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ABSTRACT: We explore the phenomenology of Elastically Decoupling Relic (ELDER) dark
matter. ELDER is a thermal relic whose present density is determined primarily by the
cross-section of its elastic scattering off Standard Model (SM) particles. Assuming that
this scattering is mediated by a kinetically mixed dark photon, we argue that the ELDER
scenario makes robust predictions for electron-recoil direct-detection experiments, as well
as for dark photon searches. These predictions are independent of the details of interactions
within the dark sector. Together with the closely related Strongly-Interacting Massive Par-
ticle (SIMP) scenario, the ELDER predictions provide a physically motivated, well-defined
target region, which will be almost entirely accessible to the next generation of searches
for sub-GeV dark matter and dark photons. We provide useful analytic approximations
for various quantities of interest in the ELDER scenario, and discuss two simple renor-
malizable toy models which incorporate the required strong number-changing interactions
among the ELDERs, as well as explicitly implement the coupling to electrons via the dark
photon portal.
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1 Introduction

Cosmological observations at a variety of length scales, from individual galaxies to the
Hubble scale, indicate that most of the matter in the universe is in the form of dark matter
(DM). DM cannot consist of any of the known elementary particles, and its existence
provides solid experimental evidence for physics beyond the Standard Model (SM). The
microscopic nature of dark matter is one of the major mysteries in fundamental physics. For
many years, both theoretical work and experimental searches for dark matter focused on a
short list of possible candidates independently motivated by particle physics — primarily
QCD axions and weakly-interacting massive particles (WIMPs) realized within supersym-
metry or other extensions of the SM at the weak scale. Despite decades of experimental
effort, no evidence for these candidates has been found. While neither WIMP nor axion
dark matter is ruled out and the experimental searches are ongoing, there has been renewed
interest in exploring alternative particle dark matter candidates.



A promising new direction is to consider models in which dark matter particles have
strong number-changing self-interactions [1-18]. If the DM is a thermal relic, its current
density in such models can be determined either by the cross section of the number-changing
self-interaction processes (“Strongly-Interacting Massive Particle”, or SIMP, scenario [19])
or by the cross section of elastic scattering between the DM and SM (“Elastically Decou-
pling Relic”, or ELDER, scenario [7]). In both cases, the observed DM density is naturally
obtained if the mass of the DM particles is parametrically close to the QCD confinement
scale, mpy ~ 10 — 100 MeV. This leads to an attractive particle physics framework: a
“dark sector” of fields not charged under the SM gauge groups, containing a non-Abelian
“dark QCD” gauge group that confines at a scale similar to Aqcp. The proximity of the
SM and “dark” confinement scales may be due to a discrete symmetry relating the dark
QCD gauge coupling to the SM g3 at a high energy scale [20-24]. The dark matter may
then consist of mesons that emerge from dark QCD upon confinement [2]. If the dark
sector also contains an Abelian gauge field, kinetic mixing between this field and the SM
electromagnetic field naturally provides the requisite interaction between the dark matter
particle and the SM, via the dark photon portal [4, §].

The goal of this paper is to study the above possibilities in more detail, in particular,
the ELDER scenario proposed in ref. [7]. In ref. [7], we demonstrated the viability of this
scenario in a general framework, without reference to a specific model of either the dark
sector or the portal connecting it to the SM. Instead, we used a simple parametrization
of the DM number-changing self-scattering and DM-SM elastic scattering cross sections.
Moreover, the analysis of ref. [7] was primarily based on numerical solution of Boltzmann
equations. Here, we expand that analysis in several directions:

e We provide an approximate analytic solution to the Boltzmann equations that de-
scribe the evolution of the ELDER dark matter density during the epoch of its kinetic
decoupling from the SM. This in turn leads to precise analytic estimates of ELDER
relic density, and hence the model parameters required to obtain the observed dark
matter abundance. We also combine these estimates with unitarity considerations to
obtain a model-independent upper bound on the ELDER dark matter mass. This is
the subject of section 2.

e We consider the phenomenology of the ELDER scenario with a dark photon portal
mediating the interactions between the ELDERs and the SM. We find that the
model makes a remarkably robust prediction for rates expected in direct-detection
experiments. This prediction has no free parameters beyond the ELDER particle
mass, and is completely independent of the details of the dark-sector self-interactions.
The reason is that the ELDER relic density with this portal is determined by the cross
section of elastic scattering of dark matter particles on electrons, which is precisely
the same process used for direct detection in the MeV-GeV DM mass range. This
feature is unique to ELDERs. Likewise, this scenario provides firm predictions for
dark photon searches. Together with the well-known “thermal targets”, the ELDER
and SIMP predictions define a well-defined target region in the parameter space for
direct-detection and dark photon experiments, bounded from all sides. These findings



are reported in section 3. In particular, figures 3 and 4 encapsulate the main results
of this paper.

e We discuss two simple perturbative models for the dark sector, which realize the
ELDER scenario with the dark photon portal; see section 4. These can be thought of
as toy models that describe interactions among low-lying mesons created by confining
gauge dynamics in the gauge sector.

Details of the Boltzmann equations, an approximate analytic solution for kinetic
decoupling, and some useful formulas for thermally-averaged rates, are collected in
the appendices.

2 ELDER dark matter

Consider a particle xy with mass mx.1 The x particles can undergo the following processes:

1. Elastic scattering: x + SM <« x + SM, where “SM” stands for any of the Standard
Model particles. (In practice, the important SM states are those with mass below
my; for ELDERSs, this will typically include electrons, photons, and neutrinos.)

2. Annihilations to SM: x + x <> SM + SM.
3. “3 — 2”7 Self-Annihilations: xxx < xXx.
4. “2 — 2”7 Elastic Self-Scattering: xx < xXx-

We assume that in the early universe at temperatures above m,, all four reactions are
“active”, i.e. occur in the plasma at rates I' > H. This means that the ELDERs have a
thermal energy distribution (thanks to reaction 4), zero chemical potential (reaction 3),
and temperature equal to that of the SM plasma (reactions 1 and 2), which we denote
by T. The ELDER number density follows the equilibrium trajectory, n®4(7"). As the
temperature drops below m,, the ELDERs become non-relativistic, and the equilibrium
density drops exponentially, n®d(T) oc e=™x/T. The rates of the reactions 2, 3, and 4, drop
off exponentially, while the reaction 1 slows more gradually.

All the reactions eventually decouple, I' < H, but the order of decoupling is crucially
important in determining the relic abundance. It is natural for 3 — 2 self-annihilation to
decouple before 2 — 2 self-scattering: the interaction strengths entering the two rates are
generically of the same order (both involve interactions internal to the dark sector), but
I's o ni while I'o_,o o< m,. On the other hand, the rate of annihilations to SM, Iy,
is controlled by the coupling between the SM and the dark sector, which can naturally
be small. (For example, in the dark photon portal model considered below, this will be
controlled by kinetic mixing between the SM and dark-sector U(1) gauge groups.) In this

!This may be a single state, or a set of mass-degenerate states x;. In the latter case, appropriate
averaging over the particle “flavor” is implicit in the discussion of this section, and the “flavor indices” are
suppressed for clarity.



paper, we will consider the regime where annihilations to SM decouple first, while the
3 — 2 process is still active. This is the case in both the SIMP and ELDER scenarios.

The rate of elastic scattering I'¢ is proportional to the SM density, which is not ex-
ponentially suppressed at T" < m, . However, the scattering cross section is suppressed by
the small coupling between the SM and x. Generically, this cross section is of the same
order as that of annihilations to SM, and therefore decoupling of elastic scattering occurs
after annihilations to SM are decoupled. Depending on the relative strength of the SM-x
coupling and y self-couplings, the decoupling of the elastic scattering may occur either
after or before the decoupling of the 3 — 2 self-annihilation. The former case corresponds
to the SIMP scenario [19], while the latter is the ELDER scenario [7].

2.1 The thermal history of ELDERs

After annihilations and elastic scattering with the SM decouple, but while the 3 — 2 and
2 — 2 self-interactions are still active, the ELDERs are still in thermal equilibrium at
zero chemical potential, but their temperature 7’ no longer has to be the same as the SM
plasma temperature T. As shown in appendix B, the two temperatures are related by

or _ T'? T\ T2 (T - T)
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Here v is the SM particle that couples to , with corresponding number of degrees-of-
freedom g, and g,, respectively; ng +n is a numerical constant given in eq. (B.4). We
assume that the effective number of relativistic degrees of freedom g, 4 remains constant
throughout the decoupling process. (The case of varying g. can be handled numerically.)
The “elastic scattering strength” c,, is defined as the dimensionless coefficient of the leading
term in the low-energy expansion of the matrix element-squared of the elastic scattering

process Xy < x:
Elw n
|,/\/l|?:0 =cp <> +..., (2.3)
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where |M|? is averaged over initial and final-state degrees of freedom, including spin,
color, and electric charge. (See appendix A for details.) If x couples to more than one SM
particle, a summation over the relevant SM species is implied in the definition of a. The
formalism presented here is applicable to SM particles that are relativistic at the time of
x decoupling, mgm < Ty ~ m,/10. SM particles with mgy > Ty are irrelevant to the
decoupling process, while the case mgn ~ Ty can be studied numerically.

An approximate analytic solution to the temperature evolution equation can be found

1
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(see appendix B):
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SM and ELDER sectors in thermal equilibrium. At large z, the asymptotic form of the
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Identifying the “decoupling temperature” at which the ELDER and the SM thermally
decouple,

where © = m, /T, 2’ = m,/T’, and t = At small z, ' ~ z, corresponding to

solution is

i
Td = mX 4 (26)
(s +4)
q. (2.5) can be rewritten as ' ~ x4+ 3log(z/x4), 0
T
T ~ d (2.7)
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This is precisely the behavior expected in the “cannibalization” regime [1], where ELDER
temperature decreases only slowly (logarithmically with the scale factor) as the universe ex-
pands. The physical reason is that the kinetic energy released by 3 — 2 self-annihilations
partially compensates for the energy lost when particle momenta are redshifted due to
the expansion. This regime persists until the 3 — 2 process decouples, after which the
ELDER density is frozen out. Note that the dark matter particles remain non-relativistic
throughout the cannibalization period, so that from the point of view of Cosmic Microwave
Background (CMB) and structure formation, ELDER is a Cold Dark Matter (CDM) can-
didate, consistent with observations.

