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Finite-Size Dark Matter and its Effect on Small-Scale Structure
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If dark matter has a finite size that is larger than its Compton wavelength, the corresponding self-
interaction cross section decreases with the velocity. We investigate the implications of this puffy dark
matter for addressing the small-scale problems of the A cold dark matter model and show that the way the
nonrelativistic cross section varies with the velocity is largely independent of the dark matter internal
structure. Even in the presence of a light particle mediating self-interactions, we find that the finite-size
effect may dominate the velocity dependence. We present an explicit example in the context of a QCD-like
theory and discuss possible ways to differentiate puffy dark matter from the usual light-mediator scenarios.
Particularly relevant for this are low-threshold direct-detection experiments and indirect signatures

associated with the internal structure of dark matter.
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Introduction.—Dark matter (DM) nature is one of the
most important open questions of our century. Until now,
we have only observed DM via its gravitational effects,
with data supporting the hypothesis that DM is collisionless
at large scales [1]. This is at the core of the celebrated A
cold dark matter (ACDM) model, and its most stringent
tests come from large objects such as clusters of galaxies,
which constrain the self-scattering cross section per unit
mass ¢/m to be below 1 cm?/g [2,3]. Despite this, larger
values of ¢/m are not ruled out in small objects such as
galaxies and dwarf spheroidals. Nonetheless, that requires
the self-scattering cross section to decrease with the DM
velocity, because the particles residing in larger DM halos
move faster. This paradigm is known as self-interacting
dark matter (SIDM) [4] and has attracted a lot of attention
from astronomers and particle physicists in the last two
decades.

One reason for this is the apparent mass deficit in the
inner regions of small-scale halos with respect to the
predictions of collisionless DM. This has led to the so-
called small-scale crisis of the ACDM model, which might
be solved by SIDM because it predicts DM halos with
smaller central densities [5-7] (for a review, see [8,9]).
Another reason for the continued interest in SIDM is that it
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gives clues about specific properties of DM, which can be
used to search for it. For instance, large and velocity-
dependent cross sections might hint at a long-range force,
which in turn suggests the presence of a light mediator. In
fact, since such a particle is a rather generic feature of
several well-motivated DM models, velocity-dependent
SIDM is often associated with a light mediator. In this
Letter, we discuss another source of velocity dependence
for o/m (see also [10-15]), which hints at DM particles of
finite size, rpy.

As is shown in Fig. 1, a momentum transfer much
smaller than rpy, is too small to measure the internal
structure of the DM, so the latter acts as a pointlike particle.
On the other hand, when the momentum transfer becomes
larger than rp),, the internal structure of the particle is
probed. As specified below, this can happen in such a way
that the phase difference among the scattered waves leads
to a suppression in ¢/m. This is indeed the desired velocity
dependence. In fact, as we will see, even in the presence of
light mediators, the finite size may be the dominant effect.

We will refer to this scenario as puffy DM. Besides the
self-scattering effects, the fact that DM has a finite size
leads to a very rich phenomenology, as has been explored
for several concrete DM candidates (e.g., [16-37]).

Scattering of finite-size DM particles.—Let us first
consider the scattering of two finite-size objects, which
—for simplicity—will be modeled as a collection of
pointlike constituents that coherently scatter by means of
a spin-independent Yukawa interaction. The corresponding
charge density p(F) characterizes the finite shape of the
scattering object. We will also assume that the contribution

Published by the American Physical Society
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FIG. 1. Form factors as a function of momentum transfer ¢ in
units of the inverse root-mean-square radius rpy;. Solid, dashed,
and dotted lines correspond to the dipole, top-hat, and Gaussian
distributions (see Table I).

of the binding force to the scattering rate is negligible. This
is the case, e.g., if such a force leads to a momentum-
suppressed scattering amplitude. Then, the interaction
Hamiltonian for two objects described by the density

profiles p;(X) and p,(y) is
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where A is the range of the interaction, « is a coupling
constant, and we have introduced the form factor
F;(q) = [ dre@¥p,(F). Hence, the center-of-mass differ-
ential cross section in the Born approximation is

(1)

do
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where p is the reduced mass and ¢ is the momentum
transfer. For identical (nonidentical) particles, the second
term must (not) be included and S = 1/2(1).

