.9) [10] to
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where ¢ = ¢’ —ﬂﬁ is the momentum transfer between dark matter particles, o+ - ¢ = 0 and
(vh)? =02 — L, with v being the relative velocity between dark matter particles.
S

Therefore, defining the Bethe-Salpeter(BS) wave function in momentum space for dark
matter in the following,

dns= [ S2A(PQ) (312)

where P = 1(p+ k), Q = 3(p — k), and

xX(p, k) = G(p)G(k)T(p, k; p', K), (3.13)

and using eq. (3.8) with eq. (3.11) while ignoring the perturbative contributions, we obtain
the BS equation for the wave function in position space as
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with the effective potential being given by
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As a result, the correction terms coming from nonzero velocity v and momentum transfer
are suppressed as far as [vt]| < 1 and mg < mg. Therefore, even higher order terms in the
momentum expansion of the tree-level amplitude with the massive spin-2 exchange give rise
to suppressed contributions to the effective potential.

We remark on the validity of the momentum expansion for the effective potential. The
effective potential in eq. (3.15) is given by the infinite momentum integral for the momen-
tum transfer. However, since the resummation of ladder diagrams is dominated by a small
momentum transfer near the spin-2 particle mass, we can truncate the effective potential



up to finite terms in the effective field theory. An explicit cutoff or regularization on the
momentum transfer was introduced in Ref. [13] in order to treat the higher order terms in
the momentum transfer. But, in our case, as far as we keep the momentum transfer small for
the self-scattering of dark matter in the effective theory, higher momentum contributions are
sub-dominant for the computation of the effective potential, so the small momentum expan-
sion of the tree-level self-scattering amplitude as in eq. (3.11) is justified. The above result
in eq. (3.15) is consistent with eq. (2.7) in the limit of mg < mg and (v+)? < 1. The same
discussion holds for fermion or vector dark matter as well, apart from the spin-dependent
parts of the effective potential [10]. As a result, we have shown that the non-perturbative
amplitude for dark matter self-scattering can be computed consistently in the case of the
massive spin-2 mediator even with the non-renormalizable interactions.

3.3 Loop corrections due to spin-2 mediators

In this subsection, we also comment on the loop corrections of the massive spin-2 mediator
to the self-scattering of dark matter. Concretely, we consider the one-loop corrections to the
self-scattering amplitude for scalar dark matter with two massive spin-2 particles exchanged.
Then, as summarized in Appendix A, in the non-relativistic limit for dark matter, we can
approximate the t-channel scattering amplitude to

Ioop = L div 4 1L finite (3.16)

where ['g;, is the divergent part, in dimensional regularization, given by
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We also obtained the same results from the u-channel diagrams as for the t¢-channel dia-
grams in the non-relativistic limit. Here, the divergent part i['g;, can be cancelled by the

renormalization of the quartic self-coupling for scalar dark matter, —}l)\SS‘l.

Now we also discuss the finite part of the loop corrections to the self-scattering amplitude.
We first recall the tree-level amplitude for small momentum and momentum transfer for
scalar dark matter from eq. (3.11) as
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As a result, in the limit of £ = m%/m¥% > 1, we obtain the ratio of the finite part of the
one-loop amplitude to the tree-level amplitude for scalar dark matter, as follows,
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Therefore, for £ > 1 and Ag < 1, we get [guite 2 T, for which the perturbative expansion
would break down as in the cases for spin-0 or spin-1 mediators [14], so we need to resum the
ladder diagrams following the Bethe-Salpeter formalism as discussed in the previous subsec-
tion. In the non-perturbative regime for the one-loop amplitude, we obtain the condition,
meg < cimi /(127wA?), which is similar to the non-perturbative condition for the bound-state

formation of dark matter, as will be discussed in the next subsection,

As shown in Appendix A, we also checked that the leading velocity-dependent correc-
tions in the one-loop amplitude are divergent but they can be cancelled by higher dimen-
sional counter terms for scalar dark matter, such as ¢6(9,50"S)S?, etc. The finite velocity-
dependent corrections at one loop can be ignored as far as 4v%¢ < 1 with v being the relative
velocity between dark matter particles. This is the case for dark matter in galaxies and
galaxy clusters.