The evolution of ELDER temperature throughout the kinetic decoupling and freeze-out
process is illustrated in figure 1. The ELDER-to-SM temperature ratio starts growing after
kinetic decoupling due to cannibalization, reaching the maximum value of 77/T ~ 10 at the
time of freeze-out. It drops rapidly after freeze-out since ELDERSs are non-relativistic and
T' < R72, while T o« R™!, where R is the size of the universe. The analytic function (2.4)
provides an excellent approximation to the numerical solution of the Boltzmann equations
up until 3 — 2 freezeout.

We note that eq. (2.7) can also be derived by assuming instantaneous kinetic decou-
pling between the dark sector and the SM at temperature Ty, and using the conservation
of comoving entropy in the dark sector after decoupling. This approach was taken, for ex-
ample, in ref. [7]. The alternative derivation presented here does not make the assumption
of instantaneous decoupling, relying instead on the approximate solution for the evolution
of T" accurate throughout the decoupling process. Apart from being better justified phys-
ically, the distinct advantage of the new derivation is that it automatically provides the
expression for Ty in terms of the underlying model parameters, eq. (2.6).

In the instantaneous freeze-out approximation, the asymptotic value of the yield Y, =
ny /S0, where sg is the entropy density today, is given by

gy (2maly) 3267
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(2.8)
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Figure 1. Evolution of the ratio of ELDER temperature T” to the SM plasma temperature T'.
Here m, = 10MeV, ¢; = 1.3 x 107, a = 5, gy = 2, and gy = 4.

where x; and x’f are the temperatures of the SM and the ELDERs, respectively, at the
time of freeze-out. The effective multiplicity at freeze-out, g., r, is strongly dominated
by the SM degrees of freedom that are relativistic at that temperature, and the ELDER
contribution to entropy is negligible; for typical ELDER parameters, g, s = 10.75. The
ELDER relic density is given by

3/2 g,
X e
Oh? =3 x 100 () Vg~ 4 10° () d (29
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1+ 2 108 o

where x4 is the decoupling temperature defined in eq. (2.6).
The 3 — 2 self-annihilations freeze-out when ni <03H2v2> ~ H. Let us parametrize
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The freeze-out and decoupling temperatures can then be estimated by solving the equations
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Numerically, x4 ~ 17 and a:} ~ 25 for a typical ELDER model. The decoupling tem-
perature is directly related to the strength of elastic scattering between ELDERs and SM



particles, see egs. (2.2), (2.6). Once z4 is found by solving eq. (2.12), it is straightforward
to compute the corresponding elastic scattering strength:

g%
6.~ (1.4 x 10718) 224> ( Mx ) n-+4 2.13

where g, 4 is the effective number of relativistic degrees of freedom at Ty, and &, = (n +
4) [F(g—ii)]*”*‘l/]\f;in is a numerical constant. (For future reference, £ ~ 0.08 and &y ~
0.004.) Once a mechanism that mediates ELDER-SM scattering is specified, this formula
can be used to make detailed, robust phenomenological predictions, as discussed in the next
section. Remarkably, such predictions are almost completely independent of the details of

self-interactions of ELDERS, or their interactions with other dark sector states.

2.2 ELDER mass estimates

A model-independent upper bound on the ELDER dark matter particle mass can be ob-
tained as follows. Self-consistency of the ELDER scenario requires zy > x4, or?

m
>0.5—X
@970 MeV

Here we see that ELDER dark matter is pushed to the strongly interacting regime (v 2 1).

(2.14)

The thermally averaged 3 — 2 rate can be bounded above by unitarity, in similar spirit
to the bound derived on the thermally averaged WIMP annihilation rate [25]. The optical
theorem states that

2 Im Mforward = Z/dHX(27T)454(pi - pX)|MXX—>X|27 (215)
X

where Miorward 1S the matrix element for forward scattering xx — xx, and dIlx is the
Lorentz invariant phase space. Picking the term with X = xxx from the sum yields
the inequality

/dﬂx(27r)454(pi — pf)|./\/l3%2|2 < 2 Im Miorward- (2.16)

Using this in the definition of the thermally averaged rate in eq. (A.7), in the non-relativistic
limit, the rate is bounded above by

V1bT 4. o _
<G3H2U2> 5 me?) /T /9m2 dse” T Im (Mforward(s))' (217)

In the absence of light degrees of freedom, non-relativistic elastic scattering of scalar x par-
ticles is typically dominated by the s wave. Partial-wave unitarity requires® |Miorward| <

2Close to this bound, the kinetic decoupling and freeze-out occur close in time, and the formulas derived
in this section, which assumed a clear separation between the two events, are not strictly applicable. The
bound on «a for “pure ELDER” regime, in which the separation is clear, is stronger by a about a factor
of 2. For smaller «, a “mixed SIMP-ELDER” regime occurs, which does not lend itself to simple analytic
estimates. Numerical analysis of this regime indicates a smooth connection between “pure SIMPs” and
“pure ELDERSs”, see for example figure 2.

3At /s = 3m, the x particles are moderately relativistic, 5% ~ 0.5, and corrections to s-wave scattering
amplitude may be non-negligible. This will affect the unitarity bound at the level of order-one factors.
Thus, this bound as well as the mass bound in eq. (2.19) should be viewed as order-of-magnitude estimates.



8my\/s/p ~ 48w/ V5, which in turn implies (taking into account the typical freeze-out tem-
perature x} ~ 20) an upper bound

a < 73, (2.18)

where « is defined in eq. (2.10). Combining this bound with eq. (2.14) yields
my S 1 GeV. (2.19)

This partial-wave unitarity bound is independent of the details of the dark sector. In
specific models of dark sector self-interactions, other considerations, such as perturbativity
of couplings, may impose stronger bounds. For example, in simple scalar models discussed
in section 4, the upper bound on the ELDER mass from perturbativity is about 200 MeV.

There is also a lower bound on m,. As the ELDER becomes non-relativistic, energy
and entropy are transferred from the dark sector to the SM, reheating the SM degrees of
freedom. This process continues until the decoupling of elastic scattering between ELDERs
and the SM at temperature T. If the energy and entropy transfer is active during or after
Big-Bang Nucleosynthesis (BBN), it will generally result in modification of BBN predic-
tions for light-element abundances, and/or the effective number of neutrinos Neg inferred
from the Cosmic Microwave Background (CMB) measurements; see e.g. ref. [26]. This is
certainly the case if the interactions between the ELDER and the SM are mediated via
the dark photon portal, which, as argued in section 3, is the most plausible renormaliz-
able portal compatible with this scenario. The dark photon portal couples the ELDERs
very weakly to neutrinos. If entropy transfer continues below the temperature of neutrino
decoupling from the electron/photon plasma, non-standard Neg is produced. It is in prin-
ciple possible that this bound could be avoided in a model in which electrons, photons and
neutrinos are reheated equally. However in this paper we will adopt [26]

my 2 5 MeV (2.20)
as a rough lower bound on the ELDER, mass.

2.3 ELDERs, SIMPs and WIMPs, oh my!

If in a given model ¢, < ¢, defined in (2.3) and (2.13), the particle y cannot account for
the observed dark matter. On the other hand, if ¢, > ¢,, the correct relic density can still
be achieved through the SIMP mechanism. In this case, dark matter and SM remain in
kinetic equilibrium until the 3 — 2 interactions decouple and the x density freezes out:
xzq > xy. The relic density is given by

O h% ~ 0.02 (107”1\/};\/)3/2 a~3/2 (%)2, (2.21)

where the freeze-out temperature 'y is found as a solution to

mx

3
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Figure 2. Regions of parameters corresponding to the observed relic density. For each mass, the
vertical section of the line of the left/top corresponds to the elastically decoupling relic (ELDER)
scenario proposed in this paper; the horizontal line to the SIMP scenario; and the vertical section
on the right/bottom to the WIMP scenario. This figure, reproduced from ref. [7], is based on a
numerical solution of the Boltzmann equations for a model with g, = 2, 1» = photon, n = 0,
co = 8me2. The same behavior is observed in other models, see for example figure 6 below.

After freeze-out, elastic scattering with SM no longer affects n,; thus in the SIMP regime,
the relic density is determined by the self-interaction strength «, and is independent of c,,.

The SIMP value of «,
N My Qxh2
asnvp = 0-34 (10 MeV) ( 01 )’ (2.23)

is close to the lower bound on « required for the ELDER scenario, eq. (2.14), and scales

the same way with m,. This gives a clear intuitive picture of the relation between the two
regimes: for a given dark matter particle mass, the ELDER value of ¢, gives the lower
bound on ¢, for SIMPs, while aspp is the lower bound of a for ELDERs.

If ¢, is increased even further, eventually a point is reached where annihilations to SM
decouple after the 3 — 2 interactions. At this point, the relic density is determined by
the cross section of annihilations to SM, and is once again independent of a. Since this
is the mechanism that sets the relic abundance of the conventional WIMPs, we refer to it
as the “WIMP regime”, even though the dark matter particle mass is still well below the
weak scale, and a small coupling to SM is required to obtain the correct relic density. (For
theoretically motivated realizations of such a scenario, see [27].) Figure 2 illustrates the
three regimes. This figure, reproduced from ref. [7], is based on a numerical solution of the
Boltzmann equations for a model with g, = 2, ¢ = photon, n = 0, ¢y = 8me?, which was
performed in that paper. The same behavior is observed in other models, see for example
figure 6 below.

