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ABSTRACT: We study self-interacting dark matter (SIDM) scenarios, where the s-wave self-
scattering cross section almost saturates the Unitarity bound. Such self-scattering cross
sections are singly parameterized by the dark matter mass, and are featured by strong
velocity dependence in a wide range of velocities. They may be indicated by observations
of dark matter halos in a wide range of masses, from Milky Way’s dwarf spheroidal galaxies
to galaxy clusters. We pin down the model parameters that saturates the Unitarity bound
in well-motivated SIDM models: the gauged L, — L, model and composite asymmetric
dark matter model. We discuss implications and predictions of such model parameters for
cosmology like the Hy tension and dark-matter direct-detection experiments, and particle
phenomenology like the beam-dump experiments.
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1 Introduction

Collisionless cold dark matter (CDM) is a minimal hypothesis for missing mass of the
Universe. The CDM hypothesis works well in explaining the large-scale structure of the
Universe from cosmic microwave background (CMB) anisotropies to galaxy clusterings.
On the other hand, there have been tensions between naive CDM predictions and the
observed small-scale structure of the Universe. Such tensions are collectively dubbed as
the small-scale issues, and challenge our understanding of how Milky Way (MW)-size and
dwarf galaxies form (see ref. [1] for a review).

The small-scale issues may indicate the nature of DM, e.g., self-interacting dark matter
(SIDM) [2] (see ref. [3] for a review). It is intriguing that we can probe self-interaction
of DM, which is not accessible in terrestrial experiments, in cosmological observations.
Such gravitational probes of DM have been attracting growing interests [4], in light of null
detection of DM interactions with standard-model (SM) particles in collider searches and
DM direct-detection and indirect-detection experiments [5, 6]. Since traditional weakly
interacting massive particle (WIMP) DM behaves as CDM on galactic scales, the small-
scale issues may call for a new paradigm, i.e., beyond-WIMP DM.

DM self-interaction is not necessarily constant in collision energy. Ref. [7] illustrates
how we can probe velocity dependence of the self-scattering cross section by combining



observations of DM halos in a wide range of masses. The velocity dependence may be
already indicated. To form cores of galaxy clusters [8] and evade constraints from bullet
clusters [9] and merging clusters [10], where the collision velocity is v ~ 1000 km /s, the self-
scattering cross section per mass is preferred to be o/m ~ 0.1 cm?/g (see also ref. [11] for a
recent reanalysis of galaxy clusters and a new constraint from galaxy groups [12]). On the
other hand, to explain the diversity of galactic rotation curves [13], where v ~ 100km/s, it
is preferred to be o/m ~ 1cm? /g [14, 15]. This velocity dependence call for particle-physics
model buildings: DM with a light mediator [16-24], DM with a resonant mediator [25, 26],
and composite DM [27-34]. Hereafter, we focus on an elastic scattering, while an inelastic
scattering may also introduce the scale-dependence of core formation [35-39].

MW’s dwarf spheroidal satellite galaxies, where v ~ 30km/s, are the subject of active
debate. They show a large diversity in the central density profiles [40]. The preferred
self-scattering cross section also vary as o/m ~ 0.1-40 cm? /g [41]. The high central density
of Draco actually provides a tight constraint of o/m < 0.57 cm?/g [42] (see also the recent
analysis of ultra-faint dwarf galaxies [43]). However, it was recently pointed out that while
the above discussions focus on the so-called core expansion (formation) phase, the situation
changes in the core contraction phase (but long before the core collapse time). There,
SIDM halo may experience a gravothermal core collapse [44], leading to a cuspy profile.
The gravothermal core collapse may be further accelerated by the tidal stripping [45].
In addition, the core collapse may explain the anti-correlation between the central DM
densities and their orbital pericenter distances [46].

If the MW’s dwarf spheroidal satellite galaxies are in the core contraction phase, the
self-scattering cross section may need to be as large as o/m ~ 30-200cm?/g to have a
sufficient core collapse [47]. This implies a strong velocity dependence of o /m. Meanwhile,
such large o /m seem not compatible with the inferred values of o/m from dwarf galaxies
in the field [3], o/m ~ 0.1-10cm?/g, though they have similar collision velocities, v ~
20-60km/s. It might be because ref. [3] assumes the halos to be in the core expansion
phase. If we repeated their analyses in the core contraction phase, we might find a larger
value of o/m for the field dwarf galaxies as well. On the other hand, the inferred o/m
from the MW’s satellites changes with different initial conditions of halos and modeling
of tidal stripping. With higher initial concentrations of halos, the inferred cross sections
may be appreciably lower than in ref. [47], o/m ~ 3cm?/g [48], mitigating the tension
between the MW’s dwarf spheroidal satellite galaxies and the field dwarf galaxies. In this
paper, we take the inferred values from ref. [47] at face values and study the implications
of the strong velocity dependence of o/m (see section A for the changes in conclusions if
the inferred o/m in the MW’s satellites was lowered).

Furthermore, the above values of o/m are inferred under the assumption of a constant
cross section. If we reanalyze the astronomical data by taking velocity-dependent cross
sections, the tension between the MW’s satellites and the field dwarf galaxies could be
mitigated. For velocity-dependent cross sections, we also have to take an average over
local velocity distribution (see section B for more discussion). In this paper, we compare
the velocity-dependent cross section without the distribution averaging with the inferred
values of o/m mentioned above. The velocity-dependent cross section considered in this
paper may give a benchmark with which the astronomical data will be reanalyzed.



As seen in the next section, this strong velocity dependence is realized when the self-
scattering cross section almost saturates the s-wave Unitarity bound, i.e., on the quantum
(zero-energy) resonance [16, 17]. On the quantum resonanace, the self-scattering cross
section is singly parameterized by the DM mass. We take a closer look at the quantum
resonance by using the effective-range theory. The quantum resonance allows us to pin
down the model parameters as well as the DM mass. In section 3, we consider DM with
a light mediator based on the gauged L, — L, model. We identify the mediator and DM
masses that explain the strong velocity dependence of DM self-interaction. Interestingly,
we find that the discrepancy in muon anomalous magnetic moment g — 2 and tension in
Hj are mitigated in the very parameter points. The light L, — L; gauge boson are also
subject to various experimental searches such as non-standard interactions of neutrinos and
missing-energy events in colliders. In section 4, we consider composite asymmetric dark
matter (ADM) based on the dark quantum chromodynamics (QCD) and electrodynamics
(QED). The dark QCD scale and dark pion masses are constrained so that dark nucleon
DM can have the indicated velocity-dependent cross section. The binding energies of
two nucleons and vector resonances are also predicted, which have important implications
for the dark nucleosynthesis in the early Universe and dark spectroscopy measurements
in lepton colliders, respectively. The dark photon, which is required to make cosmology
viable, is subject to intensive experimental efforts such as beam-dump experiments. The
dark proton may be found in DM direct-detection experiments. We give concluding remarks
in section 5.

2 Effective-range theory

The effective-range theory is first developed in the attempt to understand low-energy scat-
terings of nucleons [49, 50]. See ref. [51] for a review of the effective-range theory in the
context of effective-field theory. Here we refer to ref. [52] that revisits the effective-range
theory in the context of SIDM. The 2-body scattering cross section can be decomposed
into the partial-wave (multipole ¢) contributions:

47 .
a:ZUg:Zﬁ(QE—Fl)stég. (2.1)
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Here we ignore a possible quantum interference for the identical particles.! The momentum
k = pvye is given by the reduced mass p (u = m/2 for the identical particles with the mass
of m) and relative velocity ve). The analytic properties of the wave function determine the

1One may also choose to use the transfer cross section or, which may be a more suitable quantity
to parameterize the momentum-transfer effect among DM particles through elastic scattering. For the
scattering of identical particles, o is written as [53]

o1 = /dQ(l - \cos@|);%,

where o is the standard cross section, o = fdQ(da/dQ)A Since we focus on the s-wave scattering, this
amounts to an additional factor of 1/2, op = /2.
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Here ay and r.¢ are called the scattering length and effective range, respectively.

