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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 ACDM model. In particular, we
show that the way the non-relativistic cross section varies with the velocity is largely independent of
the dark matter internal structure when the range of the mediating force is very short. We present
an explicit example in the context of a QCD-like theory of dark matter and show that low-threshold
direct detection experiments have the potential to probe Puffy Dark Matter.

Introduction. While the standard cosmology as des-
cribed by the ACDM model has been well established
thanks to the overwhelming amount of observational
data, the particle nature of dark matter (DM) still eludes
us. In this regard, the distribution of DM in astrophysical
objects may provide a very important clue [I]. Actually,
a handful of studies of the inner region of small-scale
astrophysical halos claim that DM self-scatters with a
cross section per unit of mass of o/m > 1cm?®/g [24].
This is known as self-interacting dark matter (SIDM)
and provides an appealing explanation to the seemingly
mass deficit observed in objects such as dwarf galaxies
when compared to the predictions of collisionless DM.
See [5] [6] for recent reviews of these shortcomings of the
ACDM model as well as for a discussion of alternative
solutions such as those invoking other exotic DM candi-
dates (e.g. [7HI4]) or baryonic effects (e.g. [T5H24]).

Yet, the aforementioned cross sections in small-scale
objects are marginally consistent with observations of
clusters of galaxies, in which DM moves relatively faster
(see e.g. [25H27]). Thus, barring uncertainties, a veloc-
ity dependence of o/m is preferred, with lower values
at higher velocities. Due to this, point-like DM parti-
cles that self-scatter by means of a short-range interac-
tion are often said to be disfavored because the corres-
ponding cross section is nearly constant. In this con-
text, mechanisms for obtaining a velocity-dependent o/m
include light mediators inducing a long-range interac-
tion [2829], resonant SIDM [30], and processes involving
inelastic scatterings [31H33].

In this work, we point out that, supposing that the
DM particle has a finite size, rpy, the self-scattering
cross section typically decreases for DM velocities larger
than (mrpy)~ "', even if the interaction associated with
the scattering has a very short range. As is shown in
Fig. [1} a momentum transfer much smaller than 7"51{/[ is
too small to measure the internal structure of the DM, so
the latter acts as a point-like particle. On the other hand,
when the momentum transfer becomes larger than rgﬁ/[,
the internal structure of the particle is probed. As speci-
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Figure 1: Form factors as a function of momentum-transfer
q in units of the inverse root-mean-square radius rpy. Solid,
dashed and dotted lines correspond to the dipole, the tophat
and the Gaussian distributions (see Table [I).

fied below, this can happen in such a way that the phase
difference among the scattered waves leads to a suppres-
sion in the scattering cross section. This is indeed the
desired velocity dependence of DM self-scattering. We
will refer to this scenario as Puffy DM. We would like
to remark that, beside the self-scattering effects, the fact
that DM has a finite size leads to a very rich phenomenol-
ogy, as has been explored for several concrete DM candi-
dates (e.g. [34H51]).

This manuscript is organized as follows. In Sec. IT we
elaborate further on the elastic scattering of finite-size
DM particles. In Sec. III we discuss the implications in
DM halos. In the following section we present a QCD-like
model of Puffy DM. Finally we conclude in Sec. V.

II. 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
point-like constituents that coherently scatter by means
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Table I: Form factors for different density distributions.

of a spin-independent Yukawa interaction. The corres-
ponding charge density, p(F), characterizes the finite
shape of the scattering object. We will also assume that
the contribution 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 des-
cribed by the density profiles p; (X) and p,(¥) is
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where A is the range of the interaction, « is a cou-
pling constant, and we have introduced the form factor
Fy(q) = [dre'®" p;(F). Hence, the center-of-mass differ-
ential cross section in the Born approximation is
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where p is the reduced mass and ¢ is the momentum
transfer. For identical (non-identical) particles, the sec-
ond term must (not) be included and S =1/2(1).

An illustrative example is the electron scattering off
larger objects. This is determined by a Coulomb in-
teraction (A — oo) with F,(q) = 1. In this case,
Eq. gives the well-known Rutherford scattering for-
mula, 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 characteris-
tic scale 75> = 0.71GeV? [52]. The latter is the dipole
distribution (see Table , generally expected from wave-
function solutions to various potential wells [53].

We apply now Eq. to non-relativistic DM. Assum-
ing that the DM particle is spherical, i.e. F(q) = F(q),
the S-wave differential cross section reads
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where oy = 4 (ma)?)®. 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
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Figure 2: Transfer cross section as a function of the force
range, A, and the DM size, rpy, both in units of 1/mv. Here
oq of Eq. is assumed to be constant.

the wave function from the Schrodinger equation of the
composite state, the differential cross section is not sen-
sitive 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)

o (@

roM = /df"p(?“)?“2 =—6
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is positive. Thus, F'(¢q) decreases for small momenta from
F(0) = [drp(r), which can be normalized to 1 without
loss of generality. Fig. [1] illustrates this for the three
representative distributions as listed in Table[l] Together
with Eq. [3] all this implies that the cross section is con-
stant at low velocities and eventually approaches zero,
even if the range of the interaction is extremely short.