3 Dark photon portal and phenomenology

It is well known that there are only three renormalizable interactions that can couple SM to
dark sector states: “dark photon”, “Higgs”, and “right-handed neutrino” portals [28]. Of



these, only the dark photon portal is compatible with the ELDER scenario in its simplest
form. In the case of the Higgs portal, the interaction has the form S?H?, where S is a dark-
sector field and H is the SM Higgs. In the case of ELDER, the decoupling temperature
is at the MeV scale, and the relevant SM degrees of freedom are electrons, photons, and
neutrinos. The couplings to these particles at MeV temperatures mediated by the Higgs are
too weak to produce the elastic scattering of the strength required in the ELDER scenario.
In the case of the neutrino portal, the interaction is of the form H LN, where N is a dark-
sector fermion. The ELDER dark matter particle must possess 3 — 2 interactions, and
thus must be a boson. If the dark matter is a fermion, then cannibalization may occur via
4 — 2 annihilations. However, this leads to strongly self-interacting sub-MeV DM, which
is excluded by BBN and structure formation [19]. Hence, we will focus on the dark photon
portal as the most plausible mechanism for ELDER-SM coupling.

3.1 Dark photon portal

Specifically, we consider a complex scalar field x, neutral under SM gauge symmetries but
charged under an abelian U(1)p gauge group in the dark sector:

L= |DMX|2 = OMxOuXx* + z'gDA;t (X" 0ux — XOux™) + - .. (3.1)

where gp is the U(1)p coupling constant, and A’ is the corresponding gauge field. The A’
kinetically mixes with the SM photon:*

1

Lym=—
k=m 2 cos Oy

B*" Fpuu, (3.2)
where B and Fp are the field strength tensors of the U(1)y and U(1)p, and Oy is the
Weinberg angle. Diagonalizing the kinetic terms yields the SM photon A, under which x
is uncharged, and the “dark photon” V', which couples to the SM electromagnetic current
with strength e e, and to the “dark” U(1)p current with strength gp. We further assume
that U(1)p is broken, giving the dark photon mass my . (For specific models that realize
this setup, including ELDER self-interactions, see section 4.) If dark photons have a
significant abundance in the early universe at the time of ELDER decoupling and freeze-
out, the physics of these processes becomes considerably more complicated: for example,
co-annihilation processes may play an important role in transferring energy between the
SM and the dark sector. To avoid these complications, we focus our attention on the “pure
ELDER” case, when the dark photon is significantly heavier than the dark matter particle.
For concreteness, we assume my > 2m,,.

Elastic scattering of ELDER on electrons is mediated by the ¢t-channel dark photon
exchange. In the language of section 2, the dark photon portal model corresponds to

“In the fundamental theory, the mixing involves the SM hypercharge gauge field. Since the physics
considered here takes place well below the weak scale, we ignore the mixing with the Z boson.

~10 -



P = et gy =4, n =2, and the elastic scattering strength is given by®

2622 g2
co = # ~ 2.3y. (3.3)
my

Here we defined the dimensionless combination
o\ 4
Y= e?yaD (X> , (3.4)

where ap = ¢%/(4r). This is the same combination of parameters that controls dark
matter annihilations to the SM, as has been previously noticed in studies of the conventional
scenario where such annihilations determine the relic density [29]. In the ELDER scenario,
the value of y that corresponds to the observed relic density can be inferred from eq. (2.13):

1/2 m T4 6
~ 5.8 x 101 (9*’d) (7X) (—) 35
YELDER % 10 10 Mev/ \17/) (3.5)

where z4 is the solution to eq. (2.12). This is a robust prediction of the ELDER
scenario with the dark photon portal, independent of the details of ELDER self-
interaction dynamics.

As discussed above, if the dark matter coupling to the SM is increased above the
ELDER value, correct relic density can still be achieved by SIMP or WIMP mechanisms.
In the dark photon portal model, the WIMP regime corresponds to the well-known “thermal
target” value for y [29]:

-1
YWIMP BTN my  \2 (Tfa)?

~14x1 .
&2 x 10 < 0.1 (10 MeV) (20) ’ (3.6)

where £ =1 — 4mi / m‘Q/, and xf, is the temperature at which annihilations to SM freeze

out. Any value of y between ygrper and the thermal target is compatible with the SIMP
mechanism, which can yield the correct relic density for appropriately chosen 3 — 2 self-
scattering cross sections.

Before proceeding, let us briefly comment on the astrophysical constraints on this
model. Dark matter pair annihilation into electrons is constrained by the CMB measure-
ments [30-32], as well as indirect-detection searches. However, in the case of scalar dark
matter in the relevant mass range, the s-wave annihilation cross section is suppressed by
a factor of (m./ mX)2 < 1072, while the p-wave contribution is velocity-suppressed. As a
result, ELDER dark matter is easily consistent with these constraints. Also, the reaction
ete™ — xx (with or without an on-shell dark photon) can provide an additional mecha-
nism of cooling in supernovae, which is constrained by the observation of neutrinos from
SN1987A (see e.g. [33, 34]). We checked that in the ELDER region, the elastic scattering
of x on electrons is always sufficiently strong to prevent the dark matter particles from
leaving the supernova core. The produced x’s become trapped in the core, and do not
contribute to the cooling rate.

®Near the upper boundary of the ELDER, mass region, m,, ~ 1GeV, scattering off charged pions and
muons is relevant during decoupling, and the formulas in this section are modified by O(1) factors to include
their contributions.
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Figure 3. Direct detection cross section, oPP, predicted in the ELDER, WIMP and SIMP scenar-
ios with a dark photon portal. For comparison, also shown are the current bounds from XENON
experiment [35, 36] and projected sensitivities for 3 events in 1 kg-year exposure of proposed exper-
iments: semiconductors [37-40], superconductors (10 meV threshold) [41, 42], superfluids [43, 44],
scintillators [37, 45] and graphene [46].

3.2 Direct detection

Direct detection of sub-GeV dark matter has been an area of active recent investigations.
Heavy nuclear recoils do not carry sufficient energy to be detected in this mass range,
and direct detection is easier for dark matter scattering on electrons. Remarkably, in the
ELDER scenario with a dark photon portal, it is precisely the same process that determines
the DM relic density. The observed dark matter density completely determines the direct
detection cross section, with essentially no free parameters other than the ELDER mass
my. The direct detection cross section is given by

DD _ 16mam?

¢ <y. (3.7)

g,
4
mX

Setting y = ygrprr in this formula defines a very sharp “ELDER target” for the direct
detection experiments. This complements the “thermal target” [28, 29], which in our lan-
guage corresponds to y = ywimp, while the region ygrprr < vy < ywimmp corresponds
to SIMP dark matter. Moreover, as discussed above, observational constraints and uni-
tarity considerations restrict m, to a range between roughly 5MeV and 1GeV. These
considerations define the direct detection target region, shown in figure 3.
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Figure 4. The dark photon target region predicted in the ELDER, WIMP and SIMP scenarios.
For comparison, the current bounds and projected sensitivities of searches for dark photon decaying
to dark matter particles [28] are also shown.

The predicted cross sections are well below the current XENON bounds [35, 36]. How-
ever, novel experimental approaches that are currently being investigated have the poten-
tial to dramatically increase the sensitivity to DM-electron scattering in this mass range.
Target materials under study include semiconductors [37-40], noble liquids [35, 37], super-
conductors [41, 42], superfluids [43, 44], scintillators [37, 45] and graphene [46]. Projected
sensitivities of these experiments will allow them to test a significant part of the SIMP and
ELDER target region, see figure 3.

3.3 Dark photon searches

Searches for a dark photon in the MeV-GeV range have also been an area of much activity
recently. Existing experimental data has been used to place bounds on the dark photon,
and several dedicated experiments are now running or in preparation. The ELDER, SIMP
and WIMP scenarios with dark photon portal provide a well-defined dark photon target
region for such experiments, shown in figure 4.

In the ELDER scenario, the dark photon mass my must be large enough so that the
process xx* < VV is not relevant throughout the x kinetic decoupling and freeze-out
process. For the discussion of this section, we assume my > 2m,. In this case, the decay
V — xx* is likely to be the dominant dark photon decay channel, since its amplitude is
proportional to the dark sector gauge coupling gp, which is naturally of order one, while
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the amplitudes of competing decays such as V — eTe™ are controlled by the small kinetic
mixing parameter €,. As a result, the experiments relevant for constraining our scenario
are those searching for invisible dark photon decays. There are two basic experimental
approaches. First, one can search for missing mass or energy in collider events due to
an invisible particle V. The strongest current constraints from this approach come from
re-analysis of BaBar data [47], as well as, at low masses, the dedicated NA-64 experiment
at CERN [48]. These searches do not yet constrain the ELDER scenario. In the future, the
missing-energy LDMX experiment proposed at SLAC [29, 49] will have sufficient sensitivity
to test a significant part of the ELDER parameter space. Second, one can search for a dark
matter particle that is produced in dark photon decay and propagates through shielding
material to a downstream detector. (This would in effect amount to “direct detection” of
a dark matter particle produced in an accelerator.) This approach was recently pioneered
by the MiniBooNE experiment [50], and dedicated experiments such as BDX [51] and
SHiP [52] have been proposed. Such future experiments may be sensitive to ELDER and
SIMP dark matter. A snapshot of the current and expected sensitivities of a variety of dark
photon searches, collected in ref. [28], and overlaid with the ELDER and SIMP regimes, is
shown in figure 4.

We remind the reader that while the theoretical predictions of the dark photon target
region are naturally defined in terms of the y variable, and are largely insensitive to vari-
ations of model parameters that leave y unchanged, the same is not true of experimental
sensitivities, which depend on model parameters in different ways. For example, sensitivity
of a missing-mass experiment such as BaBar is completely independent of gp, as long as it’s
large enough so that the invisible branching ratio of V' is close to 100%. Thus, additional
assumptions have to be made in displaying experimental sensitivities in terms of y, as in
figure 4; see ref. [28] for further discussion.