In the following, we focus on the s-wave (¢ = 0), which is expected to be dominant at
the low energy.? Then, the low-energy cross section is given by
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When |a| > |re|, in the range of 1/|r.] > k > 1/|a|, the cross section saturates the
Unitarity bound,

47
Omax = ﬁ ; (24)

which is singly parameterized by the DM mass, and thus gives a good benchmark for
studying halos in velocity-dependent SIDM. For the DM mass of m ~ 10 GeV, opax/m
simultaneously explains the inferred o/m’s from MW’s dwarf spheroidal satellite galaxies
and galaxy clusters, as we will see shortly. A large |a| indicates the existence of the shallow
bound state (a > 0) or virtual state (a < 0; bound state with a non-normalizable wave
function), depending on its sign. The bound (virtual) state energy is given by the positive
(negative) imaginary pole kpole:

k2

i
gze , Kpole = — <1 —/1— 2re/a) . (2.5)
e

In the left panel of figure 1(a), we show the velocity dependence of o/m (black) in the

Ey=—

effective-range theory. The data points show the preferred values of o/m as a function of
the relative velocity; they are inferred from the observations on central DM densities of
MW’s dwarf spheroidal satellite galaxies (cyan), field dwarf spheroidal galaxies (red)/low
surface brightness spiral galaxies (blue), and galaxy clusters (green). There can be seen
that the cyan data points disagree with the red data points at v ~ 30km/s, as discussed
in the previous section. Hereafter we take the former seriously, while being ignorant to
the latter; we give further discussion focusing on the red data points in section A. We
take the DM mass m = 20 GeV so that the s-wave Unitarity bound omax/m (dot-dashed)
crosses the inferred o /m’s from the MW’s satellites (cyan) and the galaxy clusters (green).
The effective-range theory parameter sets took are (a,a/r.) = (—292fm,—152) (solid)
and (a,a/r.) = (—292fm,—22.5) (dashed). Both data sets exhibit |a/r.| > 1. This
indicates that they are on the quantum (zero-energy) resonance. The Unitarity bound is
saturated from k£ 2 1/|a| (unfilled circle) to k& < 1/|r| (filled circle); in this regime, the
cross section is singly determined by the DM mass. While the both data sets have the
same a, the former data set has smaller |r.| and hence it saturates the Unitarity bound

20ne prominent counterexample is the Rutherford scattering via the exchange of an (almost) massless
mediator. Hereafter we omit the subscript of £ = 0 for notational simplicity.
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Figure 1. (a) (Left): velocity dependence of o /m (in black) in the effective-range theory for given
DM mass and the effective-range theory parameters (a,r.). The dot-dashed curve is the Unitarity
bound for the DM self-scattering cross section, omax/m. o/m saturates the Unitarity bound from
k 2 1/|a| (unfilled circle) to k < 1/|r.| (filled circle), where the cross section is singly parametrized
by the DM mass. The data points are the inferred values of o/m from the observations on the
field dwarf (red)/LSB (blue) galaxies, and galaxy clusters (green) [7]. The data points in cyan are
the values that may explain the anti-correlation between the central DM densities and their orbital
pericenter distances [47]. The effective-range theory deviates from the Hulthén potential (see the
right panel) results for k > 1/|r.| (in brown) as the effective-range expansion fails. (Right): same
as the left panel but for the s-wave contribution of o/m in the Hulthén potential. The Hulthén-
potential parameter sets took are in one-to-one correspondence with the effective-range theory
parameter sets in the left panel. The displayed velocity dependence of o/m is not reliable in the
classical regime (in gray), i.e., k 2 my, as the higher partial-wave contributions become important;
the filled circle denotes the point k = my. (b) s-wave scattering length (left) and effective range
(right) in units of m;1 as a function of €4 for the Hulthén potential. The stars indicate the
benchmark parameters took in figure 1(a), which are near the first quantum resonance, €4 = 1.

in a wider range of k. Indeed, the solid curve saturates the Unitarity bound all the way
up to vyl ~ 3000km/s, while the dashed curve desaturates for v, = 400km/s. The

solid curve exhibits o/m o 1/ vfel at the presented velocity range. Such strong velocity
dependence simultaneously explains the preferred o/m ~ 0.1cm?/g at v, ~ 1000 km /s



and o/m ~ 100 cm?/g at v ~ 30km/s. Interestingly, such velocity dependence provides a
good fit to the inferred o /m’s from the MW’s satellites (cyan) at low-velocities. As we take
smaller |a/r.|, o/m desaturate like the dashed curve, but may still explain the cyan data
points. Meanwhile, taking a larger |a| than the data sets would extend the range of k where
the Unitarity bound is saturated; it would retreat the unfilled circles to smaller velocities.
We remark that while an arbitrarily larger |a| would still provide a good fit to the cyan
data points, it is not clear how such velocity dependence of o/m affects the structure of
DM halos as small as (or smaller than) the MW’s satellites. This is because the SIDM
evolution of such small halos may transit into the short mean free path regime [44, 54] due
to the enhanced o/m at low velocities.
It is illustrating to consider the scattering under the Hulthén potential:

ade 0"
The Hulthén potential approximates the Yukawa potential,
7m¢7’
A —— (2.7)
r

with a proper choice of 0. Here my is the mass of a mediator and we take 6 = 1/2((3)m,
with the ((z) being the Riemann zeta function.® The Hulthén potential enjoys an analytic
expression of the phase shift:

_[iD(A 4 A —2)
50 = g O] ) 28)

Here I'(2) is the gamma function and

. Urel 2
)\i:1+Z€v€¢:|:1/6¢—6%635, 61,:212, %:T,u. (2.9)

This phase shift results in the scattering length and effective range of

O+ Eg) + v 01 - Eg) + 2

a = 5

0

+ V& [V (1 + &g) + 0P (1 — eg) +16¢(3)] }

respectively. Here w(”)(z) is the polygamma function of order n and vg = 0.577... is
the FEuler-Mascheroni constant. Above we consider an attractive potential, by taking
positive . One can use the same expressions with an analytic continuation to negative a:
At = 1+tiepep iy /ey + e?jei, with €, = ;’Ifgll and €4 = %. Note that for a given DM mass

3The coefficient of \/2¢(3) = 1.55... is obtained by equating the Born cross sections with the Hulthén
and Yukawa potentials [17]. The relation of 6 = 2{(3)m in ref. [52] would be a typo. A similar prescription
for the Sommerfeld-enhancement factor leads to the coefficient of ¢(2) = 7n%/6 = 1.64... [55].



m, the effective-range theory parameter set (a,r.) and the Hulthén-potential parameter set
(a;mg) has a one-to-one correspondence.

While effective-range theory reproduces well the analytic results of the Hulthén poten-
tial in the & — 0 limit, it starts to deviate for k=1 < 7¢; in other words, when the de Broglie
wavelength of the incoming particles is shorter than the effective range. Such regime is
depicted in brown in the left panel of figure 1(a). This is expected since the low-momentum
effective-range expansion fails at high k. This feature can be seen by comparing the left
and the right panel of figure 1(a); the right panel is the analytic result of the Hulthén
potential with the parameter sets that give the same effective-range theory parameter sets
as in the left panel.

Meanwhile, the velocity dependence of o/m in the Hulthén potential is not reliable
in the classical regime, k=1 < m;l, i.e., where the de Broglie wavelength of the incoming
particles is shorter than the range of the Hulthén potential. This is because the higher
partial-wave contributions become important in the classical regime. In the right panel
of figure 1(a), the classical regime is depicted in gray. Note that the classical regime
in the Hulthén potential roughly coincides with the regime of k! < 7, in the effective-
range theory.

Figure 1(b) shows a (left) and r. (right) as a function of €; in the units of m;l. The
resonances appear at €, =n? (n =1,2,...), where |a| — oo for finite r.. In the following,
we focus on the first resonance, n = 1, while discussing higher resonances in section C. The
points depicted by stars corresponds to the parameters took in figure 1(a); they are both
near the first resonance, nearly saturating the Unitarity bound.