An illustrative example is the electron scattering off
finite-size objects. This is determined by a Coulomb
interaction (1 — oo0) with p,(¥) = §(F) or F.(q) = 1. In

this case, Eq. (2) gives the well-known Rutherford scatter-
ing formula, which can be used to infer the shape of finite-
size objects. When applied to the proton, one finds a
density distribution decreasing exponentially with a char-
acteristic scale 52 = 0.71 GeV? [38]. The latter is the
dipole distribution (see Table I), generally expected from
wave function solutions to various potential wells [39].

We apply now Eq. (2) to nonrelativistic DM. Assuming
that the DM particle is spherical, i.e., F(q) = F(q), the
S-wave differential cross section reads

do o ( Flq)
dQ 8z \1+ 124

+(9—>7z—9)>2 . 03)

g=muvsin6/2

where 6, = 4n(mai?)?. Here @ and v are, respectively, the
scattering angle and the relative velocity in the center-of-
mass frame. While the exact form of p(r)—and hence F(q)
in Eq. (3)—needs to be determined by solving for the wave
function from the Schrédinger equation of the composite
state, the differential cross section is not sensitive to the
details of p(r) as long as it is always positive (no screening)
and it goes to zero sufficiently fast at large radii. In that
case, the DM size—or more precisely—the root-mean-
square radius

d*F(q)
dq2

P = / dip(r)r? = —6 (4)

q=0

is positive. Thus, F(g) decreases for small momenta from
F(0) = [ drp(r), which can be normalized to one without
loss of generality. Figure 1 illustrates this for the three
representative distributions as listed in Table I. Together
with Eq. (3), all this implies that the cross section is
constant at low velocities and eventually approaches zero,
even if the range of the interaction is short.

DM scattering in astrophysical halos.—Because of the
form factor, for low velocities we expect isotropic scatter-
ing, whereas for larger velocities forward scattering is
more probable. Because of this, the transfer cross section
or = [dQ(1 — | cos 0])do/dQ captures the self-interaction
effects in DM halos better than o (see, e.g., [40]) and will be
adopted below.

Figure 2 illustrates the dependence of o7 on the
interaction range A and the particle size rpy;. As apparent
from the plot, o7 is largely independent of the exact
expression for the form factor and therefore of p(r).

TABLE I. Form factors for different density distributions.

Shape p(r) 'bMm F(q)

Top hat (3/4r13)0(ro — 1) 2V/3rg {Blsin(roq) — rog cos(roq)])/(roa’)}
Dipole [(e77/70)/8ary] V/3/5r0 {1/1(1 + r54*)°1}
Gaussian [1/(8r373/2))e~""/4r5) Ver, e
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FIG. 2. Transfer cross section as a function of the force range A
and the DM size rpy, both in units of 1/mwv. Here o of Eq. (3) is
assumed to be constant.

Furthermore, roughly speaking, the transfer cross section is
constant for mv < min{A~!, rgl;}, starts decreasing at
mv ~min{1~!, r5};}, and approximately scales as 1/v*
for mv > min{A~!, rp},} [41]. This directly follows from
rewriting the transfer cross section as

)2

(mv 2

? F(q)
_ da? 2 2_ 2
or A q |:] T ),26]2 + (q (mv) q )

2 260q2
7

(mv)

(5)

When the range of the Yukawa force is much larger than
the DM size, such a velocity dependence of o7 coincides
with that of the Born regime of SIDM with a light mediator
[11]. In fact, Fig. 2 shows that there is a one-to-one
correspondence between the latter and the self-scattering
of finite-size DM. Furthermore, there could be a mediator
lighter than the DM and still the velocity dependence is
determined by the DM size if 4 < rpy-

The DM relative velocity in astrophysical halos typically
follows a Maxwell-Boltzmann distribution truncated at the
corresponding escape velocity v,,,.. The velocity-averaged
transfer cross section is then [42]

Umax 32v2e_402/”<7j>2

fWorodv,  flv) ="