4 Models of ELDERSs

We argued above that strong self-interactions in the dark sector are required in the ELDER
scenario, with 3 — 2 cross-section of order one in its natural units. At some level, this
is welcome: such strong self-interactions are indeed expected if the ELDER is a bound
state of confining dynamics in the dark sector, a paradigm that can potentially provide a
natural explanation of proximity of the ELDER mass to the QCD confinement scale. On the
other hand, it does create obvious challenges for model-building. Moreover, strong number-
changing self-interactions tend to be accompanied by a large ELDER elastic scattering cross
section, which can run afoul of observational constraints on dark matter self-scattering in
galactic clusters such as the Bullet cluster. Fortunately, many phenomenological predictions
of the ELDER scenario are independent of the details of dark sector self-interactions. This
allowed us to completely sidestep these questions in the discussion of section 3. We will now
discuss two simple, renormalizable dark-sector models that explicitly realize the ELDER
scenario. While not deeply rooted in strong gauge dynamics, they can be thought of as toy
models representing interactions among the lightest mesons produced by such dynamics.
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They provide a useful illustration of the issues involved in dark-sector model building, and
an “existence proof’ demonstration that consistent models can be found.

4.1 x® model

Here we consider a simple model in which the dark matter is a complex scalar charged
under an unbroken Z3 symmetry [3, 19, 53]. Consider a dark sector consisting of a U(1)p
gauge field with gauge coupling gp, and two scalar fields charged under it, ® and yx, with
Q(®) = 43 and Q(x) = +1. The x particle will play the role of dark matter. The scalar
potential is

9
3!
where V(¢) = m?p|¢|2 + Ayltb[t. We will assume m2, < 0, so that this field gets a vacuum
expectation value (vev) (®) = w/v/2. We further assume that m? is positive. For simplicity,

V=V(®)+V(x)+ 5 (2% + 2x™%) + Aay 2% |x]%, (4.1)

we consider the situation m, < |me|, with sufficient separation to ensure that the radial
degree of freedom of @ is sufficiently heavy to not play a role in the calculation of x relic
abundance. The effective Lagrangian for such calculation is then given by

R «
Ver = V(X) + 5ymx (* +x*), (4.2)

where we defined a dimensionless 3-point coupling

quw

V2m,

The only effect of the last term in the potential (4.1) is to renormalize the x mass. The

R= (4.3)

vev of @ leaves a global Z3 subgroup of the U(1)p unbroken, and the charge of y under
this discrete symmetry guarantees its stability, as required for a dark matter candidate.
The U(1)p gauge boson gets a mass my = v/3gpw. The symmetry of the theory allows
for kinetic mixing between the U(1)p gauge boson and the SM hypercharge gauge boson,
as in eq. (3.2). As long as there are states, at any mass scale, that are charged under
both gauge groups, such kinetic mixing will be generated, with values of €, ~ 1074 - 1072
being generic if no cancellations occur at the one-loop level [54]. Thus, this construction
provides a stable scalar dark matter candidate with natural coupling to the electron via a
dark photon portal.
The matrix elements for non-relativistic 3y — 2x annihilations are given by

X . 13 R3 . 1R?
MOxxx™ = x'x") = —i——, MOoxx = xx*) =+iz—. (4.4)

24m,’ 2my,
Here we set A\, = 0 for simplicity. This point is unexceptional (there is no enhanced
symmetry associated with vanishing of A,) and is sufficient to illustrate the important
physical features of the model. This yields the thermally averaged cross section

V5 265 RS 4 RS

2 e — —_
(%) = 307 768 ms o my

(4.5)
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In the SIMP scenario, the coupling R can be inferred from the relic density as follows:

1/2
N My 1/2 Qxh2
Bsmp = 2.6 (10 MeV) < 0.1 ' (46)

The required coupling is quite large, consistent with the idea that SIMP/ELDER dark
matter particle can be a bound state of dark-sector confining gauge group: in this scenario,
the potential (4.1) can be thought of as a toy model representing the interactions among the
two lightest mesons. The range of validity of the perturbative y® model can be estimated as
R < 47. In the SIMP scenario, this gives an upper bound on the dark matter particle mass:

my < 230 MeV. (4.7)

As discussed in section 2, the “pure ELDER” scenario requires larger 3 — 2 cross section
than SIMP for the same m,, and therefore the upper bound on m, is somewhat lower
for ELDERSs.

The dark matter elastic self-scattering cross section is constrained by observations of
galactic clusters, such as the Bullet cluster [55-57], and halo shapes [58-60]:

022
my

< 0.47 cm?/g, (4.8)

where 72,0 = (o(xx — xX) + oc(xx* = xx*))/2. The x® model in the SIMP scenario

predicts
2

OSIMP My -1 cm
~ | —== -1 30 — 4.9
My <10 MeV) < g > ’ (4.9)

while in the ELDER scenario the cross-section is even larger (bounded from below by

eq. (4.9)). Thus, the simplest single-field x®> model cannot provide sufficiently strong
self-interactions required in these scenarios, while being consistent with observational
constraints. We will now show that adding another dark-sector scalar field can resolve
this problem.

4.2 Choi-Lee model

This model was originally introduced by Choi and Lee (CL) [9] in the context of the SIMP
scenario. The dark sector contains a U(1)p gauge symmetry, with gauge coupling gp,
and three complex scalar fields charged under this symmetry: ¢, S, and y, with charges
gy = +5, gs = +3, and ¢, = +1. The most general renormalizable scalar potential
consistent with these charge assignments is

Va = m3|®* + Ag|®|" + mZ|S|* + As[SI* + mZ |x|* + Aylx|*
63| P[21S1? 4+ Ay | 17X % + Asy | S x|* +

1 1 1
+$A1<I>TS2XT + EA@*S;& + 6A3$Tx3 + h.c. (4.10)

2 < 0, while the other two scalar fields have positive mass-squared.

We assume that m !
The vev (®) = w/+/2 breaks the gauge symmetry, giving the U(1)p gauge boson a mass
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Figure 5. The cross section (o3 ,20v%) (left) and the dimensionless ratio of number-changing and
elastic self-scattering rates (right), as a function of mg/m,.

my = \/ggpw. The ® vev preserves a discrete Z subgroup of the U(1)p, under which
S and x are both charged. The lighter of these particles, which we will assume to be the
X, is therefore stable, and can play the role of dark matter. The scalar interactions after
spontaneous symmetry breaking are described by

m m 1
Vi = —2XR15%" + —XRoSx? + =X\35Ty® + hec.
d ﬂ 107X ﬂ 20X 6 30X
SIS+ Axt + Asy[SPIxP (4.11)

where we have omitted interactions with the Higgs component of ® which play no role in
the phenomenology considered here, and defined dimensionless couplings

UDA;

V2m,

As in the x® model, the dark gauge boson V kinetically mixes with the SM photon, pro-

R;

i=1,2. (4.12)

viding a dark photon coupling between the dark sector and the SM.

The 2y > 3x scattering process is induced by the couplings in the first line of eq. (4.11).
For simplicity, we set A3 = 0; this point is unexceptional (there is no enhanced symmetry
associated with vanishing of A3) and is sufficient to illustrate the features of interest to us.
The key observation is that for mg ~ 3m,, the 2x <+ 3x scattering is resonantly enhanced,
while the 2y <+ 2x process is not. This effect is illustrated by the left panel of figure 5,
where we plot the thermally-averaged (o3 ,0v?) at temperature close to ELDER kinetic
decoupling. A dimensionless ratio of the number-changing and number-preserving cross
sections, mi(agﬁgv%/ 03/32, can reach O(10%). For comparison, in the x* model studied in
the previous section, this ratio is close to 1. Note that the values of couplings R; required
in the SIMP/ELDER scenarios are fairly large, so that the S resonance is rather broad
and no significant fine-tuning of mg/m, is required to achieve significant enhancement of
the 3 — 2 rate. This enhancement makes it possible to successfully implement SIMP and
ELDER dark matter in the CL model without conflict with observational constraints from
galaxy clusters and halo shapes.
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Because of the resonance at /s & 3m,,, the quantity (03,20?) has a non-trivial temper-
ature dependence in the non-relativistic regime, making the parametrization of eq. (2.10)
inapplicable. To compute the relic density, we integrate the Boltzmann equations nu-
merically. The relic density is controlled by the seven model parameters that enter the
Boltzmann equations: particle masses m,, mg, and my; and dimensionless coupling con-
stants R, Ro, gp, and €,. To perform numerical analysis in this large parameter space,
we made the following choices:

e The ratio of S and x masses was fixed close to the 3 — 2 resonance, mg/m, = 3.1.

e As discussed in section 3, the relic density depends on the three parameters of the
dark photon portal only through a single dimensionless combination y, defined in
eq. (3.4). Therefore it is sufficient to fix two of these parameters, and vary the third
one. We fix my /m, = 10 and gp = 1, and vary e,.

e The 3 — 2 matrix element is proportional to a product RjR3, so that the DM relic
density primarily depends on these couplings through the “effective” 3 — 2 coupling,

1/3

Reg = (R1R3) (4.13)

The relic density also depends on the width I'g, which is proportional to R%. In
practice, in the numerical analysis we fix Ry (specifically, Ry = 2 for m, = 10 MeV
and Ry = 4 for m, = 35,100 MeV) and vary R;. However, we checked that in the
parameter range of interest, the relic density is insensitive to variations of Ry within
broad ranges around these values, allowing us to present the results solely in terms

of the effective coupling Reg.

The three remaining parameters (m,, Res, €y), are scanned over. The results are illus-
trated in the left panel of figure 6, which shows regions of parameter space consistent with
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the current best-fit ACDM dark matter density, 2, h% = 0.1188+0.0010 [61], in the €, — Reg
plane for three values of DM mass, 10, 35 and 100 MeV. The (roughly) horizontal bands
of viable parameter space correspond to the SIMP scenario, while the (roughly) vertical
bands realize the ELDER scenario. The values of e, for the ELDER regime are in excellent
agreement with the results of the analytic approach, eq. (3.5). In the intermediate regime,
the DM-SM elastic scattering and the DM number-changing self-scattering decouple at
roughly the same time, and both processes play a role in determining the relic density.