Above we consider the elastic scattering and see that we need a light mediator and
induced relatively long-range force to reproduce the strong velocity dependence. The Som-
merfeld enhancement for DM annihilation [55-63] is controlled by the same potential. If
the Sommerfeld enhancement is also almost on the quantum resonance, this would have
multiple implications for the cosmology: strong constraints from the indirect-detection ex-
periments if DM annihilation ends up with the electromagnetic energy injection [64]; and
the second stage of the DM freeze-out (i.e., re-annihilation) [63, 65-68]. The enhancement
factor in the Hulthén potential is given by [21]*

) . sinh(27e,e4)
s-wave € Cosh(27T6U6¢) — COS (27r\/m> ’ ( )
2.11
(69— )% + deie
1+ 4e2e2

Sp—wave = Ss.wave )

for s-wave and p-wave annihilation, respectively. For annihilation, we take § = ((2)my.
The left panels of figure 2 shows the Sommerfeld-enhancement factor as a function

of the relative velocity for s-wave (top) and p-wave (bottom). The Hulthén-potential

“Note that our e is different from ref. [63]. This expression coincides with ref. [55]
2
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Figure 2. (a) (Left): velocity dependence of the s-wave Sommerfeld-enhancement factor. The
Hulthén-potential parameters took corresponds to the benchmark parameters in figure 1(a). The
s-wave annihilation is near the quantum resonance for the benchmark parameters, as shown in the
right panel. The Sommerfeld-enhancement factor grows as oc 1/v2; (brown) towards low velocity
and saturates. (Right): es-dependence of the s-wave Sommerfeld-enhancement factor. We take
€, =1,---,1072 from bottom to top. The dashed lines show the Sommerfeld-enhancement factors
in the Coulomb potential that correspond to €4 — 0o. The points depicted by stars correspond to
the benchmark parameters took in figure 1(a) for fixed €, = 1073. (b) Same as figure 2(a), but for
the p-wave Sommerfeld-enhancement factor.

parameters took corresponds to the parameters depicted as stars in figure 1(b), which
are close to the quantum resonance for elastic scattering. For these parameters, the s-
wave Sommerfeld-enhancement factor is also resonantly enhanced towards low-velocity as
x 1/ vfel and saturates; as shown in the left panel of figure 2(a), the parameters are close
to the s-wave quantum resonance for annihilation. This may be dangerous in terms of
the constraints from observations on the CMB and indirect-detection experiments. The
constraints may be evaded if we consider neutrinos as the final DM annihilation product
or consider the p-wave annihilation [22, 64]. Indeed, the p-wave Sommerfeld-enhancement
factors for the parameters are not huge, since they are sufficiently far from the p-wave
quantum resonance for DM annihilation (see the right panel of figure 2(b)).

In section 3, we consider a model with a light mediator based on the gauged L, — L,
model, where DM annihilation is p-wave and ends up with neutrinos. ADM is another good



candidate, since it involves a light mediator to deplete the thermal relic abundance of the
symmetric component. ADM may also be expected to be safe from the indirect-detection
bounds at the first sight. In section 4, nevertheless, we see that even a (inevitable induced)
tiny DM-anti DM oscillation leads to a significant annihilation in the late Universe.

3 Dark matter with a light mediator: gauged L, — L, model

In this section, we consider DM with a light mediator based on the gauged L, — L,
model [22]. In this model, a new gauge boson Z’ couples to the muon and tau lepton (and
their neutrinos) [69, 70]. Interestingly, this new force contributes to the muon (g — 2),,
alleviating a possible tension between the SM prediction and measurement [71-73] (see also
ref. [74] for the latest review on (g —2), in the SM).”> After other constraints are taken into
account, the (¢—2),, discrepancy is ameliorated for the gauge coupling of ¢’ ~ 4x 10741073
and the mass of the new gauge boson of mz ~ 8-200 MeV.

Ref. [22] extends this model with the a vector-like pair of fermions, N and N. We
assume that the L,,— L, breaking Higgs ® carries a unit charge and N () carries a (minus)
half charge in units of the muon and tau-lepton charges.® The resultant Zs symmetry,
which is unbroken by the Higgs vacuum expectation value (VEV), guarantees the stability
of the lightest mass eigenstate N; among N and N, namely, N; being DM. We consider
the pseudo-Dirac dark matter, whose Dirac mass my is larger than the Majorana mass
induced by the VEV of ®. The masses are given by the Yukawa coupling y > 0:

Am V2y (3.1)

mN1<2):mNiT’ Am = p my <K My .

Hereafter we assume the C'P symmetry to restrict the Yukawa coupling. For more general
discussion, please see ref. [22]. The relevant interactions are

/
Y ~ ~ 9 o157
Ling O ———=@(—=N1N1 + NoN. =7, ,NoyF'Ny . 3.2
t 2ﬂ¢( 1N1 + Na 2)+12 W Nov ' Ny (3.2)
Here N; and Ny denote Majorana fermions and ¢ is a real scalar resulting from ®.

The thermal relic abundance of Ny is predominantly determined by co-annihilation of
Ni{Ny,NoNy — Z'7Z',pp and NyNy — Z'p. The thermally averaged annihilation cross
sections are given by the dimensionless temperature © = my /7"

9y4 1 y4

<UU>11 = <0”U>22 = =5, <O’U>12

= 3.3
647rm%\, T (3.3)

- 64mm3;

®Two new experiments would shed light on the longstanding tension in (g — 2), in the near future:
E989 experiment at Fermilab [75] and the E34 experiment at J-PARC [76]. The lattice studies of hadronic
contributions to (g—2), may also resolve the tension in the future. The latest study on the hadronic vacuum
polarization contribution [77] claims that the discrepancy between the SM prediction and the experimental
result disappears. Their result is also in tension with the other result (such as the R-ratio determination),
and thus it is expected to scrutinize their result in detail by the other lattice groups.

5The charge of ® determines the neutrino mass matrix by the see-saw mechanism [78-81]. Our choice is
a minimal viable one [82] (see also section D) and may explain the baryon asymmetry of the Universe [83]
through the leptogenesis [84-87].



Here we drop terms proportional to the gauge coupling ¢/, because it is subdominant
compared to those with Yukawa coupling y. Note that self-annihilation channels are p-
wave, while the co-annihilation channel is s-wave. The effective annihilation cross section
is given by the relative yield r [88]:"

6—Am/T

(oV)et = (1 — )2 (o011 + 72 {00) 20 + 2r(1 — 7)(o0) 12, T (3.4)

=
We compare the effective cross section at © = 20 with the canonical cross section, (0v)can =
3 x 10726 ecm3/s. We fix the Yukawa coupling in this way. The above expression of the
effective cross section is derived under the assumption that N1 and Ns are in chemical
equilibrium. We check that in parameters of interest, the chemical equilibrium is achieved
by No <> Ni + AR

Again since the gauge coupling ¢’ is tiny, the 2-body potential of DM is also dominated
by the Yukawa coupling:

yo_2 7 (3.5)

where o = y?/(87).% We approximate the Yukawa potential by the Hulthén potential.
We assume the Higgs mass m, to be larger than the gauge boson mass mgz/, namely,
my > my; otherwise the Higgs lifetime exceeds 1s and cause cosmological problems. The
left panels of figure 3 shows the parameter regions for o/m = 100-200cm?/g in MW’s
dwarf spheroidal satellite galaxies (cyan), 0.1-1cm?/g (light blue) and 1-10 cm?/g (blue)
in field dwarf galaxies, 0.1-1cm?/g in MW-size galaxies (red), and > 0.1cm?/g (green) in
galaxy clusters, where we take v = 20, 30, 200, and 1000 km/s, respectively. There, we
focus on ¢’ and my: that ameliorates the (g — 2),, discrepancy. We use the analytic results
of the Hulthén potential [16], eq. (2.8), to calculate the elastic scattering cross section of
Ny; we multiply additional 1/2 factor to eq. (2.1) since we consider the elastic scattering
among identical Nj particles. It should be noted that the analytic results of the Hulthén
potential is valid only in the resonant regime, i.e., amy, /my, 2 1 and my, vel/my S 1;
the analytic formula for the cross section in the classical regime, i.e., amy, /my, 2 1 and
MmN, Urel /My > 1, is given in ref. [63], and the Born approximation can be used in the Born
regime, i.e., amy, /m, < 1. However, we remark that using the corresponding formulas
in each regimes do not change our conclusion. We indicate the classical and Born regimes
(brown) in the left panels of figure 3; for the classical regime, we require the condition for
the velocity range that covers the MW'’s satellites, vy < 100km/s.