Although the concrete discussion on the loop corrections was made for the case for scalar
dark matter for simplicity, the similar results could be also obtained to the cases for fermion
or vector dark matter.

3.4 Hulthén potential approximation

In the non-perturbative regime with Apyympa/(4mme) 2 1, the self-scattering cross section
for dark matter can be also enhanced by non-perturbative and resonance effects. We take
the Hulthén potential approximation for the Yukawa-type effective potential (2.7) for dark
matter, with Vg = —A%Tf‘l‘s_e;f;, with § = %ng. Then, for the s-wave dominance, the

general result for the non-perturbative self-scattering cross section is given by

i 02
O_Hulthen ~ 4 sin 50'

~ 12 (3.21)
where the phase shift for the s-wave is given by
i+ A —2)
do = 3.22
o= () &2
with
ik / k2 [ Apmmpum
=14+ ==/ - = =/ —. 2
At the pole of the gamma function at A_ = —n in the phase shift, with n being non-negative

integer, the self-scattering cross section is enhanced by o o< 1/v%. In this case, dark
matter can form an s-wave bound state for wz = n? for a positive integer n [15], leading to
the resonance condition for the spin-2 mediator mass,

3 chu Mbu
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This is an intriguing relation between the masses for the spin-2 mediator and dark matter
and the strength of the spin-2 mediator coupling. We note that the similar condition as
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Figure 1: Contours of dark matter self-scattering cross sections in mqg vs mpwm, depending on the
spins of dark matter, s = 1/2,0 on left and right. We have chosen Apy; = 1 and the DM velocity
to the one at dwarf galaxies, vqwarf = 10~%. The orange dashed and solid lines are the results for
the Born cross section, whereas the purple and blue lines are those for the non-perturbative cross
section. We took or/mpy = 0.1, 10 cm? /g. The case with s = 1 shows the similar result as for the
case with s = 0.

above was also inferred from the explicit calculations of the one-loop corrections to the
self-scattering amplitude for dark matter in the previous subsection.

In matching the non-perturbative results to the Born approximations given in egs. (3.2),
(3.3) and (3.4), we make replacements for the self-scattering cross sections, depending on
the spins of dark matter, as follows,

o Hulthen
7S ORGP (3:29)
Hulthen
= S (3:20)
2 Hulthen
oxr = S 327
where of™hen and g in eqgs. (3.21) and (3.23) are given by those with Apy being replaced

by As, A, and Ay in order). For our analysis on the dark matter self-scattering, we use the
above analytic results.

In Fig. 1, we depicted the contours in the parameter space for mg vs mpy for the DM
self-scattering cross section divided by the DM mass. We have fixed the DM velocity to
Vawart = 107%c at dwarf galaxies, the effective fine structure constant to Apy = 1, and
the contours are shown for or/mpy = 0.1,10 cm? /g. The orange dashed and solid lines
indicate the results with the Born cross section. On the other hand, the results with the
non-perturbative cross section are shown in purple and blue lines. The cases for fermion and
scalar dark matter are shown on left and in the panel. The case for vector dark matter is
similar to the case for scalar dark matter, so we don’t show it in Fig. 1. We found that the
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Figure 2: Born cross section (left) and non-perturbative cross section (right) for the self-scattering
of scalar dark matter. We took Ag = 1 and mg = 100 GeV. We made the Hulthén potential
approximation for the non-perturbative cross section.

DM masses up to 200 GeV and the spin-2 mediator masses up to 6 GeV are required to get
the self-scattering cross section for solving the small-scale problems. We find that fermion
dark matter is distinguishable from scalar or vector dark matter, due to the difference in the
Born cross section. This is because the particle-particle and particle-anti-particle scattering
processes coexist in the case of fermion dark matter, unlike in the other cases.