As expected, realizing ELDER (or SIMP) dark matter in the CL model requires O(1)
couplings among the scalars of the dark sector. The range of validity of perturbative CL
model can be estimated as Ry < 4w, Ry < 47w. Combined with the relic density calculation,
these constraints place an upper bound on the ELDER dark matter mass, m, < 200 MeV.
Furthermore, the y self-scattering cross section is constrained by observations of galactic
clusters and halo shapes, eq. (4.8). The self-scattering cross section receives contributions
from a quartic coupling A, as well as the S-exchange diagram controlled by Ry, and partial
cancellation of the two diagrams is possible. Combined with the perturbativity bound on
Ry, cluster observations place an upper bound on Reg, shown in figure 6. For m, > 5MeV,
the values of Reg required in the ELDER scenario are compatible with observations.

5 Conclusions

In this paper, we studied the Elastically Decoupling Relic (ELDER) scenario for thermal
dark matter. We presented an approximate analytic solution for the evolution of ELDER
temperature throughout the kinetic decoupling epoch. This solution was used to provide
explicit formulas relating various relevant quantities, such as, for example, the relic density
of ELDERs and the cross section of their elastic scattering off SM particles. We also
applied partial-wave unitarity constraint to obtain a bound on the allowed mass range for
the ELDER dark matter candidate, 5 MeV < m, < 1GeV. These results are valid in a
broadly model-independent framework.

Further, we showed that a dark photon portal can naturally provide the coupling
between the dark matter particles and SM of the strength required in the ELDER sce-
nario. Within the dark photon model, the ELDER scenario provides unambiguous pre-
dictions for dark matter direct detection experiments and dark photon searches, shown in
figures 3 and 4. These predictions have no free parameters other than the dark matter
mass. They are also independent of the details of dark sector, as long as it provides suffi-
ciently strong number-changing self-interactions to realize the ELDER scenario. Together
with the well-known “thermal target” and predictions of the Strongly-Interacting Massive
Particle (SIMP) scenario, the ELDER predictions delineate a well-defined target region in
the parameter spaces relevant for direct-detection and dark photon searches, which will be
explored by the next generation of experiments.

Both the ELDER and SIMP scenarios require O(1) strength (in natural units) of
self-interactions among dark matter particles. Here, we studied two simple scalar-field
models that incorporate such interactions while remaining within perturbative regime, for
my S 200 MeV. The models also naturally contain coupling to the SM via the dark photon
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portal. The simplest model, with just two scalar fields, exhibits tension with bounds on
dark matter self-scattering cross section from observations of galaxy clusters. However,
a slightly more complex model, with three scalar fields and a resonance structure, easily
evades such bounds. These results indicate that there is no fundamental obstruction to
finding dark sectors compatible with ELDER and/or SIMP scenarios.

An important motivation for SIMP and ELDER scenarios is the proximity of the
predicted dark matter particle mass to Aqcop, a well-established important scale in the SM.
In the toy models studied in this paper, m, ~ Aqcp is put in by hand. The natural next
step in the model-building direction would be to construct models in which this relation,
as well as the strong self interactions, emerge naturally from UV physics.
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A Boltzmann equations

The Boltzmann equation for the DM phase space distribution, f,(p;t), in an expanding

0f 1?0

Universe is

e (A1)

where E =, /p? +m2, H(t) is the Hubble expansion rate, and C[f,] is the collision term.
For ELDER dark matter, the relevant collision terms are the 3 — 2 self-annihilations and
X-1 elastic scattering (¢ can be any light SM particle). The collision terms also includes
annihilations to SM, but their effect in the ELDER scenario is negligible, and are omitted.
Strong elastic self-scattering of ELDERs ensures that, throughout the kinetic decoupling
and freeze-out process, the phase space distribution follows a thermal distribution:

1

fX = e(E_“X)/T/ 1 ) (A2)

where p,(t) is the chemical potential, and T"(t) is the temperature of the dark sector.
Eq. (A.1) can be most easily solved by taking the first two moments, the DM number
density n and energy density p:

d’p d’p
Ny = gx/(Qﬂ)gfx’ Px = gX/WEfM (A.3)
where g, is the number of degrees of freedom in x. These obey

ony

e +3Hn, = —(03520°) (ni - ”i”;q) ’ (A-4)
0
% +3H (pX —+ PX) = —<aelv(5E>nxn¢, <A5)

—90 —



where ny! is the density of x in chemical equilibrium (i.e. at zero chemical potential). The
thermally averaged 3 — 2 annihilation and energy transfer rates are

n3 (o3 400%) = 3‘12' / dIL, dIT,, dIT, . dIT, , dT1,. (27)*6* (Dy, + Pys + Pxs — Pxs — Pxs)
X [y fX2fX3’MX1X2X3—>X4X5|2 5 (A.6)
Ny Ny (0qVdE) = / dT1, dTLy, dT1,, dTLy, (27)46* (pyy + Py — Pxa — Pun)
X (Exs = By fra forMoavroxaua (A7)
where .
dll; = W (A.8)

is the Lorentz invariant phase-space integration volume. The squared matrix elements,

IM|?, are averaged over initial and final degrees of freedom, including spin, color,
and charge.®

During the kinetic decoupling and freeze-out process, the y particles, to a good ap-
proximation, follow a Maxwell-Boltzmann distribution. Then,

n n n
fX — (ngfl> f;q _— Py = <ne>él> p;q’ P, = <n§l> P;éq. (A.ll)
X X X

Here ‘eq’ denotes the values of the variables in chemical equilibrium, u, = 0:

2t
Gy T
nd = =5 Ka(m, /T"),
2t
gymyT
= 277;; (my K1 (m/T") + 3T Kz (my /T"))
eq ng2T12
Pet = 2T 6y ), (412

and n, /5 = e=*x/T". The Boltzmann equations (A.4), (A.5) then reduce to a system of
coupled partial differential equations for 7" and i, (or equivalently 77 and n,).

SFor the case of complex x considered in this paper, we treat x and x* as two states of the same
particle, and averaging over these two states for each initial and final dark matter particle. For instance,
for self-scattering

Tr 4 19 1 * ok * % * *
[ Mo xa—xaxal® = 27(\M(X1X2 — xaxa)|* + IM(xiXs = x5x5)IF + IMOaxs — xsxa)l?
+ IMOaxs = xxa)? + IM(xixz = xaxd? + IMOaxs = xéxa)l),  (A9)
and for y e — y"e* in the dark photon portal,

2

22 2 2
. _ e“gpesm
e )‘2) = 79D Z X Es (1+COSQ)7
my
(A.10)
where E. and cos@ are the electron energy and scattering angle, respectively, in the center-of-mass frame

IM(xe )P +IMxe") P+ IM(x"e7)*+IM(x

‘Mmdn%xzwz 22 42 (

of the collision. Setting cos @ = 1 (corresponding to ¢ = 0) in this equation yields eq. (3.3).

- 21 —



In the epoch of interest, the entropy of the universe is dominated by relativistic SM
degrees of freedom: sg = % gxsT2, where T is the SM plasma temperature, and g,g = 10.75
at the relevant temperatures (0.5 MeV < T < 100 MeV). The contribution of ELDERS to
the entropy is suppressed both because they are non-relativistic, and because the number
of degrees of freedom is small compared to SM. Neglecting this contribution, the time
variable in the Boltzmann equations can be conveniently traded for the SM temperature:

o T 0g(T)\ ' .. 0
—=—11 —_ HT —. Al
ot ( +39”CT) T ) T (A.13)

B Kinetic decoupling and approximate analytic solution

Since the relic density of ELDER, dark matter is primarily determined at the time of its
kinetic decoupling from the SM, we would like to obtain analytic insight into this process.
Kinetic decoupling occurs before freeze-out of the 3 — 2 interactions, so that p, = 0
throughout the decoupling process. The ELDERSs can then be completely characterized by
their temperature 7", whose evolution is dictated by eq. (A.5). In this section, we describe
an approximate analytic solution to this equation, which in turn yields an analytic estimate
of the ELDER relic density.

In the limit that the non-relativistic y particles are scattering off thermalized relativis-
tic 1 particles, an approximate analytic form of the energy transfer rate integral, eq. (A.7),
can be found. In ref. [62], this was achieved by expanding the integrand in small momen-
tum transfer. Here we present the necessary equations, but refer the reader to detailed
calculation in the appendix of [62]. First the thermally averaged energy transfer rate is
written in terms of the collision operator in the non-relativistic limit:

Ny Ny (O V6 E) / dIly, dIly, dI1,, dILy, (2)*6% (py, + Py — Pxa — Pus)

p2 p2 5
x| A - 22 fX1f¢1|MX1¢1—>X2’t/J2‘

2my  2m,,

= _/dHX1 dH¢1dHX2dH¢2 (27T)454 (pX1 + Dyy — Pxa — p¢2)
2

P I
X 9 u (fx1f¢1 - fx2f¢2)|Mx1¢1—>xz¢2|2
My
P2
— - [am el (B.1)
X
Using eq. (B.22) in [62]
2 n+4
o gng 2 w T 2 N =

C[le] _ 12(27r)3mxann+3 (’n’bx [mXTval +pX1 : vpxl + 3] le (pXI)’ (BQ)

where ¢, is the leading coefficient of the matrix element expanded in Ey/m, at zero
momentum transfer

- E n
M2, z%<¢>+“w (B.3)

s=m2+2my Ey, My
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and

N¢:j+1 dELE £, (E) — (1—277) (j+1)!¢(j+1) ¢ € fermion,
! T]H/ Y wfw( g G+ +1) 1) € boson.