ITII. DM scattering in astrophysical halos. Be-
cause of the form factor, for low velocities we expect
isotropic scattering, whereas for larger velocities forward
scattering is more probable. Due to this, the transfer
cross section, op = [ dQ(1 — | cosf])do /dS, captures the
self-interaction effects in DM halos better than o (see e.g.
[54]), and will be adopted below.

Fig. [2] illustrates the dependence of o on the inter-
action range A and the particle size rpy. As apparent
from the plot, op is largely independent of the exact ex-
pression for the form factor and therefore of p(r). Fur-
thermore, roughly speaking, the transfer cross section is
constant for mv < min{ A", rp\}, starts decreasing at
mu ~ min{A~", rpy}, and approximately scales as 1/v"
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Figure 3: Velocity dependence of the transfer cross section of
Puffy DM. Best-fit curves to data [27] for the dipole (solid),
tophat (dashed) and the Gaussian (dotted) distributions in
Table The inset shows the 95% C.L. contours together with
the corresponding parameter sets of the main figure.

for mv > min{A ™", rpy}. See Appendix for details. In-
terestingly, when the range of the Yukawa force is much
larger than the size of the DM, this precisely describes
the Born regime of SIDM with a light mediator [29]. Fur-
thermore, the figure shows that there is a one-to-one cor-
respondence between the latter and the self-scattering of
finite-size DM by a short-range force, both giving the
same transfer cross section.

The DM relative velocity in astrophysical halos typ-
ically follows a Maxwell-Boltzmann distribution trun-
cated at the corresponding escape velocity, v, The
velocity-averaged transfer cross section is then [6§]
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In the context of SIDM as a solution to the small-scale
structure problems, a semi-analytical method has been
proposed in [27] to infer, from observational data, the
value of (o7v)/m for a given DM halo (see also [55]). This
method was applied to five clusters from [56], seven low-
surface-brightness spiral galaxies in [57] and six dwarf
galaxies of the THINGS sample [568]. Fig. |3| shows these
results respectively in green, blue and red. While these
values should be taken with caution due to large uncer-
tainties in the SIDM modeling of astrophysical objects
(see e.g. [59]), the set of points is in agreement with obser-
vations from the Bullet Cluster giving op/m < 1.3 cm? /g
at cluster scales [25] [26], which is one of the strongest
constraints on DM self-interactions.

Postulating a DM finite size much larger than the range
of the Yukawa force, i.e. A < rpp, provides an excellent
fit to the velocity-dependent cross section preferred by
the galactic and cluster systems. The corresponding best-
fit of Eq. to the data above is shown in Fig. [3| for the
dipole, the tophat and the Gaussian distributions, sep-
arately. As expected from the aforementioned remarks,
there is almost no dependence on details of the form fac-
tors even though they correspond to substantially differ-
ent density distributions. 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 to a mediator p, re-
quiring A = 1/m, < rpy implies m, > 10"*m. This
shows that the mediator can be lighter than the DM and
still the velocity dependence is determined by the DM
size. Likewise, if we impose a < m,/m as required in
the Born expansion, oq/m = 4r(maX®)®/m ~ 1cm®/g
leads to m < 20 GeV.

IV. A model of Puffy DM. Here we only sketch a
possible realization of Puffy DM while details will be dis-
cussed elsewhere. 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) p gauge group. This is
associated with a massive “dark photon” vp, 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 anti-charm quarks
are annihilated while the remaining charm quarks end
up in the baryonic ¥ (cdd) state. The latter interacts by
exchanging the pseudo-scalar 7)(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 dom-
inates binding Y., baryons into nuclei because its range
is larger given that the 7 mass is due to the anomaly and
hence suppressed as m,, ~ A/+/N,, as opposed to the p
mesons for which m, ~ A. In view of this, in the follow-
ing we assume the typical mass number is 10 < A < 100.
On the other hand, the nucleus-nucleus scattering is dom-
inated 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 scat-
tering, while the n-exchange induces a spin-dependent
momentum-suppressed scattering. Therefore, the range
of the scattering force A~ is shorter than the size of the
nuclei rpy; ~ A1/3m;1 ~ AY3ATL /N, As a result, this
model is a realization of Puffy DM.