In Fig. 2, we depict the self-scattering cross section divided by the DM mass for scalar
dark matter as a function of mgvqyart/me. The Born approximation is made on left and
the non-perturbative cross section with the Hulthén potential approximation is considered
on right. We chose the dark matter velocity to v = 1072 and 10~ in orange and purple
lines, and Ag = 1 and mg = 100 GeV were taken. Thus, we can see that the Born cross
section is already velocity-dependent and it depends on the mass of the spin-2 mediator.
But, there is a clear distinction between the Born and non-perturbative cross sections, due
to the resonance effects in the latter case, in particular, at small velocities of dark matter.

On the other hand, in Fig. 3, we also show the DM self-scattering cross section divided by
the DM mass as a function of the DM velocity for Apy; = 1 and several choices of the DM and
spin-2 mediator masses. The cases for fermion and scalar dark matter are shown on left and
right. The case for vector dark matter is similar to the case for scalar dark matter, so we don’t
show it in Fig. 3. Dashed and solid lines indicate the Born self-scattering cross section and
the non-perturbative self-scattering cross section from the Hulthén potential, respectively.
Here, we chose mpy = 50,200 GeV and mpyUawart/me = 0.033 (i.e. mg = 0.15,0.60 GeV)
for blue and red lines, respectively. In this case, the resulting self-scattering cross section
gets saturated to a constant value below vpy ~ 107% and it becomes highly suppressed at
vpm ~ 1072 below the bounds from Bullet cluster [6]. As a result, the self-scattering cross
section of dark matter is suppressed at large velocities to be consistent with the disparity
between rotation curves of galaxies and galaxy clusters.

We remark that the velocity dependence of the self-scattering cross section is significant
already in the Born limit given in egs, (3.2)-(3.4), so only mild non-perturbative or resonance
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Figure 3: The DM self-scattering cross section divided by DM mass as a function of the DM velocity,
depending on the spins of dark matter, s = 1/2,0 on left and right. We have chosen Apy = 1
and MpMUdwart/Mma = 0.1, at dwarf galaxies with vgwa,f = 107%. Dashed and solid lines are for
the Born and non-perturbative cross sections, respectively. The case with s = 1 shows the similar
result as for the case with s = 0.

effects are needed to get sufficiently large values of the self-scattering cross section for WIMP
dark matter. Increasing (decreasing) Apy with the enhancement factor fixed at galaxies,
we need to choose a smaller (larger) DM mass or a larger (smaller) spin-2 mediator mass in
order to get the enhancement factor suppressed at galaxy clusters.

We note that there is also a possibility to make the self-scattering cross section velocity-
dependent by the s-channel resonance [16], in the case of vector dark matter of our model,

whereas the s-channel resonance has an overall velocity-suppression in the cases for scalar
or fermion dark matter.

3.5 Dark matter annihilations

When dark matter couples to a light spin-2 mediator, it is indispensable for dark matter
to annihilate into a pair of spin-2 mediators, i.e. DM DM — GG is kinematically open
and s-wave, independent of the spins of dark matter [7]. So, if the mentioned annihilation
process dominates in determining the relic density and the spin-2 mediator decays before
the CMB recombination, the corresponding annihilation cross section would be enhanced

by the Sommerfeld effects at a smaller velocity, thus making the WIMP-like dark matter
incompatible with Planck data.

Adopting the approximate analytic solutions with the Hulthén potential as for the dark
matter self-scattering, we obtain the Sommerfeld factor for the s-wave dark matter scattering
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[15] as

Zx sinh(27w)

S(] =
sinh [7‘("[1)(1 ,/1——>}smh [7rw<1+w/ )]
(3.28)
with x = igf}” and w = % = 62 mnlev. Then, the tree-level annihilation cross section (ov)g
for dark matter is replaced by (av)ann ~ Sy (ov)p, which is enhanced at a low velocity

for dark matter. We note that the Sommerfeld factor is saturated to a constant value for
v ,S 12 mG/mDM

Simple solutions to the problem with Sommerfeld-enhanced annihilation cross section for
DM DM — GG would be to make the spin-2 mediator long-lived until CMB recombination
with small couplings to the SM or make the DM DM — GG annihilation channel subdom-
inant for determining the relic density [17] or produce dark matter during the early matter
domination [18]. In the first solution, we could make the spin-2 couplings to the SM small
enough and the spin-2 mediator decaying into neutrinos or light particles in the hidden sec-
tor [17]. In the second solution, there is no need of a large suppression of the dark matter
annihilation into a pair of spin-2 mediators, because we needed relatively mild Sommerfeld
effects for velocity-dependent self-interactions. If either solutions are not realized, the tree-
level cross section for DM DM — GG must be suppressed for satisfying the CMB constraints,
thus giving rise to a small self-scattering cross section for dark matter, DM DM — DM DM.