If expanding the matrix element around ¢ = 0 is not a good expansion, for instance, if the

(B.4)

amplitude vanishes as t — 0, then one should replace (B.3) with the t-averaged matrix
element [63]. Taking f, to be the Maxwell-Boltzmann distribution at temperature 7" and
integrating over the collision operator yields

CngingXNi?—l—n l At (T/ . T)
3273 My '

Note that when the two sectors have the same temperature, the energy transfer vanishes,

Ny Ny (O VOE) >~ ny, (B.5)

which is expected for particles in thermal equilibrium. The energy transfer rate can be
related to the more commonly used quantity (o v), as follows:

NZ;Z)—&-n T /
(0qudE) ~2(n+ 3) o — (T = T) (oev). (B.6)
N2+n mx

When the 3 — 2 process is active and the dark matter particles are non-relativistic,
they follow equilibrium Maxwell-Boltzmann distributions, and the energy density Boltz-
mann equation (A.5) gives a differential equation for the temperature

oT’ T'?2 T\"" 12T -T
o _, +() -1 (B.7)
oT my T My my o my
where .
2
c m IV.
o = TIN5 4n. (B.8)
32m3 Hr—

On the right-hand side, there are two competing terms. The first term contributes to the
cannibalization of the dark matter, which tends to increase the dark temperature relative
to the SM. The second term, which comes from the elastic scattering term, pushes 77 — T
The scattering term falls faster with temperature, and at some point will no longer be able
to compete. At that time, the dark matter will thermally decouple from the SM bath,
and cannibalization will take over the evolution of the dark sector. This decoupling occurs

roughly when the second term is of order one:”

Ty~ mxafl/(4+”). (B.9)

After decoupling, the second term can be ignored, and dark temperature grows only loga-

rithmically relative to the SM temperature,
T

until the dark matter freezes out.

"The kinetic decoupling temperature can also be estimated by observing that in equilibrium, the rate
of energy transfer to the SM must keep up with the rate of kinetic energy release by 3 — 2 annihilations:
ne{oavdE) ~ —miHT™'. According to eq. (B.6), (0eivdE) ~ (0qv)T?/m,. This approach, which was
used in ref. [7], gives a result consistent with eq. (2.6).
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We can attempt to find the analytic asymptotic behavior of the Boltzmann equations.
Recasting eq. (B.7) in terms of x and 2’ yields

or' 3  ar "z —2)
= =T .
or «x x

(B.11)

There appears to be no closed form solution to the above differential equation, but the
following differential equation does have a closed form solution:
or' 3  ar "z —2)

_3 . , (B.12)

oxr x T

In the limit < 24, = 2’ so the two differential equations are approximately the same.
Likewise, when x > x4, the 2nd term is negligible in both equations, so the change is not

relevant. The closed form solution to eq. (B.12) is
a

1
;o a \"_ (n+3 _ 3Ei(-?)
xr=e <<n+4> F(n+47t> Tyl (B.13)

3;;4_4, I' is the incomplete gamma function and Ei(—t) = — ftoo %dz. The
asymptotic limits of this solution at small and large = are

n

where ¢t =

2(r—0) ==z, (B.14)
1 1
n+4 n+3 B a ntd
"o — — 31 a T — 31 n+4 B.15
7 (z = o0) 0g($)+<n+4 n+ 4 8 1€ n+ 4 (B.15)
The second limit is very similar to the cannibalization result

or' 3 , ,

9% -2 ° [zq] = x4 = x' = 3log(z) + x4 — 3log(xq), (B.16)
since I‘(Z—jﬁ) ~ enti ~ 1. Therefore we make the identification for the decoupling temper-
ature .

a \n+d n+3
~ r . B.17
d <n + 4) <n + 4> (B-17)

This agrees with the rough estimate of eq. (B.9), and provides the precise value of the
numerical coefficient. Assuming instantaneous freeze-out of the 3 — 2 annihilations at
the dark sector temperature x’f (corresponding to SM plasma temperature xf), the dark
matter yield is given by

’ 9x_ % ,—0.87a1/4
n(zy) gxmieg”f/(27rnr:’f)3/2 N 0.19*:fa8e a

Y((Ef) - 272 - .
s 3 3/2
s(zy) 45 sty /Ty <1 o —?’% log a?f> /

(B.18)

Here, the exponential dependence of relic density on the elastic scattering rate is manifest.
We also note a logarithmic dependence on the temperature at freeze-out, which shows only
a very minor dependence on the 3 — 2 rate, provided it is still active at decoupling.
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C Thermally-averaged 3 — 2 rate

Here we present the necessary formulas to calculate the thermally averaged 3 — 2 rate
in thermal equilibrium, in the non-relativistic regime (T' < m,). Assuming Maxwell-
Boltzmann distribution, which is justified when the dark matter is highly non-relativistic,
the integral can be written in terms of 2-body and 3-body phase space integrals:

1 1

<U3—>202> = ﬁm /dHX1dedeX3dHX4dHX5(27T)454 (Pxa +Pxa + Pxs — Pxa — Pxs)
12! (ny

X fX1fX2fX3‘M‘2

_ 1 g>5</ dgpx1 dspxz dstS
(n;q)g 3121 | (2m)32E,, (2m)32E,, (2m)32E,,

(27T)464 (p)a + DPxo2 + Pxs — pO)

d3p X4 d3p X5 4 d4p 0
X 2m)46% (po — pys — eBo/TI M2, C.1
Since we are interested in the case when the dark matter is non-relativistic, the system is
approximately at rest. Therefore, to leading order, the integrals can be performed in the
center of mass frame. The forms of the 3-body and 2-body space integrals are well known
in this case:

1 1 1
— [ dIdITadIl3(2m)*6% (po — p1 — pa — :/d2d2, C.2
gi / 1d12dIl3(2m)"6% (po — p1 — p2 — p3) (27)3 165 M12aMa3 (C.2)
where s = p%. The bounds of integration are
(s — m2)2 m2 2
m%?),max = 4m%2X - 412 ()\1/2 (m127 My, mX) - )\1/2(7%12, My, \/g)) 5
(s — m2)2 m2 2
mg&min = 4 QX - = ()\1/2 (m127 My, mx) + )\1/2(7%12, My, \/g)) )
mis 4
m%?,max = (\/g - mx)2 )
m%Q,min = 4777/?(, (C.3)

where A(z,y,2) = (1 — (2 +y)?/2?) (1 — (2 — y)*/2?). The 2-body phase-space integral is
1 1
7 /dH4dH5(27T)454(p0 —pa—Dps) = g)\lﬂ(\/g’ My, My ). (C4)
X
Finally, the remaining pg integral can be written as
d4p 1 /oo /oo
CP | ds | dBEn/E? —s. (C.5)
Cr) 2 Jowe T s 0
Putting everything together, we obtain

5 0 2 oo -
2 gy 1 1 / ds 4my / Eo/T |12 / 2 59
= — Ry — EgeFo/T | B2 —
(035207) (n;q)s 768 (27)7 om3 S s s dEpe 06— [ dmizdmis| M

2.
(C.6)
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If the matrix element has significant dependence on kinematics even in the non-relativistic
regime, the remaining integrals have to be evaluated numerically. This is the case in the
Choi-Lee model of section 4.2, where a resonance at /s ~ 3m, can lead to rapid change
of the matrix element with s near threshold. Our analysis of that model is therefore based
on numerical evaluation of eq. (C.6). In most cases, however, the matrix element in the
non-relativistic regime can be approximated as a constant, independent of kinematics. In
this case, all integrals in eq. (C.6) can be evaluated analytically. This yields

5 2
<J3HQU2> — &

2
N 23047Tm§< M (C.7)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] E.D. Carlson, M.E. Machacek and L.J. Hall, Self-interacting dark matter, Astrophys. J. 398
(1992) 43 [INSPIRE].

[2] Y. Hochberg, E. Kuflik, H. Murayama, T. Volansky and J.G. Wacker, Model for Thermal
Relic Dark Matter of Strongly Interacting Massive Particles, Phys. Rev. Lett. 115 (2015)
021301 [arXiv:1411.3727] [NSPIRE].

[3] N. Bernal, C. Garcia-Cely and R. Rosenfeld, WIMP and SIMP Dark Matter from the
Spontaneous Breaking of a Global Group, JCAP 04 (2015) 012 [arXiv:1501.01973]
[INSPIRE].

[4] H.M. Lee and M.-S. Seo, Communication with SIMP dark mesons via Z’-portal, Phys. Lett.
B 748 (2015) 316 [arXiv:1504.00745] [iNSPIRE].

[6] N. Bernal, X. Chu, C. Garcia-Cely, T. Hambye and B. Zaldivar, Production Regimes for
Self-Interacting Dark Matter, JCAP 03 (2016) 018 [arXiv:1510.08063] [INSPIRE].

[6] N. Bernal and X. Chu, Zy SIMP Dark Matter, JCAP 01 (2016) 006 [arXiv:1510.08527]
[INSPIRE].

[7] E. Kuflik, M. Perelstein, N. R.-L. Lorier and Y.-D. Tsai, Elastically Decoupling Dark Matter,
Phys. Rev. Lett. 116 (2016) 221302 [arXiv:1512.04545] [INSPIRE].

[8] Y. Hochberg, E. Kuflik and H. Murayama, SIMP Spectroscopy, JHEP 05 (2016) 090
[arXiv:1512.07917] [NSPIRE].

[9] S.-M. Choi and H.M. Lee, Resonant SIMP dark matter, Phys. Lett. B 758 (2016) 47
[arXiv:1601.03566] [INSPIRE].

[10] D. Pappadopulo, J.T. Ruderman and G. Trevisan, Dark matter freeze-out in a nonrelativistic
sector, Phys. Rev. D 94 (2016) 035005 [arXiv:1602.04219] [INSPIRE].

[11] M. Farina, D. Pappadopulo, J.T. Ruderman and G. Trevisan, Phases of Cannibal Dark
Matter, JHEP 12 (2016) 039 [arXiv:1607.03108] [INSPIRE].

[12] L. Forestell, D.E. Morrissey and K. Sigurdson, Non-Abelian Dark Forces and the Relic
Densities of Dark Glueballs, Phys. Rev. D 95 (2017) 015032 [arXiv:1605.08048] [INSPIRE].