7 (v)*

(6)

In the context of SIDM as a solution to the small-scale
structure problems, a semianalytical method has been
proposed in [43] to infer, from observational data, the
value of (o7 v)/m for a given DM halo (see also [44]). This

(orv) =

method was applied to five clusters from [45], seven low-
surface-brightness spiral galaxies in [46], and six dwarf
galaxies of the HI Nearby Galaxy Survey sample [47].
Figure 3 shows these results, respectively, in green, blue,
and red. The set of points is also in agreement with cluster
bounds mentioned in the Introduction, giving o7/m <
1.3 cm?/g [2,3]. While cosmological simulations show
this semianalytical method works for isolated halos (see,
e.g., [48-50]), recent studies suggest that tidal stripping
may further modify the density profile of satellite halos
[51-54]. Such effects are not included here, because the
galaxies shown in Fig. 3 are in the field.

Postulating a DM finite size much larger than the range
of the Yukawa force, i.e., 4 < rpy, provides an excellent fit
to the velocity-dependent cross section preferred by the
galactic and cluster systems. The corresponding best-fit of
Eq. (6) to the data above is shown in Fig. 3 for the dipole,
top-hat, and Gaussian distributions, separately. As expected
from the aforementioned remarks, there is almost no
dependence on details of the form factors, even though
they correspond to substantially different density distribu-
tions. The figure also shows that, in order to have the right
velocity dependence, the DM size needs to be hundreds of
times larger than the Compton wavelength. This explains
the name puffy DM.

If the Yukawa force is associated with a mediator p,
requiring that the finite size dominates the scattering, i.e.,
A < rpwm, implies m, 2 1073 m. This shows that the media-
tor can still be substantially lighter than puffy DM.
Moreover, if we impose a <m,/m as required in the
Born expansion, 6,/m = 4n(mai®)?/m ~ 1 cm?/g leads
to m < 20 GeV. Consequently, puffy DM must lie at the
GeV scale or below.
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FIG. 3. Velocity dependence of the transfer cross section of

puffy DM. Best-fit curves to data [43] for the dipole (solid), top-
hat (dashed), and Gaussian (dotted) distributions in Table I.
(Inset) 95% C.L. contours on the parameter o, from Eq. (3) and
the DM size together with the corresponding parameter sets
plotted in the main figure.
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A model of puffy DM.—Here we only sketch a possible
realization of puffy DM; details will be discussed else-
where. It is a QCD-like confining theory with N, colors and
two flavors of quarks: one “charm quark,” much heavier
than the confining scale A, and one nearly massless “down
quark.” They, respectively, have charges +2/3 and —1/3
under a dark U(1), gauge group with N, = 3. This is
associated with a massive “dark photon” y,, which can act
as a portal to the Standard Model (SM) by means of the
kinetic mixing between the U(1), group and the SM
hypercharge. There are no dark weak interactions. We
assume there is an asymmetry so that anticharm quarks are
annihilated, while the remaining charm quarks end up in
the baryonic X, (cdd) state. The latter interacts by exchang-
ing the pseudoscalar ;(dd) and the vector p(dd), which
lead to attractive and repulsive forces, respectively.

On the one hand, it is likely that the n exchange
dominates binding X baryons into nuclei because its range
is larger given that the # mass is due to the anomaly and
hence suppressed as m, ~ A/y/N,, as opposed to the p
mesons for which m, ~ A. In view of this, in the following
we assume the typical mass number is 10 < A < 100. On
the other hand, the nucleus-nucleus scattering is dominated
by the exchange of p mesons because the latter are
essentially massive gauge bosons coupled to d number
(A/2) giving rise to coherent spin-independent scattering,
while the 7 exchange induces a spin-dependent momen-
tum-suppressed scattering. Therefore, the range of the
scattering force A~! is shorter than the size of the nuclei
rom ~ APmyt ~ AV3ATL/N,. As aresult, this model is a
realization of puffy DM.