For instance, parameters such as N, = 3, A ~ 10,
me ~ my,_ ~ 1GeV, 1"5114 ~ 15MeV, m, ~ 20MeV,
A ~m, ~ 30MeV and a ~ m,/m realize the desired
self-scattering cross section and its velocity dependence.
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Figure 4: Direct detection bounds on our QCD-like theory
of Puffy DM from XenonlT [64], CMDSlite[65] and CRESST
IT [66]. See text for details.

We take m., < m, /2 so that  decays into ypvyp from
the anomaly [69]. Then the size of the kinetic mixing
is either (A) 107° < e <1072 or (B) ¢ < 107" to
satisfy beam-dump experimental data and supernova ob-
servations [60 [61]. In the cosmological history, presum-
ably much of the entropy in this sector ends up in a
thermally populated gas of 77 mesons. These decay via
n — YpYp — 2(e+e_) before Big-Bang Nucleosynthe-
sis (BBN) for the range (A) if g > 107", On the other
hand, the direct detection forces gp < 107° for a 10 GeV
DM particle.

Even though the nucleus is U(1)p neutral, it has a fi-
nite charge radius similar to the neutron, which approx-
imately equals the DM size rpy;. Therefore the kinetic
mixing between our photon and the dark photon leads
to nuclear recoils. We estimate the corresponding cur-
rent direct-detection limits by implementing such a re-
coil spectrum in DDCalc [62] [63]. The results are shown
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Here we focus on the Puffy DM, where rpy; < A~ . On
the one hand, taking the low velocity limit, mv < 7“51{/[,
the factor in the square bracket approaches 2 and thus
or — 0¢ at v — 0. On the other hand, for mv > 7“51%/[,
F(q) is suppressed at ¢ >> rpy so that the result of the
integral is insensitive to its upper limit. The integral is

4

in Fig. [ for various choices of the charge radius and
IMeV <m,, < mg.

For the parameter range (B), the dark sector decou-
ples from the Standard Model early, and hence it may be
much cooler and the additional entropy ejection is lim-
ited. This case needs to be studied separately.

V. Conclusions. We have shown that if DM is a com-
posite state 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 1cm? /g at v — 0, this provides a solution to
the problems of the ACDM model in small-scale astro-
physical objects while still being in agreement with clus-
ter observations. An important aspect of this scenario is
that it does not require a long-range force mediating DM
self-scatterings. A QCD-like theory where DM is a dark
nucleon has been used to illustrate our results, which
are nevertheless 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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Appendix: The transfer cross section

The transfer cross section for DM scattering is

’ 20 (12¢iq2
— L (q2 — (mv)2 _ q2>‘| (;)nT (6)

not sensitive to A either, because for any ¢ = A7! there
is always q > rBﬁ/I. Taking this into account allows us to
approximate o by



with ¢ = 0.23, 3.9, 0.97 for the tophat, the dipole, and
the Gaussian distributions, respectively. Therefore, op
scales as 1 /v4 at mv > rgﬁ/[. The behavior derived here
is different from that of effective range theories [67], since
the latter applies to each partial wave of the scattering
cross section, while our result applies to the total transfer
cross section. Note that at very large mv incoherent scat-
tering starts playing a role. Nevertheless, its contribution
is much smaller than o7, and is therefore neglected for
simplicity.

* Electronic address: xiaoyong.chu@oeaw.ac.at

! Electronic address: camilo.garcia.cely@Qdesy.de

! Electronic address: hitoshi@berkeley.edu,
hitoshi.murayama@ipmu.jp

[1] D. N. Spergel and P. J. Steinhardt, “Observational
evidence for selfinteracting cold dark matter,” Phys.
Rev. Lett. 84 (2000) 3760-3763,
arXiv:astro-ph/9909386.

[2] M. Vogelsberger, J. Zavala, and A. Loeb, “Subhaloes in
Self-Interacting Galactic Dark Matter Haloes,” Mon.
Not. Roy. Astron. Soc. 423 (2012) 3740,
arXiv:1201.5892.

[3] M. Rocha, A. H. G. Peter, J. S. Bullock,

M. Kaplinghat, S. Garrison-Kimmel, J. Onorbe, and

L. A. Moustakas, “Cosmological Simulations with
Self-Interacting Dark Matter I: Constant Density Cores
and Substructure,” Mon. Not. Roy. Astron. Soc. 430
(2013) 81-104, [arXiv:1208.3025.

[4] A. H. G. Peter, M. Rocha, J. S. Bullock, and
M. Kaplinghat, “Cosmological Simulations with
Self-Interacting Dark Matter II: Halo Shapes vs.
Observations,” Mon. Not. Roy. Astron. Soc. 430 (2013)
105, larXiv:1208.3026.

[5] S. Tulin and H.-B. Yu, “Dark Matter Self-interactions
and Small Scale Structure,” Phys. Rept. 730 (2018)
1-57, larXiv:1705.02358.