4 Non-linear interactions and unitarity

In this section, we discuss the Vainshtein effects on the self-scattering of dark matter and
the unitarity bounds on the annihilation of dark matter in massive gravity. These effects are
distinguishable from the cases with other spins of mediators such as scalar or vector particles
for self-interacting dark matter.

4.1 Vainshtein effects on self-scattering

There appears a helicity-0 mode in massive gravity at the non-linear level in addition to
the five physical degrees of freedom [19,20]. In the decoupling limit of massive gravity, the
helicity-0 mode 7 can be described by the cubic Galileon theory with the coupling to dark
matter [19,20], as follows,

1 CDM
EG = 5(87[’) - F (a’ﬂ') O — T 7TTDM (41)

with Tpy = T))M* and A = (mgA/ com)'/? is the strong coupling scale in massive grav-
ity. Then, the helicity-0 mode contribution to the dark matter potential is subject to the
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Vainshtein effect below the Vainshtein radius 7, in our model, which is given [19,20] by

1 <cDMmDM>1/3
Te = —_—

A_3 4 A
1/3 /3 Arns s 1/3
= mg! ( mG) (3 DM) (4.2)
mpwm 8

where we used the effective fine-structure constant in eq. (2.8) in the second equality.

First, for mg > mpy and Apy ~ 1, the Vainshtein radius is much larger than the
the range of the Yukawa potential, rg = mgl, so the resulting potential for dark matter
due to the helicity-0 mode would be suppressed by (r/7,)%? or (r/r.)?, depending on the
realization of massive gravity theories, in the region with r < rg < r, where the Coulomb
limit of the potential in eq. (2.7) exists. In this case, the helicity-0 mode contribution can
be safely ignored in our analysis. In the plots in Fig. 1, the region with mg > mpy (to the
right of the blue dashed lines) shows that the DM self-scattering cross section is given by
or/mpy < 0.1cm?/g.

On the other hand, for mg < mpy and Apy ~ 1, we find that r, < mal, that is, the
Vainshtein radius can be much smaller than the range of the Yukawa potential. Therefore,
there is a range of the radius with r, < r < rg for which the helicity-0 mode contribution
becomes Coulomb-like so it can be included to capture non-perturbative effects in the effec-
tive theory. On the other hand, for » < r,, the Vainshtein screening suppresses the potential
due to the helicity-0 mode, so we can ignore the effects of the helicity-0 mode contribution
as compared to the Yukawa potential in eq. (2.7). In Figs. 1, 2 and 3, in the parameter
space where the non-perturbative effects are significant, that is, near the resonance condi-
tion given in eq. (3.24), the Vainshtein radius r, becomes 7, ~ mz'(3Apm/(47°n))?3 < rq
for Apy ~ 1. In this case, for r 2 r,, the extra contribution of the helicity-0 mode for the
dark matter potential is given by

2 2

stz b s
thus leading to a change in the effective self-coupling for dark matter from Apy to gADM for
re <1 < rg. Therefore, in this case, there is a caution of the interpretation of our results in
the previous section, as gADM = 1 should be taken in the plots near the resonance regions in
Figs. 1, 2 and 3. It is interesting to see how the effective potential for dark matter could be
affected by the non-linear interactions of the massive spin-2 particle in a concrete realization
of ghost-free massive gravity.

4.2 Unitarity bounds

The perturbative unitarity is the issue for the dark matter annihilation into a pair of spin-2
mediators. The unitarity scale depends on other couplings of the spin-2 mediators such
as quadratic couplings to dark matter and cubic self-couplings [19, 21], without affecting
our previous discussion on the DM self-scattering. In particular, non-linear interactions for
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the massive spin-2 particle are important for the ghost-free realization of a massive spin-2
particle [19,20].