From figure 3(a) and figure 3(b), we see that with a light mediator, i.e., m, < 20 MeV,
o/m can be as large as ~ 100 cm?/g in the MW’s satellites, while diminishing towards the
galaxy clusters. As an example, in the right panels of figure 3, we show the velocity de-
pendence of o/m (black) for the depicted benchmark parameters (as a star or a diamond)

"As we see below, we consider an O(10) MeV ¢, by taking a O(107°) quartic coupling. This may delay
the phase transition of the L, — L, breaking, possibly inducing a small thermal inflation. Please see ref. [23]
for a further discussion.

8a = y?/(4n) in ref. [22] is an error, though it does not change the results much.
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Figure 3. (Left): parameter regions for o /m at the velocity scales of MW’s dwarf spheroidal satel-
lite galaxies (cyan), field dwarf galaxies (blue), MW-size galaxies (red), and galaxy clusters (green)
for given (mzs,g’). The region where m, < mz (gray) may be disfavored by the BBN observa-
tions [22]; lifetime of ¢ is longer than 1s. The yellow region depicts the parameters close to the first
quantum resonance for elastic scattering, i.e., 0.85 < €4 < 1.15 where €5 = amu, /(1/2¢(3)m,);
this range includes the benchmark parameters shown as stars in figure 1(b). (Right): the veloc-
ity dependence of o/m (black) for the benchmark parameter points near the quantum resonance
(depicted in the left panel). The classical regime, i.e., mn, vre1/my 2 1, is depicted in gray, where
the higher partial-wave contributions become important. The dot-dashed curves are the Unitarity
bound, opax/m. The data points are the same as in figure 1(a).
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in the left panels. In order to exhibit such large cross section at low-velocities, the pa-
rameters should lie very close to the quantum resonance (yellow region in the left panels).
The velocity dependence near the quantum resonance, o/m o< 1/v2,, fits well the cyan
data points. The presented velocity dependence of o/m’s saturates the Unitarity bound
(dot-dashed) at low velocities, vy = 20-200 km /s, where o/m is singly parameterized by
the DM mass. The o/m’s desaturate from the Unitarity bound from the onset of the clas-
sical regime (filled circle) where the higher partial-wave contributions become significant.
Parametrically, we may extend the maximally self-interacting regime by taking a larger m,,
(but with a smaller «), so that o/m oc 1/v2, all the way up to the velocity scales of the
galaxy clusters as in figure 1(a). However, this is not possible since the Yukawa coupling
is fixed by requiring a correct DM relic abundance; therefore, we have no freedom to vary
m,, for a given €.

With Z' heavier than mz = 20MeV, it is impossible to achieve such large cross
sections (o/m ~ 100cm?/g) at the MW’s satellites even at the quantum resonance (if we
took the error bars at face values). This is demonstrated in figure 3(c). There, we take
mz = 50MeV as an example. The cosmological constraints restricts my, 2 mz/. Thus,
with heavier Z’, the constraint also restricts N7 to be heavier near the quantum resonance
(yellow). Eventually, it becomes impossible to achieve ~ 100 cm? /g in the MW'’s satellites
even if o0/m saturates the Unitarity bound; see the right panel of figure 3(c).

DM annihilates into Z’ and ¢ predominantly in the p-wave, which subsequently
decay predominantly into neutrinos. It seems to follow that this DM is safe from
stringent constraints from indirect-detection experiments. On the other hand, consid-
ering the large Sommerfeld-enhancement factor for the s-wave, we need to be careful
about the subdominant-modes of annihilation. A leading s-wave annihilation channel
is N1N1 — 72'7"

14 / 4 2
_ 9 N 36 3 g 20 GeV
(O-/U)S-W&VG = m ~ 4.6 x 10 cm /S <5 X 104) < m . (36)

Considering the current (future) bound of DM annihilation into neutrinos mainly from
Super-Kamiokande (Hyper-Kamiokande) [89], (ov) < 10724 (1072°) cm3 /s for 20 GeV DM,
the Sommerfeld-enhancement factor of S > 10! needs attention. The electromagnetic
decay of Z' — eTe™ via the kinetic mixing between Z’ and the SM hypercharge gauge boson
needs another attention. Its natural value is e = ¢//70 from the muon-tau lepton loop. The
electromagentic branching ratio is Br ~ (ee/g’)? ~ 2 x 107°. We may compare (ov)Br with
the constraints on DM electromagentic annihilation, e.g., from the CMB measurements [90],
(ov) £ 10726 cm3 /s for 20 GeV DM.

Before concluding this section, we describe the implications and prospects of our re-
sults. We again assume the natural value of ¢ = ¢//70 for the kinetic mixing, unless
otherwise noted. Since the light L, — L, gauge boson predominantly decays into neutrinos,
it heats only neutrinos after the neutrino decoupling, increasing the effective number of
neutrino degrees of freedom Neg [22, 91]. Interestingly, its slight deviation from the SM
value, ANg ~ 0.2-0.5 mitigates the tension in the Hubble expansion rate Hy between the
local measurements (i.e., local ladder) [92-94] and CMB-based measurements (i.e., inverse
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ladder) [90, 95]. The corresponding Z’ mass is myz = 10-20 MeV [98], which coincides
with our “prediction” surprisingly. Such a sizable AN.g can be examined by CMB-S4
experiments [99, 100]. The non-standard interactions of solar neutrinos with electrons and
nuclei, in neutrino experiments (e.g., COHERENT) and DM experiments (e.g., LZ and Dar-
win), examine this light Z’ region [101, 102]. The Z’-resonant non-standard interactions of
high-energy neutrinos with cosmic neutrino background lead to a “dip” in the high-energy
neutrino spectrum [91, 103, 104], which may explain (though not statistically significant)
the null detection of astrophysical neutrinos with 200-400 TeV in IceCube [105-107]. The
light Z’ can be probed as missing-energy events in colliders [108, 109].

4 Composite dark matter: asymmetric dark matter

In this section, we consider composite ADM based on the dark QCD xQED dynamics with
light dark quarks, up U’(4+2/3,+41/3) and down D’(—1/3,+41/3) (dark QED charge, B — L
charge) [33]. DM consists of dark nucleons, whose asymmetry has the same origin as the
SM baryon asymmetry (i.e., co-genesis). As a consequence, the mass of the dark nucleons
is similar to but slightly heavier than that of SM nucleons as indicated from the coincidence
of the mass densities Qgqm ~ 582. In other words, the dynamical scales of dark QCD and
SM QCD are similar to each other: Aqcps ~ (10/N,)Aqcp, where Ny is the number of the
generations of U’ and D’.

The simple model of ref. [33] is featured by the (intermediate-scale) neutrino portal
and (low-scale) dark photon portal. Non-equilibrium decay of the right-handed neutrinos
with the masses of Mg > 10° GeV generates the whole baryon asymmetry (i.e., thermal
leptogenesis [84-87]). The asymmetry is shared among the dark and SM sectors via the
higher-dimensional portal operator. The portal operator originates from the right-handed
neutrinos and dark colored Higgs, H{., with the mass of M¢. The dark photon is assumed
to be the lightest particle in the dark sector. It carries all the dark sector entropy in the late
Universe, and transfers it through decay into SM particles via a kinetic mixing with the SM
photon. To this end, the dark photon mass is to be m4 2 10 MeV and the kinetic mixing
parameter to be ¢ > 107! [33, 110]. This phenomenological model enjoys compelling
ultraviolet physics such as SU(5)gy X SU(4)gark [111] and mirror SU(5)gy X SU(5) qark [112].
They involve an intermediate-scale supersymmetry and are discussed in section E.