[6] J. S. Bullock and M. Boylan-Kolchin, “Small-Scale
Challenges to the ACDM Paradigm,” Ann. Rev. Astron.
Astrophys. 55 (2017) 343—-387, arXiv:1707.04256.

[7] A. G. Doroshkevich, M. Khlopov, and A. A. Klypin,
“Large-scale structure of the universe in unstable dark
matter models,” Mon. Not. Roy. Astron. Soc. 239
(1989) 923-938.

[8] S. Colombi, S. Dodelson, and L. M. Widrow, “Large
scale structure tests of warm dark matter,” Astrophys.
J. 458 (1996) 1, arXiv:astro-ph/9505029,

[9] R. Cen, “Decaying cold dark matter model and
small-scale power,” |Astrophys. J. 546 (2001) L77-L&0,
arXiv:astro-ph/0005206.

[10] C. J. Hogan and J. J. Dalcanton, “New dark matter
physics: clues from halo structure,” [Phys. Rev. D62
(2000) 063511, |arXiv:astro-ph/0002330.

[11] P. Bode, J. P. Ostriker, and N. Turok, “Halo formation
in warm dark matter models,” |Astrophys. J. 556 (2001)
93-107, arXiv:astro-ph/0010389.

[12] V. Avila-Reese, P. Colin, O. Valenzuela, E. D’Onghia,
and C. Firmani, “Formation and structure of halos in a
warm dark matter cosmology,” |Astrophys. J. 559 (2001)

516-530, larXiv:astro-ph/0010525.

[13] W. Hu, R. Barkana, and A. Gruzinov, “Cold and fuzzy
dark matter,” |Phys. Rev. Lett. 85 (2000) 1158-1161}
arXiv:astro-ph/0003365.

[14] P. J. E. Peebles, “Fluid dark matter,” Astrophys. J. 534
(2000) L127, jarXiv:astro-ph/0002495.

[15] J. F. Navarro, V. R. Eke, and C. S. Frenk, “The cores
of dwarf galaxy halos,” Mon. Not. Roy. Astron. Soc.
283 (1996) L72-L78| jarXiv:astro-ph/9610187.

[16] S. Gelato and J. Sommer-Larsen, “On ddo154 and cold
dark matter halo profiles,” Mon. Not. Roy. Astron. Soc.
303 (1999) 321-328, arXiv:astro-ph/9806289.

[17] J. Binney, O. Gerhard, and J. Silk, “The Dark matter
problem in disk galazies,” Mon. Not. Roy. Astron. Soc.
321 (2001) 471, arXiv:astro-ph/0003199.

[18] O. Y. Gnedin and H. Zhao, “Mazimum feedback and
dark matter profiles of dwarf galazies,” Mon. Not. Roy.
Astron. Soc. 333 (2002) 299, arXiv:astro-ph/0108108.

[19] A. El-Zant, I. Shlosman, and Y. Hoffman, “Dark halos:
the flattening of the density cusp by dynamical friction,”
Astrophys. J. 560 (2001) 636,
arXiv:astro-ph/0103386.

[20] M. D. Weinberg and N. Katz, “Bar-driven dark halo
evolution: a resolution of the cusp-core controversy,”
Astrophys. J. 580 (2002) 627-633,
arXiv:astro-ph/0110632.

[21] K.-J. Ahn and P. R. Shapiro, “Formation and evolution
of the self-interacting dark matter halos,” Mon. Not.
Roy. Astron. Soc. 363 (2005) 1092-1124,
arXiv:astro-ph/0412169.

[22] C. Tonini and A. Lapi, “Angular momentum transfer in
dark matter halos: erasing the cusp,” Astrophys. J. 649
(2006) 591-598, arXiv:astro-ph/0603051.

[23] D. Martizzi, R. Teyssier, B. Moore, and T. Wentz, “The
effects of baryon physics, black holes and AGN feedback
on the mass distribution in clusters of galaxies,” Mon.
Not. Roy. Astron. Soc. 422 (2012) 3081,
arXiv:1112.2752.

[24] J. I. Read, M. G. Walker, and P. Steger, “Dark matter
heats up in dwarf galaxies,” arXiv:1808.06634.

[25] A. Robertson, R. Massey, and V. Eke, “What does the
Bullet Cluster tell us about self-interacting dark
matter?,” Mon. Not. Roy. Astron. Soc. 465 (2017)
no. 1, 569-587, larXiv: 1605.04307.

[26] S. W. Randall, M. Markevitch, D. Clowe, A. H.
Gonzalez, and M. Bradac, “Constraints on the
Self-Interaction Cross-Section of Dark Matter from
Numerical Simulations of the Merging Galazy Cluster
1E 0657-56, [Astrophys. J. 679 (2008) 11731180
arXiv:0704.0261.