For instance, fixing the quadratic coupling to dark matter and cubic self-couplings for the
massive spin-2 mediator appropriately in the dRGT gravity [19], the unitarity for DM G —
DM G or DMDM — GG by crossing symmetry can be preserved best until the energy

scale [21], given by
maA? 1/3 2mem? 1/3
Emax ~ ( b} ) - (—DM) . (44)
DM 3Apm

Thus, close to the resonance condition for non-perturbative self-scattering or Sommerfeld
effects in eq. (3.24), we find that the maximum energy scales for dark matter annihilation
processes become F .. ~ 7rn+/3mDM’ which is independent of the effective fine-structure
constant Apy; for the spin-2 mediator.

Now we discuss the unitarity scale from non-linear interactions and its effects on the
dark matter self-scattering process. It is known that the unitarity of the spin-2 mediator
self-scattering [9,21] would be violated at Az = (mZA/epy)Y? = (mZmpwm) Y3 (3Apn/2) 716,
which is parametrically smaller that the one read from DM DM — GG. Although the
massive gravity theory would enter the strong coupling regime at As, the strong coupling
scale enters only in the loop processes for the dark matter self-scattering. The helicity-0 mode
7 could contribute to the dark matter self-scattering at loops, due to the self-interactions,
Aig(aw)zﬂw, written in the decoupling limit [19,20], and its linear coupling to dark matter.
In this case, as discussed just above, the strong coupling scale A3 can be smaller than the
unitarity scale inferred from the dark matter annihilation, so the loop corrections due to the

helicity-0 mode in each ladder diagram for the dark matter self-scattering scale by the factor,
1 m4DM ~ 1 m4DM ~ 1 Apmmp
1672 AA3 1672 A2mZ, 1672 mZ

bounded to m¢g 2 v/ (3Apm/2) mpm/(47), thus the case with a light spin-2 mediator would
be beyond the perturbativity regime.

. Therefore, the mass of the spin-2 mediator would be

However, suppose that the unitarity associated with the self-interactions of the massive
spin-2 mediator could be ensured by another dynamics to a higher scale such as eq. (4.4).
Then, after replacing Ag by Epayx in eq. (4.4), the loop corrections due to the helicity-0 mode

4
in each ladder diagram for the dark matter self-scattering scale by the factor, Tlﬂ An;%M
4 3 A3/2 . ) L. .
1 Mpy 1 3\ 2 Apyv™MDbM
T6m7 At ~ 12 ()2 20—, As aresult, imposing the resonance condition in eq. (3.24), we

164/2/3

get the bound on the effective self-coupling as A]1D/1\2/[ < mz/g from the perturbativity. Under
this assumption, the perturbativity for the dark matter self-scattering could be well defined
and the effective field theory for the massive spin-2 mediator could be ensured at least in
the regimes where the velocity-dependent self-scattering for WIMP dark matter are relevant
at galaxies and galaxy cluster scales and the corresponding freeze-out process is taken into
consideration.
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5 Conclusions

We investigated a novel possibility that self-interacting dark matter is endowed to be velocity-
dependent due to the exchange of a massive spin-2 particle between dark matter particles.
We showed that both the Born self-scattering cross section and the relatively mild non-
perturbative effects assist to make the self-interacting cross section velocity-dependent to be
compatible with rotation curves of both galaxies and galaxy clusters. Self-interacting dark
matter necessarily annihilates into a pair of spin-2 mediators, but the potential problem for
CMB recombination can be avoided if there exist other DM annihilation channels or the
spin-2 mediator is sufficiently long-lived without visible decay modes.