To discuss the phenomenology, we follow the simplified version of the model given by
ref. [113]. The intermediate-scale portal operators are

1 1 _
LD VE(U’D’D’)(LH) + m(U’T D''D')(LH) +h.c.,

1 ynYnYo

*

Hereafter we assume the C'P symmetry to restrict the Yukawa coupling. Y¢ is the Yukawa
coupling of the dark colored Higgs to dark U’D’ and U'D’. yx and Yy are the Yukawa cou-

9Here we take ANeg = 0.2-0.5 by naively following [90], though it is not a perfect solution to the Ho
tension [96, 97]. ANes > 0 leads to a smaller size of the sound horizon at the time of the decoupling
(approximate to the last scattering), preferring a larger Hy to keep the angular scale fixed. It cannot
reproduce the “redshift dependence” of the inferred Ho in the time-delay of the strongly lensed systems [94]
(though not statistically significant). ANeg > 0 may also be not preferred in light of the weak Silk damping
measured in ref. [95].
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plings of the right-handed neutrinos to SM LH and dark H, 6[?’ , respectively. The former is
related with the observed tiny neutrino masses m,, through the see-saw mechanism [78-81]:

1/4 M
2N1_5<mu) ( R ) 4.2
v ~ 10 STy 109 GeV (42)

The generated asymmetry is washed out when the other operators that carry different
B — L charges are also relevant after the asymmetry is generated. Such harmful operators
are not generated in ultraviolet physics based on a unification model discussed in refs. [111,
112]. These portal operators are to be relevant at least around the time of the thermal
leptogenesis: xp_; = Mg/Tp_1 ~ 5-10 [84-87]:

< 10 my 1/4
Mg < Mc S B\l VYNYoMEg. (4.3)
B-L

The first inequality is to prohibit direct decay of the right-handed neutrinos into the dark
colored Higgs, which may affect the thermal leptogenesis [114].

As shown in refs. [33, 115, 116], if the asymmetry is fully shared among the dark and SM
sectors, i.e., if the portal interactions are relevant in the course of the thermal leptogenesis,
the DM mass is to be my: ~ 8.5/N, GeV. This is because the B — L asymmetries of the
SM and dark sectors follow

N!(20N, + 6m)
3N, (22N, + 13m)

Apm = Asm (4.4)
where N, is the generation of SM fermions and m is the number of light Higgs doublets.
The relation between the present B and B — L asymmetries within the SM sector depends
on the nature of the electroweak symmetry breaking (EWSB) [117, 118]:

A — 4(2Ng +m)
BT 2N, +13m M
sphaleron decoupling after the EWSB |
A 8Ny +4(m +2)
B 24N, ¥ 13(m +2) M (4.5)
rapid sphaleron after the EWSB,
2(2N, — 1)(2N, + (m + 2
gy — 22N = DN, (m+2)

~ 24N2 4+ 14N, — 4+ m(13N, — 2)
rapid sphaleron + top decoupling after the EWSB .

In the first relation, we assume that the B— L number and hypercharge are conserved, while
in the second and third, we assume that the B — L number and electromagnetic charge are
conserved. Hereafter, we use the third relation with N, = 3, m = 1, and NN ; = 1, namely,
Apym = 557 35 AB.

Since we consider the QCD-like dark sector, we may employ the QCD-calculation
results in the DM phenomenology. The 2-body dark nucleon scattering is described by the
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effective-range theory as o = % (ias + %Ut) with

0.58/A 0.63/A
S ™ T x Arem0 es — T . 2.5 A,
“ mx /A — 0.57 " mg/A +25/ (4.6)
. 039/A . 00015/A 2/A ‘
T g /A —0.49° T (mg /A T T

for the spin singlet and triplet (deuteron) channels, respectively (in SM QCD).!° We only
consider the dark neutron-dark proton (n/-p’) scattering even though we also have the other
scattering processes: n/-n’ and p'-p’ scattering.!! We assume that the half of the total DM
consists of dark protons. The DM can interact with both of dark proton and dark neutron,
and thus we divide each scattering cross sections by two. Here we follow ref. [29] and
fit the QCD-calculation results given in ref. [119] with A = 250 MeV. This is valid for
my/A ~ 0-1.4. We approximate the nucleon mass as mys ~ 1.25N.A, where the color
number is N, = 3 in the present model [125]. We show the velocity dependence of dark
nucleon self-scattering cross section in figure 4 for fixed my+ near the quantum resonance.

As seen in figure 4, my+ ~ 8.5 GeV has a constant cross section below v < 100km /s,
barely reproducing the velocity dependence of o/m inferred by the MW’s dwarf spheroidal
satellite galaxies. The binding energies are

Eps =0, Ep >~ 60MeV for resonant singlet scattering,
Ey ~0 for resonant triplet scattering, (4.7)

where Ej, ~ 0 means a shallow bound/virtual state. Meanwhile, mpys ~ 16 GeV has a
o/m o 1/vZ) in the low-velocity region, providing a better fit. The binding energies are

Eps ~0, FEp >~ 110MeV for resonant singlet scattering,
Ey~0 for resonant triplet scattering . (4.8)

These 2-body binding energies are important inputs for the bound-state formation in the
Universe (i.e., the dark nucleosynthesis) [126-133]. In the present model, the dark photon
is typically heavier than the binding energy, and thus the 2-body bound-state formation
proceeds only through the electron/positron emission and is suppressed by the kinetic
mixing parameter. Though it is beyond the scope of this paper, we may also be able to
predict the strength of the dark QCD phase transition. If it is the strong first order, we have

10The binding energy increases with a larger pion mass [119, 120]. Depending on the assumptions, one
also finds the opposite [121-123]. These results are very delicate in light of the perturbative calculations of
the effective field theory [124].

"The quantum resonance of these scattering processes may require a different dark pion mass from that
for n'-p’ scattering since the dark isospin symmetry, among n’ and p’, is broken by U(1)dark and the current
dark quark masses. Therefore, we expect that we can ignore the other dark nucleon scattering on the
quantum resonance of n’-p’ scattering. When the quantum resonance of p’-p’ and n’-n’ scattering coincides
with that of n/-p’, we have to take into account each scattering cross section, %%af/p/ and %%J?,n/. Here
the additional factor of 2 originates from the difference in the decomposition of the scattering amplitude
into the isospin irreducible representations and from the symmetric factor of the final states. It is beyond

the scope of this paper to make a further study of the dark nucleon scattering in detail.
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Figure 4. Velocity dependence of the 2-body dark nucleon scattering for given dark nucleon mass
my+ and dark pion mass m,.. The solid (dashed) curves represent the resonant singlet (triplet)
scattering case. The dot-dashed curves are the Unitarity bounds for the nucleon-nucleon scattering
cross section. The “naive” Unitarity bound op.x/m would be fully saturated only if both singlet and
triplet scatterings were simultaneously on resonance for a given parameter set (mys and my/). For
the presented o/m’s, only one of the channels, i.e., singlet or triplet scattering, is on resonance and
saturates its own Unitarity bound, o5 max/m = 1/(2-4) X 0max/M OF 0¢ max/ M = 3/(2-4) X Omax/M;
the unfilled circles depict the point & = 1/|a| and o/m saturates the Unitarity bound for higher
scattering velocities. The effective-range expansion is expected to be a good approximation, i.e.,
k < 1/|rc| in the presented velocity range. The data points are the same as in figure 1(a).

a chance to examine this model in near-future gravitational-wave detectors [134] and DM
may consist of dark-quark nuggets [135], changing the search strategy (e.g., direct/indirect-
detection signals) in the late Universe.

To make mpy+ ~ 16 GeV consistent with Q4 ~ 582, we need to make portal operators
partially irrelevant. We leave more general analysis, including the direct decay of right-
handed neutrinos into the dark colored Higgs, for a future work (see ref. [114] for a similar
analysis). Hereafter, instead, we assume that the both cases (mys ~ 8.5GeV, 16 GeV) are
realized with Mg ~ (IO/msB/ilL> (my,/0.1eV)Y* /YN Yo M.