[27] M. Kaplinghat, S. Tulin, and H.-B. Yu, “Dark Matter
Halos as Particle Colliders: Unified Solution to
Small-Scale Structure Puzzles from Dwarfs to Clusters,”
Phys. Rev. Lett. 116 (2016) no. 4, 041302,
arXiv:1508.03339.

[28] J. L. Feng, M. Kaplinghat, and H.-B. Yu, “Halo Shape
and Relic Density Exclusions of Sommerfeld-Enhanced
Dark Matter Ezplanations of Cosmic Ray Excesses,”
Phys. Rev. Lett. 104 (2010) 151301} arXiv:0911.0422.

[29] S. Tulin, H.-B. Yu, and K. M. Zurek, “Beyond
Collisionless Dark Matter: Particle Physics Dynamics
for Dark Matter Halo Structure,” Phys. Rev. D87
(2013) no. 11, 115007, larXiv:1302.3898.

[30] X. Chu, C. Garcia-Cely, and H. Murayama, “Velocity


mailto:xiaoyong.chu@oeaw.ac.at 
mailto:camilo.garcia.cely@desy.de
mailto:hitoshi@berkeley.edu, hitoshi.murayama@ipmu.jp
mailto:hitoshi@berkeley.edu, hitoshi.murayama@ipmu.jp
http://dx.doi.org/10.1103/PhysRevLett.84.3760
http://dx.doi.org/10.1103/PhysRevLett.84.3760
http://arxiv.org/abs/astro-ph/9909386
http://dx.doi.org/10.1111/j.1365-2966.2012.21182.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21182.x
http://arxiv.org/abs/1201.5892
http://dx.doi.org/10.1093/mnras/sts514
http://dx.doi.org/10.1093/mnras/sts514
http://arxiv.org/abs/1208.3025
http://dx.doi.org/10.1093/mnras/sts535
http://dx.doi.org/10.1093/mnras/sts535
http://arxiv.org/abs/1208.3026
http://dx.doi.org/10.1016/j.physrep.2017.11.004
http://dx.doi.org/10.1016/j.physrep.2017.11.004
http://arxiv.org/abs/1705.02358
http://dx.doi.org/10.1146/annurev-astro-091916-055313
http://dx.doi.org/10.1146/annurev-astro-091916-055313
http://arxiv.org/abs/1707.04256
http://dx.doi.org/10.1086/176788
http://dx.doi.org/10.1086/176788
http://arxiv.org/abs/astro-ph/9505029
http://dx.doi.org/10.1086/318861
http://arxiv.org/abs/astro-ph/0005206
http://dx.doi.org/10.1103/PhysRevD.62.063511
http://dx.doi.org/10.1103/PhysRevD.62.063511
http://arxiv.org/abs/astro-ph/0002330
http://dx.doi.org/10.1086/321541
http://dx.doi.org/10.1086/321541
http://arxiv.org/abs/astro-ph/0010389
http://dx.doi.org/10.1086/322411
http://dx.doi.org/10.1086/322411
http://arxiv.org/abs/astro-ph/0010525
http://dx.doi.org/10.1103/PhysRevLett.85.1158
http://arxiv.org/abs/astro-ph/0003365
http://dx.doi.org/10.1086/312677
http://dx.doi.org/10.1086/312677
http://arxiv.org/abs/astro-ph/0002495
http://dx.doi.org/10.1093/mnras/283.3.72L, 10.1093/mnras/283.3.L72
http://dx.doi.org/10.1093/mnras/283.3.72L, 10.1093/mnras/283.3.L72
http://arxiv.org/abs/astro-ph/9610187
http://dx.doi.org/10.1046/j.1365-8711.1999.02223.x
http://dx.doi.org/10.1046/j.1365-8711.1999.02223.x
http://arxiv.org/abs/astro-ph/9806289
http://dx.doi.org/10.1046/j.1365-8711.2001.04024.x
http://dx.doi.org/10.1046/j.1365-8711.2001.04024.x
http://arxiv.org/abs/astro-ph/0003199
http://dx.doi.org/10.1046/j.1365-8711.2002.05361.x
http://dx.doi.org/10.1046/j.1365-8711.2002.05361.x
http://arxiv.org/abs/astro-ph/0108108
http://dx.doi.org/10.1086/322516
http://arxiv.org/abs/astro-ph/0103386
http://dx.doi.org/10.1086/343847
http://arxiv.org/abs/astro-ph/0110632
http://dx.doi.org/10.1111/j.1365-2966.2005.09492.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09492.x
http://arxiv.org/abs/astro-ph/0412169
http://dx.doi.org/10.1086/506431
http://dx.doi.org/10.1086/506431
http://arxiv.org/abs/astro-ph/0603051
http://dx.doi.org/10.1111/j.1365-2966.2012.20879.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20879.x
http://arxiv.org/abs/1112.2752
http://arxiv.org/abs/1808.06634
http://dx.doi.org/10.1093/mnras/stw2670
http://dx.doi.org/10.1093/mnras/stw2670
http://arxiv.org/abs/1605.04307
http://dx.doi.org/10.1086/587859
http://arxiv.org/abs/0704.0261
http://dx.doi.org/10.1103/PhysRevLett.116.041302
http://arxiv.org/abs/1508.03339
http://dx.doi.org/10.1103/PhysRevLett.104.151301
http://arxiv.org/abs/0911.0422
http://dx.doi.org/10.1103/PhysRevD.87.115007
http://dx.doi.org/10.1103/PhysRevD.87.115007
http://arxiv.org/abs/1302.3898