For instance, parameters such as N. =3, A~ 10,
m,~ms ~1GeV, rpy~15MeV, m,~20MeV,
A~m,~30MeV, and a~m,/m realize the desired
self-scattering cross section and its velocity dependence.
We take yp to be slightly lighter than #. Then the size of
the kinetic mixing is either (i) 107 <e <1073 or
(i) € < 1071° to satisfy beam-dump experimental data
and supernova observations [36,55,56]. In the cosmologi-
cal history, presumably much of the entropy in this sector
ends up in a thermally populated gas of # mesons. These
decay via n — ypy; — 2(eTe”) or self-annihilate via
nn — ypyp before big bang nucleosynthesis for the range
in (i) [57].

Direct-detection signatures are closely related to the DM
finite size. The recoil-energy spectrum is that of a pointlike
DM particle scattering via a contact interaction times the
square of the dimensionless factor &(q) = Fp(q)m;,
(4> + m%p) Its first part is the form factor associated with
the U(1),, charge and the second one parametrizes the
dependence on the mediator mass. F(0) = 0 because the
DM particle is neutral under U(1),, [58]. Thus, to leading
order in ¢, &(q) ~¢*F),(qg =0)/2, which induces DM
scattering rates enhanced by the fourth power of charge
radius. The latter is given by Eq. (4) with F — Fp and is

expected to be similar to 7}y, on dimensional grounds. In
view of this, we estimate current direct-detection limits by
implementing such a recoil spectrum in DDCale [59,60]. The
results are shown in Fig. 4 for various choices of the charge
radius and m,, > 20 MeV. For a lighter yp, the bound
becomes more stringent than that due to an enhanced &(g).
Hence, XenonlT significantly constrains DM masses
above 5 GeV, while low-threshold direct-detection experi-
ments such as CRESST-II and CDMSlite can probe smaller
masses.

A salient aspect of this DM setup is that energy recoils
are momentum suppressed albeit the enhancement due to
the large charge radius. This is in sharp contrast to the direct
detection of pointlike SIDM by means of light mediators.
Since g is proportional to the reduced mass of the colliding
particles, we expect signals in experiments searching for
nuclear recoils, but not in those looking for electron recoils,
whose &(g) is much smaller for the DM masses of
interest here.

Likewise, the internal structure of puffy DM allows for
up-scattering processes, giving rise to a wealth of indirect
search signatures if DM de-excites ejecting SM particles. In
our QCD-like model, this happens due to kinetic mixing,
and for the parameters considered above, the required
exciting energy can be estimated as O(A%/m.) ~ MeV.
While this is much greater than the typical galactic DM
kinetic energy, DM might be excited by inelastic self-
scatterings in massive clusters of galaxies or by collisions
with high-energy cosmic rays [64-67]. The former case
may lead to radio and x-ray signals (e.g., [68—70]) or DM
dissipative cooling (e.g., [71-75]), while the latter might
trigger novel signals in direct-detection and neutrino
experiments as in, e.g., [76,77]. A detailed investigation
is beyond the scope of this Letter.

107
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FIG. 4. Direct-detection bounds on our QCD-like theory of
puffy DM from nucleon recoil events in XenonlT [61],
CMDSIlite [62], and CRESST II [63], assuming m, =
20 MeV. For a heavier dark photon, this bound scales with
m2 . See text for details.
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Before concluding, we would like to emphasize that
puffy DM does not necessarily require QCD-like dynamics.
Indeed, puffy DM can be realized in other theories of
extended objects. For instance, (non-)topological defects,
such as Q-balls [78-80] or skyrmions [81-83], are natu-
rally stable, have a large size, and self-interact. The study of
puffy DM in the form of defects is an ongoing project.

Conclusions.—We have shown that, if DM is an
extended object with a size hundreds of times larger than
its Compton wavelength, the corresponding self-interaction
cross section varies with velocity in a way that is largely
independent of its internal structure. For cross sections
larger than 1 cm?/g at v — 0, this provides a solution to the
problems of the ACDM model in small-scale astrophysical
objects while still being in agreement with cluster obser-
vations. A QCD-like theory where DM is a dark nucleon
has been used to illustrate our results, which are never-
theless general and can be applied to a broader range of
theories. For this reason, we believe puffy DM opens up a
new avenue for SIDM model building.
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