[13] A. Soni and Y. Zhang, Hidden SU(N) Glueball Dark Matter, Phys. Rev. D 93 (2016) 115025
[arXiv:1602.00714] [NSPIRE].

— 96 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1086/171833
https://doi.org/10.1086/171833
https://inspirehep.net/search?p=find+J+%22Astrophys.J.,398,43%22
https://doi.org/10.1103/PhysRevLett.115.021301
https://doi.org/10.1103/PhysRevLett.115.021301
https://arxiv.org/abs/1411.3727
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.3727
https://doi.org/10.1088/1475-7516/2015/04/012
https://arxiv.org/abs/1501.01973
https://inspirehep.net/search?p=find+EPRINT+arXiv:1501.01973
https://doi.org/10.1016/j.physletb.2015.07.013
https://doi.org/10.1016/j.physletb.2015.07.013
https://arxiv.org/abs/1504.00745
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.00745
https://doi.org/10.1088/1475-7516/2016/03/018
https://arxiv.org/abs/1510.08063
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.08063
https://doi.org/10.1088/1475-7516/2016/01/006
https://arxiv.org/abs/1510.08527
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.08527
https://doi.org/10.1103/PhysRevLett.116.221302
https://arxiv.org/abs/1512.04545
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.04545
https://doi.org/10.1007/JHEP05(2016)090
https://arxiv.org/abs/1512.07917
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.07917
https://doi.org/10.1016/j.physletb.2016.04.055
https://arxiv.org/abs/1601.03566
https://inspirehep.net/search?p=find+EPRINT+arXiv:1601.03566
https://doi.org/10.1103/PhysRevD.94.035005
https://arxiv.org/abs/1602.04219
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.04219
https://doi.org/10.1007/JHEP12(2016)039
https://arxiv.org/abs/1607.03108
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.03108
https://doi.org/10.1103/PhysRevD.95.015032
https://arxiv.org/abs/1605.08048
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.08048
https://doi.org/10.1103/PhysRevD.93.115025
https://arxiv.org/abs/1602.00714
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.00714

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]
[22]

23]

S.-M. Choi, Y.-J. Kang and H.M. Lee, On thermal production of self-interacting dark matter,
JHEP 12 (2016) 099 [arXiv:1610.04748] [INSPIRE].

J. Cline, H. Liu, T. Slatyer and W. Xue, Enabling Forbidden Dark Maitter,
arXiv:1702.07716 [INSPIRE].

S.-M. Choi, H.M. Lee and M.-S. Seo, Cosmic abundances of SIMP dark matter, JHEP 04
(2017) 154 [arXiv:1702.07860] [INSPIRE].

N. Bernal, X. Chu and J. Pradler, Simply split strongly interacting massive particles, Phys.
Rev. D 95 (2017) 115023 [arXiv:1702.04906] InSPIRE].

U.K. Dey, T.N. Maity and T.S. Ray, Light Dark Matter through Assisted Annihilation, JCAP
03 (2017) 045 [arXiv:1612.09074] [INSPIRE].

Y. Hochberg, E. Kuflik, T. Volansky and J.G. Wacker, Mechanism for Thermal Relic Dark
Matter of Strongly Interacting Massive Particles, Phys. Rev. Lett. 113 (2014) 171301
[arXiv:1402.5143] [INSPIRE].

R. Foot, H. Lew and R.R. Volkas, A model with fundamental improper space-time
symmetries, Phys. Lett. B 272 (1991) 67 [InSPIRE].

R. Foot, H. Lew and R.R. Volkas, Possible consequences of parity conservation, Mod. Phys.
Lett. A 7 (1992) 2567 [INSPIRE].

Z.G. Berezhiani, A.D. Dolgov and R.N. Mohapatra, Asymmetric inflationary reheating and
the nature of mirror universe, Phys. Lett. B 375 (1996) 26 [hep-ph/9511221] INSPIRE].

Z. Chacko, H.-S. Goh and R. Harnik, The twin Higgs: Natural electroweak breaking from
mirror symmetry, Phys. Rev. Lett. 96 (2006) 231802 [hep-ph/0506256] [INSPIRE].

G. Burdman, Z. Chacko, H.-S. Goh and R. Harnik, Folded supersymmetry and the LEP
paradox, JHEP 02 (2007) 009 [hep-ph/0609152] [INSPIRE].

K. Griest and M. Kamionkowski, Unitarity Limits on the Mass and Radius of Dark Matter
Particles, Phys. Rev. Lett. 64 (1990) 615 [INSPIRE].

C. Boehm, M.J. Dolan and C. McCabe, A Lower Bound on the Mass of Cold Thermal Dark
Matter from Planck, JCAP 08 (2013) 041 [arXiv:1303.6270] [INSPIRE].

J.L. Feng and J. Kumar, The WIMPless Miracle: Dark-Matter Particles without Weak-Scale
Masses or Weak Interactions, Phys. Rev. Lett. 101 (2008) 231301 [arXiv:0803.4196]
[INSPIRE].

J. Alexander et al., Dark Sectors 2016 Workshop: Community Report, arXiv:1608.08632
[INSPIRE].

E. Izaguirre, G. Krnjaic, P. Schuster and N. Toro, Analyzing the Discovery Potential for
Light Dark Matter, Phys. Rev. Lett. 115 (2015) 251301 [arXiv:1505.00011] INSPIRE].

D.P. Finkbeiner, S. Galli, T. Lin and T.R. Slatyer, Searching for Dark Matter in the CMB:
A Compact Parameterization of Energy Injection from New Physics, Phys. Rev. D 85 (2012)
043522 [arXiv:1109.6322] [INSPIRE].

M.S. Madhavacheril, N. Sehgal and T.R. Slatyer, Current Dark Matter Annihilation
Constraints from CMB and Low-Redshift Data, Phys. Rev. D 89 (2014) 103508
[arXiv:1310.3815] [INSPIRE].

T.R. Slatyer, Indirect dark matter signatures in the cosmic dark ages. I. Generalizing the
bound on s-wave dark matter annihilation from Planck results, Phys. Rev. D 93 (2016)
023527 [arXiv:1506.03811] INSPIRE].

— 97 -


https://doi.org/10.1007/JHEP12(2016)099
https://arxiv.org/abs/1610.04748
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.04748
https://arxiv.org/abs/1702.07716
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.07716
https://doi.org/10.1007/JHEP04(2017)154
https://doi.org/10.1007/JHEP04(2017)154
https://arxiv.org/abs/1702.07860
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.07860
https://doi.org/10.1103/PhysRevD.95.115023
https://doi.org/10.1103/PhysRevD.95.115023
https://arxiv.org/abs/1702.04906
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.04906
https://doi.org/10.1088/1475-7516/2017/03/045
https://doi.org/10.1088/1475-7516/2017/03/045
https://arxiv.org/abs/1612.09074
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.09074
https://doi.org/10.1103/PhysRevLett.113.171301
https://arxiv.org/abs/1402.5143
https://inspirehep.net/search?p=find+EPRINT+arXiv:1402.5143
https://doi.org/10.1016/0370-2693(91)91013-L
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B272,67%22
https://doi.org/10.1142/S0217732392004031
https://doi.org/10.1142/S0217732392004031
https://inspirehep.net/search?p=find+J+%22Mod.Phys.Lett.,A7,2567%22
https://doi.org/10.1016/0370-2693(96)00219-5
https://arxiv.org/abs/hep-ph/9511221
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9511221
https://doi.org/10.1103/PhysRevLett.96.231802
https://arxiv.org/abs/hep-ph/0506256
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0506256
https://doi.org/10.1088/1126-6708/2007/02/009
https://arxiv.org/abs/hep-ph/0609152
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0609152
https://doi.org/10.1103/PhysRevLett.64.615
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,64,615%22
https://doi.org/10.1088/1475-7516/2013/08/041
https://arxiv.org/abs/1303.6270
https://inspirehep.net/search?p=find+EPRINT+arXiv:1303.6270
https://doi.org/10.1103/PhysRevLett.101.231301
https://arxiv.org/abs/0803.4196
https://inspirehep.net/search?p=find+EPRINT+arXiv:0803.4196
https://arxiv.org/abs/1608.08632
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.08632
https://doi.org/10.1103/PhysRevLett.115.251301
https://arxiv.org/abs/1505.00011
https://inspirehep.net/search?p=find+EPRINT+arXiv:1505.00011
https://doi.org/10.1103/PhysRevD.85.043522
https://doi.org/10.1103/PhysRevD.85.043522
https://arxiv.org/abs/1109.6322
https://inspirehep.net/search?p=find+EPRINT+arXiv:1109.6322
https://doi.org/10.1103/PhysRevD.89.103508
https://arxiv.org/abs/1310.3815
https://inspirehep.net/search?p=find+EPRINT+arXiv:1310.3815
https://doi.org/10.1103/PhysRevD.93.023527
https://doi.org/10.1103/PhysRevD.93.023527
https://arxiv.org/abs/1506.03811
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.03811

[33]

[34]

[35]

[40]

[41]

[42]

[43]

[44]

[45]

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

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

R. Essig, A. Manalaysay, J. Mardon, P. Sorensen and T. Volansky, First Direct Detection
Limits on sub-GeV Dark Matter from XENON10, Phys. Rev. Lett. 109 (2012) 021301
[arXiv:1206.2644] [INSPIRE].

R. Essig, T. Volansky and T.-T. Yu, New Constraints and Prospects for sub-GeV Dark
Matter Scattering off Electrons in Xenon, arXiv:1703.00910 [INSPIRE].

R. Essig, J. Mardon and T. Volansky, Direct Detection of Sub-GeV Dark Matter, Phys. Rev.
D 85 (2012) 076007 [arXiv:1108.5383] [iNSPIRE].

P.W. Graham, D.E. Kaplan, S. Rajendran and M.T. Walters, Semiconductor Probes of Light
Dark Matter, Phys. Dark Ungv. 1 (2012) 32 [arXiv:1203.2531] [INSPIRE].