We also showed that the Vainshtein effects due the helicity-0 mode could modify the self-
scattering of dark matter in the decoupling limit of massive gravity if the Vainshtein radius
is smaller than the range of the Yukawa potential between dark matter particles. Thus, the
massive spin-2 mediator augmented with the helicity-0 mode could make a distinct feature
from the case with other typos of mediators such as scalar or vector mediators. We also
found that our model for self-interacting dark matter can be marginally consistent with
perturbative unitarity in the ghost-free realization of the massive spin-2 particle.
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Appendix A One-loop corrections to the self-scattering
amplitude for dark matter

We discuss the details of the one-loop corrections to the self-scattering amplitude for scalar
dark matter. We have shown the tree-level amplitude in Section 3.2. In comparison, from
the Feynman diagrams with two spin-2 particle exchanges in Fig. 4, we obtain the one-loop
t-channel amplitude for the self-scattering of two scalar dark matter particles, S(p)+S(k) —
S(p') + S(k'), as follows,

e (cs\* [ dYq 1
Hoon = (A> / (2m)* (¢* = mg)((q +p)* —mZ)((q = k)* =m)((p — ¢/ + q)* — mi)
% (Tp. 4+ P)ras (e k = @) P(q))
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Figure 4: One-loop Feynman diagrams for the self-scattering of scalar dark matter.

X (Tpg(q + p, p)Tue(k — ¢, k') PP7"(p — p' + q)) (A1)
where

Tuy(ka Q> - QkMQV + (mg - k ' Q)n;w- (AQ)

Here, we have used P8 = pvmeB — priba in writing the energy-momentum tensor in
the above form 7,,. For the u-channel one-loop diagram, we can obtain the corresponding

amplitude from interchanging p <+ k in zFloop

Then, using the Feynman parameters,

1 1 1-z 1—1p—
5 = 3! / dm/ dy - e (A.3)
ajasas 0 0 (a1(1 —x —y) + ayy + azx)

we can rewrite the one-loop scattering in the limit of the forward scattering with p = p’ as

cs\4 1 I—z d*q 1
_ 3% -
ZFIOOp 3‘(/\) /0 dx/o dy (1 —z—y) / ) (@ = AD)
X <Tuu(p, g+ p)as(k,k — q) PHe? (CD)

X (Tpa(q + 0,0 )Tue(k — q, K" )PP7" " (p — p' + q)) (A.4)

with § = ¢ + yp — xk. As a result, for the non-relativistic and forward scattering of scalar
dark matter, we get the approximate results for the one-loop amplitude in dimensional
regularization with d = 4 — 2¢, as follows,

4
s
1728m2mEm% A4

zFlOOp = {24mcm5 222m&ms + 353mgmS + 52mEmy — 12my

2
~3(4mY — 43mEm2 + 146mSmt — 130mimS — 100m&mS — 168m%) In (Z—g)

+6(mg — 4m%)*\/mé — dmZm?%

2 1 3.2
mé 4+ \/mg — 4me5)

4 3 4 In
x( mG’ mes ms) ( Imamms

+72m3(10m + Tm3) <1 +In ( ”Z ))} . (A.5)

meg
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Therefore, the one-loop amplitude becomes divergent due to 1/e in the last line, but the
divergent part is cancelled by the renormalization of the quartic coupling for scalar dark

matter. We note that the u-channel diagram leads to the same result, I'* =~ I

loop ™~ * loop®

On the other hand, for & = m%/m% > 1, we get the approximate result for the finite
part of the one-loop amplitude from eq. (A.5), as follows,

2ctmb
Zrt _e~8tts

loop,finite ~ o1 A4mG \/_ (AG)

We also remark on the velocity-dependent loop corrections to the self-scattering am-
plitude. For the non-relativistic forward scattering, there are leading velocity-dependent
contributions to the one-loop amplitude, given by

tmb 2 4,4
CsMs 2 9y VT 8CoMms 4.5
Ol ™ Gigeamgar (000G + 2UIm) - = G e (A7)

where v is the relative velocity between two dark matter particles. Therefore, we also need
to introduce higher dimensional counter terms for scalar dark matter, such as ¢6(9,59"5)S?,
etc, to cancel the velocity-dependent divergent terms. On the other hand, the finite velocity-
dependent loop corrections can be ignored as compared to the velocity-independent correc-
tions, as far as 4v%¢ < 1, that is, for a sufficiently small velocity of dark matter. This is true
of dark matter in galaxies and galaxy clusters that we are interested in.
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