Dependence from Resonant Self-Interacting Dark
Matter,” larXiv:1810.04709.

[31] S. D. McDermott, “Is Self-Interacting Dark Matter
Undergoing Dark Fusion?,” Phys. Rev. Lett. 120 (2018)
no. 22, 221806, larXiv:1711.00857.

[32] M. Vogelsberger, J. Zavala, K. Schutz, and T. R.
Slatyer, “Evaporating the Milky Way halo and its
satellites with inelastic self-interacting dark matter,”
arXiv:1805.03203l

[33] X. Chu and C. Garcia-Cely, “Core formation from
self-heating dark matter,” JCAP 1807 (2018) no. 07,
013} |larXiv:1803.09762.

[34] A. Coskuner, D. M. Grabowska, S. Knapen, and K. M.
Zurek, “Direct Detection of Bound States of
Asymmetric Dark Matter,” arXiv:1812.07573.

[35] S. Nussinov, “TECHNOCOSMOLOGY: COULD A
TECHNIBARYON EXCESS PROVIDE A 'NATURAL’
MISSING MASS CANDIDATE?,” [Phys. Lett. 165B
(1985) 55-58.

[36] R. S. Chivukula and T. P. Walker, “TECHNICOLOR
COSMOLOGY,” Nucl. Phys. B329 (1990) 445—463.

[37] D. E. Kaplan, G. Z. Krnjaic, K. R. Rehermann, and
C. M. Wells, “Atomic Dark Matter,” JCAP 1005
(2010) 021, arXiv:0909.0753.

[38] B. Feldstein, A. L. Fitzpatrick, and E. Katz, “Form
Factor Dark Matter,” JCAP 1001 (2010) 020,
arXiv:0908.2991.

[39] K. Kumar, A. Menon, and T. M. P. Tait, “Magnetic
Fluffy Dark Matter,” JHEP 02 (2012) 131}
arXiv:1111.2336.

[40] J. M. Cline, Z. Liu, G. Moore, and W. Xue, “Composite
strongly interacting dark matter,” Phys. Rev. D90
(2014) no. 1, 015023, arXiv:1312.3325.

[41] M. B. Wise and Y. Zhang, “Stable Bound States of
Asymmetric Dark Matter,” Phys. Rev. D90 (2014)
no. 5, 055030, |arXiv:1407.4121. [Erratum: Phys.
Rev.D91,n0.3,039907(2015)].

[42] G. Krnjaic and K. Sigurdson, “Big Bang
Darkleosynthesis,” Phys. Lett. BT51 (2015) 464—468)
arXiv:1406.1171.

[43] M. B. Wise and Y. Zhang, “Yukawa Bound States of a
Large Number of Fermions,” JHEP 02 (2015) 023,
arXiv:1411.1772, [Erratum: JHEP10,165(2015)].

[44] W. Detmold, M. McCullough, and A. Pochinsky, “Dark
Nuclei I: Cosmology and Indirect Detection,” Phys.
Rev. D90 (2014) no. 11, 115013, jarXiv: 1406.2276.

[45] E. Hardy, R. Lasenby, J. March-Russell, and S. M.
West, “Big Bang Synthesis of Nuclear Dark Matter,”
JHEP 06 (2015) 011} farXiv:1411.3739]

[46] E. Hardy, R. Lasenby, J. March-Russell, and S. M.
West, “Signatures of Large Composite Dark Matter
States,” JHEP 07 (2015) 133| arXiv:1504.05419.

[47] A. Mitridate, M. Redi, J. Smirnov, and A. Strumia,
“Dark Matter as a weakly coupled Dark Baryon,” JHEP
10 (2017) 210, jlarXiv:1707.05380.

[48] M. I. Gresham, H. K. Lou, and K. M. Zurek,
“Astrophysical Signatures of Asymmetric Dark Matter
Bound States,” Phys. Rev. D98 (2018) no. 9, 096001,
arXiv:1805.04512.