R. Essig, M. Fernandez-Serra, J. Mardon, A. Soto, T. Volansky and T.-T. Yu, Direct
Detection of sub-GeV Dark Matter with Semiconductor Targets, JHEP 05 (2016) 046
[arXiv:1509.01598] [iNSPIRE].

J. Tiffenberg et al., Single-electron and single-photon sensitivity with a silicon Skipper CCD,
arXiv:1706.00028 [INSPIRE].

Y. Hochberg, M. Pyle, Y. Zhao and K.M. Zurek, Detecting Superlight Dark Matter with
Fermi-Degenerate Materials, JHEP 08 (2016) 057 [arXiv:1512.04533] [INSPIRE].

Y. Hochberg, Y. Zhao and K.M. Zurek, Superconducting Detectors for Superlight Dark
Matter, Phys. Rev. Lett. 116 (2016) 011301 [arXiv:1504.07237] [INSPIRE].

K. Schutz and K.M. Zurek, Detectability of Light Dark Matter with Superfluid Helium, Phys.
Rev. Lett. 117 (2016) 121302 [arXiv:1604.08206] [INSPIRE].

S. Knapen, T. Lin and K.M. Zurek, Light Dark Matter in Superfluid Helium: Detection with
Multi-excitation Production, Phys. Rev. D 95 (2017) 056019 [arXiv:1611.06228] [INSPIRE].

S. Derenzo, R. Essig, A. Massari, A. Soto and T.-T. Yu, Direct Detection of sub-GeV Dark
Matter with Scintillating Targets, Phys. Rev. D 96 (2017) 016026 [arXiv:1607.01009]
[INSPIRE].

[46] Y. Hochberg, Y. Kahn, M. Lisanti, C.G. Tully and K.M. Zurek, Directional detection of dark

[47]

[48]

[49]

[50]

matter with two-dimensional targets, Phys. Lett. B 772 (2017) 239 [arXiv:1606.08849]
[INSPIRE].

BABAR collaboration, J.P. Lees et al., Search for invisible decays of a dark photon produced
in ete” collisions at BaBar, arXiv:1702.03327 [INSPIRE].

NAG64 collaboration, D. Banerjee et al., Search for invisible decays of sub-GeV dark photons
in missing-energy events at the CERN SPS, Phys. Rev. Lett. 118 (2017) 011802
[arXiv:1610.02988] [iNSPIRE].

E. Izaguirre, G. Krnjaic, P. Schuster and N. Toro, Testing GeV-Scale Dark Matter with
Fized-Target Missing Momentum Ezperiments, Phys. Rev. D 91 (2015) 094026
[arXiv:1411.1404] [INSPIRE].

MINIBOONE collaboration, A.A. Aguilar-Arevalo et al., Dark Matter Search in a Proton
Beam Dump with MiniBooNE, Phys. Rev. Lett. 118 (2017) 221803 [arXiv:1702.02688]
[INSPIRE].

~ 98 —


https://doi.org/10.1007/JHEP01(2017)107
https://arxiv.org/abs/1611.03864
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.03864
https://doi.org/10.1007/JHEP02(2017)033
https://arxiv.org/abs/1611.05852
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.05852
https://doi.org/10.1103/PhysRevLett.109.021301
https://arxiv.org/abs/1206.2644
https://inspirehep.net/search?p=find+EPRINT+arXiv:1206.2644
https://arxiv.org/abs/1703.00910
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.00910
https://doi.org/10.1103/PhysRevD.85.076007
https://doi.org/10.1103/PhysRevD.85.076007
https://arxiv.org/abs/1108.5383
https://inspirehep.net/search?p=find+EPRINT+arXiv:1108.5383
https://doi.org/10.1016/j.dark.2012.09.001
https://arxiv.org/abs/1203.2531
https://inspirehep.net/search?p=find+EPRINT+arXiv:1203.2531
https://doi.org/10.1007/JHEP05(2016)046
https://arxiv.org/abs/1509.01598
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.01598
https://arxiv.org/abs/1706.00028
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.00028
https://doi.org/10.1007/JHEP08(2016)057
https://arxiv.org/abs/1512.04533
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.04533
https://doi.org/10.1103/PhysRevLett.116.011301
https://arxiv.org/abs/1504.07237
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.07237
https://doi.org/10.1103/PhysRevLett.117.121302
https://doi.org/10.1103/PhysRevLett.117.121302
https://arxiv.org/abs/1604.08206
https://inspirehep.net/search?p=find+EPRINT+arXiv:1604.08206
https://doi.org/10.1103/PhysRevD.95.056019
https://arxiv.org/abs/1611.06228
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.06228
https://doi.org/10.1103/PhysRevD.96.016026
https://arxiv.org/abs/1607.01009
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.01009
https://doi.org/10.1016/j.physletb.2017.06.051
https://arxiv.org/abs/1606.08849
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.08849
https://arxiv.org/abs/1702.03327
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.03327
https://doi.org/10.1103/PhysRevLett.118.011802
https://arxiv.org/abs/1610.02988
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.02988
https://doi.org/10.1103/PhysRevD.91.094026
https://arxiv.org/abs/1411.1404
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.1404
https://doi.org/10.1103/PhysRevLett.118.221803
https://arxiv.org/abs/1702.02688
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.02688

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

BDX collaboration, M. Battaglieri et al., Dark matter search in a Beam-Dump eXperiment
(BDX) at Jefferson Lab, arXiv:1406.3028 [INSPIRE].

S. Alekhin et al., A facility to Search for Hidden Particles at the CERN SPS: the SHiP
physics case, Rept. Prog. Phys. 79 (2016) 124201 [arXiv:1504.04855] [INSPIRE].

S.-M. Choi and H.M. Lee, SIMP dark matter with gauged Zs symmetry, JHEP 09 (2015) 063
[arXiv:1505.00960] [iNSPIRE].

B. Holdom, Two U(1)’s and Epsilon Charge Shifts, Phys. Lett. B 166 (1986) 196 [INSPIRE].

D. Clowe, A. Gonzalez and M. Markevitch, Weak lensing mass reconstruction of the
interacting cluster 1E0657-558: Direct evidence for the existence of dark matter, Astrophys.
J. 604 (2004) 596 [astro-ph/0312273] [INSPIRE].

M. Markevitch et al., Direct constraints on the dark matter self-interaction cross-section
from the merging galazy cluster 1E0657-56, Astrophys. J. 606 (2004) 819
[astro-ph/0309303] [iNSPIRE].

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) 1173 [arXiv:0704.0261] [INSPIRE].

M. Rocha et al., Cosmological Simulations with Self-Interacting Dark Matter I: Constant
Density Cores and Substructure, Mon. Not. Roy. Astron. Soc. 430 (2013) 81
[arXiv:1208.3025] [INSPIRE].

J. Zavala, M. Vogelsberger and M.G. Walker, Constraining Self-Interacting Dark Matter with
the Milky Way’s dwarf spheroidals, Mon. Not. Roy. Astron. Soc. 431 (2013) L20
[arXiv:1211.6426] [INSPIRE].

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 [arXiv:1208.3026] InSPIRE].

PLANCK collaboration, P.A.R. Ade et al., Planck 2015 results. XIII. Cosmological
parameters, Astron. Astrophys. 594 (2016) A13 [arXiv:1502.01589] [InSPIRE].

T. Bringmann and S. Hofmann, Thermal decoupling of WIMPs from first principles, JCAP
04 (2007) 016 [hep-ph/0612238] [INSPIRE].

T. Binder, L. Covi, A. Kamada, H. Murayama, T. Takahashi and N. Yoshida, Matter Power
Spectrum in Hidden Neutrino Interacting Dark Matter Models: A Closer Look at the
Collision Term, JCAP 11 (2016) 043 [arXiv:1602.07624] [INSPIRE].

~ 99 —


https://arxiv.org/abs/1406.3028
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.3028
https://doi.org/10.1088/0034-4885/79/12/124201
https://arxiv.org/abs/1504.04855
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.04855
https://doi.org/10.1007/JHEP09(2015)063
https://arxiv.org/abs/1505.00960
https://inspirehep.net/search?p=find+EPRINT+arXiv:1505.00960
https://doi.org/10.1016/0370-2693(86)91377-8
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B166,196%22
https://doi.org/10.1086/381970
https://doi.org/10.1086/381970
https://arxiv.org/abs/astro-ph/0312273
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0312273
https://doi.org/10.1086/383178
https://arxiv.org/abs/astro-ph/0309303
https://inspirehep.net/search?p=find+EPRINT+astro-ph/0309303
https://doi.org/10.1086/587859
https://arxiv.org/abs/0704.0261
https://inspirehep.net/search?p=find+EPRINT+arXiv:0704.0261
https://doi.org/10.1093/mnras/sts514
https://arxiv.org/abs/1208.3025
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3025
https://doi.org/10.1093/mnrasl/sls053
https://arxiv.org/abs/1211.6426
https://inspirehep.net/search?p=find+EPRINT+arXiv:1211.6426
https://doi.org/10.1093/mnras/sts535
https://doi.org/10.1093/mnras/sts535
https://arxiv.org/abs/1208.3026
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3026
https://doi.org/10.1051/0004-6361/201525830
https://arxiv.org/abs/1502.01589
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01589
https://doi.org/10.1088/1475-7516/2007/04/016
https://doi.org/10.1088/1475-7516/2007/04/016
https://arxiv.org/abs/hep-ph/0612238
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0612238
https://doi.org/10.1088/1475-7516/2016/11/043
https://arxiv.org/abs/1602.07624
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.07624

	Introduction
	ELDER dark matter
	The thermal history of ELDERs
	ELDER mass estimates
	ELDERs, SIMPs and WIMPs, oh my!

	Dark photon portal and phenomenology
	Dark photon portal
	Direct detection
	Dark photon searches

	Models of ELDERs
	chi**(3) model
	Choi-Lee model

	Conclusions
	Boltzmann equations
	Kinetic decoupling and approximate analytic solution
	Thermally-averaged 3–>2 rate