In the present model, the dark photon plays a key role in releasing the dark sector
entropy to the visible sector via the kinetic mixing e with the SM photon. Figure 5
summarizes the current constraints on the dark-photon parameters (m 4/, €) and the future
prospects in beam-dump and collider experiments. In collider experiments, dark photons
can be produced through the kinetic mixing and subsequently decay into SM particles. For
ma < 5 GeV, BaBar [140, 141], LHCb [142], and KLOE [143-146] place the upper limit
on e. Belle-II [147, 148] will place the upper limit on € mainly for m 4 = 10-5000 MeV. The
displaced vertex searches at the LHCb experiment will also explore the region between the
collider and beam-dump experiments [149, 150]. The beam-dump experiments exclude a
broad parameter space for my < 1 GeV: current constraints are mainly from CHARM [151,
152], LSND [153, 154], and U70/vCal [155, 156]. The dark-photon parameters in this
region will be further explored by projected facilities like SHiP [157, 158], FASER [159],
and SeaQuest [160, 161].
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Figure 5. Constraints on the dark-photon parameters: dark photon mass m 4. and kinetic mixing e.
The gray meshed region is the current bounds from supernova 1987A constraints (refs. [136, 137]),
beam-dump experiments, and collider experiments (taken from ref. [138]). The green dot-dashed line
shows the future prospects for beam-dump and collider experiments. The diagonal blue (red) lines
show the upper limits on € from the PandaX-II experiment [139] for mpy: = 16 GeV (my+ = 8.5 GeV)
and fixed U(1)garx coupling, ap = g% /(4m). The right side of vertical solid lines indicate the region
where the dark photon is heavier than the dark pion for mpy» = 16 GeV (blue) and my- = 8.5 GeV
(red); the constraints on the dark photon decay would change in the indicated regions. The left side
of vertical dashed lines indicate the region where dark photon mass is less than the binding energy
Ey for mpy» = 16 GeV (blue) and my+ = 8.5 GeV (red); the dark nucleosynthesis would proceed by
emitting the dark photon, and the DM would consist of the dark nuclei.

The dark photon decay rate is given by

1 4m? 2m?
DA —ete)=caemay |/l — —° 1+ 5%,
3 Uy ULy
g o2 (4.9)
1 m m
I'(A — hadrons) = ae®may /1 — —2 [ 1+ —* | R(Vs = ma/),
3 m%, m%,

where R(y/s) = % takes into account the hadronic resonances (i.e., vector
meson dominance). In the following, we consider the latter for m4 > 100 MeV taken
from ref. [162]. Since the late-time decay of the dark photon heats only the electron-
photon plasma after the neutrino decoupling, Neg is lowered and the upper bound is put
on the dark photon lifetime. The dark photon lifetime 74 = 1/T" 4 exceeds 1s in the gray

crosshatched region of figure 5.
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In the right side of vertical solid lines of figure 5, the dark photon is no longer the
lightest particle in the dark sector (the blue-solid vertical line for mys = 16 GeV, while the
red-solid vertical line for mys = 8.5GeV). In particular, the dark photon is heavier than
the dark pion, whose mass is indicated by the strong velocity dependence of the 2-body
dark nucleon scattering. The constraints on the dark photon decay would change in this
region. In the left side of vertical dashed lines, the dark photon mass is less than the binding
energy Ejp; when the resonant singlet scattering is realized (we use the same color scheme
for the vertical lines as that in the right region). In this region, the dark nucleosynthesis
would proceed by emitting the dark photon, and then the DM would consists of the dark
nuclei.

When the DM consists of the dark proton charged under U(1)4ax, DM interacts with
SM nuclei through the kinetic mixing between the SM photon and dark photon. The
differential cross section between the dark proton and target nucleus is

doy  4draape’Z? 1,

= — F2(¢%). 4.1
dq2 (q2+m?4/)2 02 T(q ) ( O)

2

o1(1 — cosbem ), where pp is the reduced mass

Here the momentum transfer is ¢> = 2u3w
of DM and the target nucleus and 6., is the center-of-mass scattering angle. Following
ref. [163], we set ¢ = 2;%1%, where vg = 232km/s is the typical DM speed at the rest
frame of the Earth [164]. Fr is the nuclear form factor. We discuss the dark neutron-target
nucleus scattering through the magnetic moment in section F, which is negligible. We place
the upper limit on the kinetic mixing parameter € from the direct-detection constraints by
the 54 ton-day exposure of the PandaX-II experiment [139] (diagonal red and blue lines in
figure 5). We assume that the half of the total DM consists of dark protons. The DM mass
is set to be 16 GeV (blue lines) and 8.5 GeV (red lines), and we take U(1)gark coupling to
be ap = agm = 1/137 (solid lines) and ap = agn/100 (dashed lines).

The intermediate-scale portal operators eq. (4.1) lead to the DM decay into the dark
meson and anti-neutrino [116]. Such decaying DM can be explored in indirect ways: one is
a neutrino signal from the DM decay at the Super-Kamiokande, the others are constraints
on a flux from eventual decay of the decay product to the SM particles. No excess of a
neutrino signal has been found at the Super-Kamiokande experiment [165], and this sets
the lower limit on the DM lifetime [166]. The decay rate is given by

W2 (4.11)

Here, vy is a VEV of the SM Higgs and W is a matrix element for DM to a dark meson. We
assume the matrix element to be W ~ 0.1 GeVZ(my+/my,)?, to which a lattice calculation
result [167] is naively scaled. For the decaying DM with a mass of 16 GeV, the lower limit
is roughly 7pm = 1/Tpum 2 10%2s. We naively extrapolate the results of ref. [166] below
the DM mass of 10 GeV. The black-shaded region in figure 6 is excluded by no excess of
a neutrino signal in the Super-Kamiokande experiment. The decay product, neutral dark
mesons, eventually decays into eTe™ through kinetic mixing. We naively utilize a constraint
from the ete™ flux observations (Voyager-1 [168] and AMS-02 [169]) on the DM lifetime
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Figure 6. Indirect-detection constraints on (my+, M) plane. The black-shaded region is excluded
by no excess of a neutrino signal at the Super-Kamiokande experiment. The gray-shaded region is
constrained by ete™ flux from eventual decay of the dark meson from DM decay (constraints by
the AMS-02 for mpy: 2 3 GeV and the Voyager-1 for mpy: < 3 GeV). The green-hatched region is
excluded by 7-ray constraints by the Fermi-LAT, and the blue-hatched region is excluded by eTe™
flux constraints (by the AMS-02 for my+ 2 1.5 GeV and the Voyager-1 for mpys < 1.5 GeV). The
blue dashed lines show the eTe™ flux constraints with taking a Sommerfeld-enhancement factor of
the annihilation cross section to be Seg = 103 and 10°.

given in ref. [170]. The eTe™ flux from the DM decay constrains the DM lifetime to be
larger than Ty = 1/T'py = 1027 s for mpys > 3 GeV. The gray-shaded region in figure 6
shows the constraint from the ete™ flux from the DM decay. The AMS-02 observation
gives a dominant constraint for mys = 3 GeV, while the eTe™ flux constraints comes from
the Voyager-1 observation for muys < 3 GeV.

The same ultraviolet origin of the operator in eq. (4.1) induces the Majorana mass
term for the dark neutrons [113]:

2276
LD %mMﬁ'ﬁ’ +hec., my =~ m (4.12)

Some portion of the dark neutron DM is converted into its anti-particle at the late time ¢
through the dark neutron-anti neutron oscillation: P; ~ (mpt)%. Then dark nucleons n’
and p’ annihilate with 7/ into dark pions with the effective cross section,

47
(0V)eft = —5—Sest P - (4.13)
mN,

Here S is the Sommerfeld-enhancement factor S ywave times a fudge factor. When the dark
photon is the lightest particle in the dark sector, dark pions decay into dark photons, and
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then dark photons eventually decay into eTe™ pair. The final state radiation of this process
can emit visible photons. The late-time annihilation is constrained by the observations
of the y-ray from the dwarf spheroidal galaxies by the Fermi-LAT [171] and from the
interstellar eTe™ flux by the Voyager-1 [168] and the AMS-02 [169]. We use the y-ray limits
on the oscillation time scale given by ref. [113] with Seg = 1. Even though the Fermi-LAT
observation constrains the effective annihilation cross section only for my 2 3 GeV, we
use a naive extrapolation of the constraint below 3 GeV. The green-hatched region in
figure 6 shows the constraints from the observations of the y-ray flux. We utilize the eTe™
flux constraint on the dark matter annihilation cross section in ref. [170] as a constraint
on (o0)eff.