[49] A. Francis, R. J. Hudspith, R. Lewis, and S. Tulin,
“Dark Matter from Strong Dynamics: The Minimal
Theory of Dark Baryons,” arXiv:1809.09117.

[50] R. Contino, A. Mitridate, A. Podo, and M. Redi,
“Gluequark Dark Matter,” arXiv:1811.06975.

[61] E. Braaten, D. Kang, and R. Laha, “Production of
dark-matter bound states in the early universe by
three-body recombination,” JHEP 11 (2018) 084
arXiv:1806.00609.

[62] C. F. Perdrisat, V. Punjabi, and M. Vanderhaeghen,
“Nucleon Electromagnetic Form Factors,” Prog. Part.
Nucl. Phys. 59 (2007) 694764, |arXiv:hep-ph/0612014.

[63] L. D. Landau and E. M. Lifshits, Quantum Mechanics,
vol. v.3 of Course of Theoretical Physics.
Butterworth-Heinemann, Oxford, 1991.

[64] J. Kummer, F. Kahlhoefer, and K. Schmidt-Hoberg,
“Effective description of dark matter self-interactions in
small dark matter haloes,” Mon. Not. Roy. Astron. Soc.
474 (2018) no. 1, 388-399, arXiv:1706.04794.

[55] M. Valli and H.-B. Yu, “Dark matter self-interactions
from the internal dynamics of dwarf spheroidals,” Nat.
Astron. 2 (2018) 907-912, arXiv:1711.03502.

[56] A. B. Newman, T. Treu, R. S. Ellis, and D. J. Sand,
“The Density Profiles of Massive, Relaxed Galazy
Clusters: II. Separating Luminous and Dark Matter in
Cluster Cores,” Astrophys. J. 765 (2013) 25,
arXiv:1209.1392.

[57] R. Kuzio de Naray, S. S. McGaugh, and W. J. G.
de Blok, “Mass Models for Low Surface Brightness
Galazies with High Resolution Optical Velocity Fields,”
Astrophys. J. 676 (2008) 920-943, arXiv:0712.0860.

[68] S.-H. Oh, W. J. G. de Blok, E. Brinks, F. Walter, and
R. C. Kennicutt, Jr, “Dark and luminous matter in
THINGS dwarf galazies,” Astron. J. 141 (2011) 193,
arXiv:1011.0899.

[59] A. Sokolenko, K. Bondarenko, T. Brinckmann,

J. Zavala, M. Vogelsberger, T. Bringmann, and
A. Boyarsky, “Towards an improved model of
self-interacting dark matter haloes,” larXiv:1806.11539.

[60] E. Hardy and R. Lasenby, “Stellar cooling bounds on
new light particles: plasma mizing effects,” JHEP 02
(2017) 033, arXiv:1611.05852.

[61] J. H. Chang, R. Essig, and S. D. McDermott,
“Revisiting Supernova 1987A Constraints on Dark
Photons,” JHEP 01 (2017) 107, larXiv:1611.03864.

[62] GAMBIT, P. Athron et al., “Global analyses of Higgs
portal singlet dark matter models using GAMBIT,”
arXiv:1808.10465.

[63] The GAMBIT Dark Matter Workgroup,

T. Bringmann et al., “DarkBit: A GAMBIT module for
computing dark matter observables and likelihoods,” |Eur.
Phys. J. C77 (2017) no. 12, 831} arXiv:1705.07920.

[64] XENON, E. Aprile et al., “First Dark Matter Search
Results from the XENONI1T Ezperiment,” Phys. Rev.
Lett. 119 (2017) no. 18, 181301, arXiv:1705.06655.

[65] SuperCDMS, R. Agnese et al., “New Results from the
Search for Low-Mass Weakly Interacting Massive
Particles with the CDMS Low Ionization Threshold
Ezxperiment,” Phys. Rev. Lett. 116 (2016) no. 7,
071301, larXiv:1509.02448.

[66] CRESST, G. Angloher et al., “Results on light dark
matter particles with a low-threshold CRESST-I1
detector,” Eur. Phys. J. C76 (2016) no. 1, 25,
arXiv:1509.01515.

[67] H. A. Bethe, “Theory of the Effective Range in Nuclear
Scattering,” Phys. Rev. 76 (1949) 38-50.

[68] Here we will assume that v,,, — oo since the integral
converges quite fast due to the Boltzmann factor.