The constraints from the eTe™ flux and ~-ray flux observations depend on the annihi-
lation cross section of dark nucleons. The strong velocity dependence of the self-scattering
cross section implies a sizable Sommerfeld-enhancement factor as seen in figure 2(a), and
thus we also show the lower limit on My from the eTe™ flux when we take the factor to
be Sswave = 103 (long-dashed line) and Sy yave = 10° (short-dashed line). Though the
constraints from ~-ray flux change when we take the enhancement factor, we do not depict
them in figure 2(a).

The lightest dark p meson mass is m, ~ 7GeV (13.1GeV) for my: = 8.5GeV
(mys = 16 GeV) from a naive scaling of our p meson. From a naive scaling of our p
meson’s mass spectrum, we also expect that higher vector resonances appear as mzn ~
76n GeV? (270n GeV?) (n=1,2,...) for my = 8.5GeV (mpys = 16 GeV). With a sizable
kinetic mixing parameter € > 1073, we have a chance of spectroscopic measurements of
such resonances in lepton colliders (e.g., Belle IT and BES-III) [172, 173].

5 Conclusion

We have studied the possibility that self-interacting dark matter has a maximal self-
scattering cross section from the Unitarity point of view. When the self-scattering cross sec-
tion nearly saturates the Unitarity bound, the cross section is singly parameterized by the
DM mass. Interestingly, for the DM mass of m ~ 10 GeV, maximally self-interacting dark
matter can explain the observed structure of the Universe ranging from o/m ~ 0.1cm?/g
at galaxy clusters to ~ 100 cm? /g at the MW’s dwarf spheroidal satellite galaxies. We have
demonstrated that a general requirement of the quantum (zero-energy) resonant scattering,
by employing the effective-range theory and analytic results with the Hulthén potential.
It requires a light force mediator and model parameters to be the special (fine-tuned) val-
ues. We have also demonstrated that DM annihilation tends to be largely boosted by the
Sommerfeld enhancement with the same parameters.

It requires DM annihilation to end up with neutrinos or to be the p-wave. As such a
model, we have considered the gauged L, — L; model extended with Dirac DM. The Dirac
DM is slightly split into two Majorana DM by the VEV of the gauged L, — L, Higgs. We
have taken the Higgs mode to be light so that it mediates the (relatively) long-range force
between DM particles. We have pinned down the parameter points that lead to the DM
self-scattering saturating the Unitarity bound. With them, we can explain the discrepancy
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in the muon g — 2, predict the sizable AN.g mitigating the tension in Hy, and have rich
implications for non-standard neutrino interactions and collider searches.

ADM is another option to evade the indirect-detection bounds from the boosted DM
annihilation (at the first sight). Since ADM requires a lighter state to deplete its symmetric
components through efficient annihilation, such a light state is a natural candidate for a
force mediator. We have considered dark nucleon ADM with dark pions being the force
mediator, based on the dark QCD xQED dynamics. The dark pion mass is very predictive
to explain the quantum-resonant self-scattering between dark nucleon DM. For viable
cosmology, we have assumed that dark photon is the lightest state in the dark sector,
which provide various ways to probe the dark sector: collider and beam-dump experiments
and DM direct-detection experiments. Furthermore, the binding energies of two nucleon
states are also predicted, which are important for the dark nucleosynthesis that proceeds
with a light dark photon. The predicted dark vector resonances can be measured by
lepton colliders.

It is worthwhile to note that we have compared the velocity-dependent cross sections
without the local velocity distribution averaging with the inferred values of o /m from astro-
nomical observations. This is partially because the inferred values of o/m were interpreted
by assuming a constant cross section inside halos of interest. It would be encouraging
to reanalyze the astronomical data with a proper distribution averaging. The velocity-
dependent cross section of maximally self-interacting dark matter may give a benchmark
for the reanalyses.

We have shown that the recent astronomical data for structure formation of the Uni-
verse are already interesting and have rich implications for DM physics. Though it is to
be clarified which data are robust or suffer from astrophysical uncertainties such as super-
nova feedback, we are optimistic that the situation will get quickly improved with the fast
development of hydrodynamic simulations and more precise observations. Gravitational
probes of DM and related beyond-WIMP DM scenarios enjoy an exciting era.
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A MW’s dwarf spheroidal galaxies vs. field dwarf galaxies

As seen in figure 1(a), the inferred values of o/m, in the MW’s dwarf spheroidal satellite
galaxies (cyan) [47] and the field dwarf galaxies (red) [3], seem not compatible with each
other, though they have similar collision velocities, vy ~ 20-60 km/s. In the main text, we
discuss implications for DM phenomenology, taking the former seriously. In this section,
instead, we discuss how our conclusions changed, if the inferred values of o/m from the
MW’s satellites were lowered.

In the left panel of figure 7(a), we take the effective-range theory parameters so that
o/m crosses the inferred values from the field dwarf galaxies (red), rather than the ones
from MW’s dwarf spheroidal satellite galaxies (cyan) as in figure 1(a). In this case, we do
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not need a strong velocity dependence of o /m as in figure 1(a). Notice that the |a/r.|’s took
are relatively smaller than the ones in figure 1(a); this indicates that the parameters are
relatively away from the quantum resonance. This is explicitly shown in figure 7(b), where
the points depicted by stars represent the Hulthén-potential parameters that correspond
to the effective-range theory parameters in left panel of figure 7(a). Notice that the €,’s do
not need to be so close to the first quantum resonance, i.e., €4 ~ 1, to cross the red data
points in figure 7(a). This is in contrast to the parameters took in figure 1(a), where the
effective-range theory parameters need to be fine-tuned to be near the quantum resonance
to cross the cyan data points, as shown in figure 1(b).

At the same time, the parameters of figure 7(a) are also relatively away from the quan-
tum resonance for annihilation; compare the points depicted by stars in figure 8 with the
ones in figure 2. Consequently, they exhibit relatively smaller Sommerfeld-enhancement
factors than the ones of figure 1(a), making them less constrained from the indirect-
detection experiments.

The lack of need for the strong velocity dependence amounts to relaxation of the
“prediction” of the narrow model parameter regions of the gauged L, — L, model in the
main text. In the left panels of figure 9, we depict the example parameters of the model
that explains the inferred values of o/m from the field dwarf galaxies, i.e., 0/m ~ 1cm?/g
at vl ~ 20km/s. We show the corresponding velocity dependence of o/m in the right
panels. In figure 9(a), we present the case of myz = 10MeV, which lies in the Z’' mass
range preferred to explain the inferred o/m from the MW’s satellites, mz < 20 MeV, as
discussed in the main text. Contrary to the parameter points depicted in figure 3(a), we
see that the parameters here do not need to be so fine-tuned to be close to the quantum
resonance (yellow) to explain the red data points. Furthermore, the viable Z’ mass range
extends towards larger values, compared to the case discussed in the main text. For heavier
Z' e.g., mz = 50MeV, it is possible to find parameters to explain the inferred o/m from
the field dwarf galaxies, while they need to lie near the quantum resonance.

For the ADM based on the dark QCDxQED dynamics, the notable change would
be that the dark nucleon mass of mpy: ~ 8.5 GeV also becomes preferable. In figure 4, we
showed that mys ~ 8.5 GeV poorly fits the inferred velocity dependence of o/m inferred by
the MW’s dwarf spheroidal satellite galaxies. But if we focus on o/m inferred by the field
dwarf galaxies, mpys ~ 8.5 GeV also provides a good fit to the inferred velocity dependence
(see figure 10), where we do not need to consider additional entropy production to dilute
the DM abundance or consider asymmetric generation of B — L number. Meanwhile, the
preferred dark pion masses in both figure 4 and figure 10 do not differ much, i.e., the pion
mass (or m,//A) still has to be reasonably tuned near the quantum resonance for elastic
scattering. Similarly, the binding energy of nucleons, Ejy;, decrease by a factor of ~ 0.9
as we take pion mass slightly away from the quantum resonance to explain the velocity
dependence of o/m inferred by the field dwarf galaxies. This would slightly retreat the
left region in figure 5 to the further left, in which the dark nucleosynthesis may occur by
emitting dark photons.
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Figure 7. (a) Same as figure 1(a), but for the effective-range theory parameters, (a,r.), that
explains the inferred values of o/m from the observations on the field dwarf galaxies (red). The
Hulthén-potential parameter sets took in the right panel exhibits the same effective-range theory
parameter sets as the left panel. (b) Same as figure 1(b), but the stars indicate the benchmark
parameters took in figure 7(a). Compared to the parameters took in figure 1(a), the parameters
here are relatively away from the quantum resonance at €4 = 1.