[69] For slightly heavier dark photons the process


http://arxiv.org/abs/1810.04709
http://dx.doi.org/10.1103/PhysRevLett.120.221806
http://dx.doi.org/10.1103/PhysRevLett.120.221806
http://arxiv.org/abs/1711.00857
http://arxiv.org/abs/1805.03203
http://dx.doi.org/10.1088/1475-7516/2018/07/013
http://dx.doi.org/10.1088/1475-7516/2018/07/013
http://arxiv.org/abs/1803.09762
http://arxiv.org/abs/1812.07573
http://dx.doi.org/10.1016/0370-2693(85)90689-6
http://dx.doi.org/10.1016/0370-2693(85)90689-6
http://dx.doi.org/10.1016/0550-3213(90)90151-3
http://dx.doi.org/10.1088/1475-7516/2010/05/021
http://dx.doi.org/10.1088/1475-7516/2010/05/021
http://arxiv.org/abs/0909.0753
http://dx.doi.org/10.1088/1475-7516/2010/01/020
http://arxiv.org/abs/0908.2991
http://dx.doi.org/10.1007/JHEP02(2012)131
http://arxiv.org/abs/1111.2336
http://dx.doi.org/10.1103/PhysRevD.90.015023
http://dx.doi.org/10.1103/PhysRevD.90.015023
http://arxiv.org/abs/1312.3325
http://dx.doi.org/10.1103/PhysRevD.90.055030, 10.1103/PhysRevD.91.039907
http://dx.doi.org/10.1103/PhysRevD.90.055030, 10.1103/PhysRevD.91.039907
http://arxiv.org/abs/1407.4121
http://dx.doi.org/10.1016/j.physletb.2015.11.001
http://arxiv.org/abs/1406.1171
http://dx.doi.org/10.1007/JHEP10(2015)165, 10.1007/JHEP02(2015)023
http://arxiv.org/abs/1411.1772
http://dx.doi.org/10.1103/PhysRevD.90.115013
http://dx.doi.org/10.1103/PhysRevD.90.115013
http://arxiv.org/abs/1406.2276
http://dx.doi.org/10.1007/JHEP06(2015)011
http://arxiv.org/abs/1411.3739
http://dx.doi.org/10.1007/JHEP07(2015)133
http://arxiv.org/abs/1504.05419
http://dx.doi.org/10.1007/JHEP10(2017)210
http://dx.doi.org/10.1007/JHEP10(2017)210
http://arxiv.org/abs/1707.05380
http://dx.doi.org/10.1103/PhysRevD.98.096001
http://arxiv.org/abs/1805.04512
http://arxiv.org/abs/1809.09117
http://arxiv.org/abs/1811.06975
http://dx.doi.org/10.1007/JHEP11(2018)084
http://arxiv.org/abs/1806.00609
http://dx.doi.org/10.1016/j.ppnp.2007.05.001
http://dx.doi.org/10.1016/j.ppnp.2007.05.001
http://arxiv.org/abs/hep-ph/0612014
http://dx.doi.org/10.1093/mnras/stx2715
http://dx.doi.org/10.1093/mnras/stx2715
http://arxiv.org/abs/1706.04794
http://dx.doi.org/10.1038/s41550-018-0560-7
http://dx.doi.org/10.1038/s41550-018-0560-7
http://arxiv.org/abs/1711.03502
http://dx.doi.org/10.1088/0004-637X/765/1/25
http://arxiv.org/abs/1209.1392
http://dx.doi.org/10.1086/527543
http://arxiv.org/abs/0712.0860
http://dx.doi.org/10.1088/0004-6256/141/6/193
http://arxiv.org/abs/1011.0899
http://arxiv.org/abs/1806.11539
http://dx.doi.org/10.1007/JHEP02(2017)033
http://dx.doi.org/10.1007/JHEP02(2017)033
http://arxiv.org/abs/1611.05852
http://dx.doi.org/10.1007/JHEP01(2017)107
http://arxiv.org/abs/1611.03864
http://arxiv.org/abs/1808.10465
http://dx.doi.org/10.1140/epjc/s10052-017-5155-4
http://dx.doi.org/10.1140/epjc/s10052-017-5155-4
http://arxiv.org/abs/1705.07920
http://dx.doi.org/10.1103/PhysRevLett.119.181301
http://dx.doi.org/10.1103/PhysRevLett.119.181301
http://arxiv.org/abs/1705.06655
http://dx.doi.org/10.1103/PhysRevLett.116.071301
http://dx.doi.org/10.1103/PhysRevLett.116.071301
http://arxiv.org/abs/1509.02448
http://dx.doi.org/10.1140/epjc/s10052-016-3877-3
http://arxiv.org/abs/1509.01515
http://dx.doi.org/10.1103/PhysRev.76.38

nm — vp7yp can sufficiently reduce the abundance of n nn — na can play the same role.
mesons. If a dark axion, a, exists, the annihilation



	 Acknowledgments
	 Appendix: The transfer cross section
	 References