B Velocity averaging

In this section, we comment on the velocity averaging of the self-scattering cross sec-
tion o/m.

The horizontal axis of figure 1(a), (vrel), is the average relative velocity between two
DM particles. Consider the collision between particle 1 and 2. Assuming the Maxwellian
velocity distribution for both particles, but with different 1d velocity dispersion: ¢ and o3,
respectively. 2After integrating out the center-of-mass velocity, whose 1d velocity dispersion

2 = ;215022, we obtain the distribution function for the relative velocity:
1 2

is o

2
> Urel %:))/2 €xXp | — Urgl ) (B . 1)
(27T0re1) 2Urol
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Figure 8. Same as figure 2, but with the Hulthén-potential parameters took in figure 7(a). The
s-wave annihilation is relatively away from the quantum resonance compared the ones in 1(a); the
enhancement factors are smaller, and the s-wave enhancement factors grow towards low velocity

slower than the resonant behavior, i.e., o< 1/v2, (brown).

where the 1d velocity dispersion is related with the average relative velocity as

§<vrel>2 . (B.2)

In the gravitationally interacting system, we expect 01 = g9 = 0 and thus (v,e) = 40//7

2 2 2 _
Ure1*01+02*

as found in the literature [3]. Note that this differs from the kinetically equilibrium system,
where my0? = myo3.

Meanwhile, the inferred values of o/m at given (vy) in figure 1(a) are achieved by
assuming a constant self-scattering cross section inside a halo of interest. In the case of
velocity-dependent o/m, a fairer comparison may be done by taking local distribution
average for the cross section. In the main text, we do not take the distribution average
for the cross section. This is partially just for the simplicity. Another reason is that when
astronomical data are interpreted by SIDM, a self-scattering cross section is assumed to
be constant. Thus, to be consistent, we need to reanalyze the data by taking into account

the velocity (dispersion) dependence of the (distribution averaged) cross section.
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Figure 9. Same as the left panel of figure 3, but the with different benchmark parameter points;
here, the depicted points (as a star and a diamond) explain the red data points, rather than the
cyan ones as in figure 3.
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Figure 11. Same as figure 1(a), but comparing the parameter points close to the first (cyan star)
and the second (blue star) quantum resonance for elastic scattering, i.e., n = 1 and n = 2 for
€ = n?, respectively. In the right panel of figure 11(a), for the parameter point near the second
resonance (dashed), the analytic results for the for the Hulthén potential exhibits diminishing o/m
at Vel ~ 2000 km/s.

C Higher resonances

As seen in figure 1(b), the quantum resonances for elastic scattering appear at €p = n?

(n=1,2,...). In the main text, we focused on the parameters near the first one, n = 1.
While it is certainly encouraging to discuss the higher resonances as well, there are a couple
of reasons we try not to. In this section, we discuss these reasons and remark on the possible
differences and difficulties in investigating higher resonances.

The first aspect is that at higher resonances for elastic scattering, o/m could exhibit
diminishing values at specific momentum. This is demonstrated in the right panel of
figure 11(a), where we show a velocity dependence of o/m in the Hulthén potential. There,
we see that for the Hulthén-potential parameter set near the second resonance, i.e., the
blue star of figure 11(b), o/m is diminishing around vy, ~ 2000 km/s. This is related to
the behavior of the phase shift dy at the second resonance. At the vicinity of the second
resonance, 0 starts out from 0 at high-k limit and approaches ~ 37/2 in the k£ — 0 limit;
between the two limits, o = m for some specific value of k and o/m diminishes at such k.
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Figure 12. Same as figure 2, but for the parameter points depicted in figure 11(b), which are
close to the first (cyan star) and the second quantum resonance (blue star) for elastic scattering. In

the left panels, the brown curve corresponds to o< 1/ vfel. Contrary to the cyan-star parameter set,

which was discussed in figure 2, the the blue-star parameter set is close to both s-wave and p-wave
resonances for annihilation.

One may expect that the existence of this “dip” generally makes the parameters hard to be
compatible with the data points in figure 11(a). However, the “dip” appears in the classical
regime (depicted in gray), i.e., k 2 mgy, where the higher partial-wave contributions are
significant. After taking into account the higher partial-wave contributions, the “dip” may
become relaxed. We could also consider a larger mg (but with the same €4) to push the
onset of the classical regime (filled gray circle) to higher velocities, so that the “dip” does
not overlap with the velocity scales of the astronomical data.

The second aspect is related to the Sommerfeld enhancement of DM annihilation. As
we consider the resonances beyond the first one for elastic scattering, higher partial wave
resonances for annihilation may become important. As an example, in figure 12, we show
the velocity dependence of the Sommerfeld-enhancement factors for the parameter point
near the second resonance (blue star), which corresponds to the parameter took in the
right panel of figure 11(a). Coincidentally, the parameter lies near the s-wave and p-wave
resonance for annihilation. For this parameter point, taking p-wave annihilating DM to
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evade the constraints from indirect-detection experiments (as for the cyan parameter point)
may not help much. Likewise, the implications on the constraints may highly depend on the
value of the took €, for higher resonances of elastic scattering. A dedicated investigation
on this aspect for higher resonances may be done elsewhere, while we try to focus on the
simplest case in this work.

D Neutrino masses in the gauged L, — L, model

The renormalizable Lagrangian density can be written as

_ _ N 1

£=Lsn+¢'Z), (Lio"Ls — LighLy — ifo" i+ 7157) — 122" — 52y, B"
+(D,®) D*® — V(®, H) +iN|6"D,N;

i i o o (D.1)

= AeLiHNe = M\uLoHN, = ALy HN: — 5 MeeNeNe — My N, N

- yeuq)*NeNu — yeféNeJ\_fT + h.c.

Here, L; (i = 2,3) denotes the left-handed leptons in the flavor basis, while g and 7
denote the right-handed charged leptons. The discussion below is applicable to any Z’
mass, though we focus on mz ~ 10MeV in the main text. With a different Z’ mass,
phenomenology in colliders and cosmology also changes (e.g., see ref. [174] for very light Z").

After the SM Higgs H and L, — L, breaking Higgs ® develop the VEVs, vg/ V2 and
ve/V/2, the resultant neutrino mass sector takes a form of

N. ) N,
—Linass = (Ve vy 1/7—) Mp ]Y“ + 5 (Ne N# NT) My ]Y“ + h.c.,
N, N,
(D.2)
Ye 0 0 M. Me,u, M,
Mp=10 YN 0], My= Me# 0 MNT
0 0Y; M., M.UT 0

Here (Ye,Y,,Y;) = ”—\/% (Aes Aus A7) and (Mey, Mer) = % (Yeps Yer). We fix the phases of
N; so that My, Mer, M,r > 0, while leaving the phases of v} for the PMNS parametriza-

tion [175, 176]. The see-saw mechanism [78-81] provides the neutrino mass term at low

energy as
Ve m; 0 O 12
—Linass =~ (1/6 vy VT) My v, | = (V1 Vo 1/3) 0 mg O v |,

v 0 0 ms 1%

! (D.3)
Ve %41

M, =-Mp MG ME, v |=Um].

Vr 1%
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Parameter best fit lo range 20 range
om?/(107°eV?)  7.37 7.21-7.54  7.07-7.73

Am?/(1073eV?) 2,525  2.495-2.567 2.454-2.606
sin? 15/1071 2.97 2.81-3.14 2.65-3.34
sin? 03 /1071 4.25 4.10-4.46 3.95-4.70
sin? 0;3/102 2.15 2.08-2.22 1.99-2.31
s 1.38 1.18-1.61 1.00-1.90

Table 1. Neutrino oscillation parameters from refs. [82, 177].

where the PMNS matrix is parametrized by

1 0 0 cosfis 0 sinfjge ™

U,= 10 cosfyz sinbsg 0 1 0

0 —sin fy3 cos o3 —sinf13e 0 cosfis (D)
cosfia sinfia 0 1 0 0 '
X | —sinfqs cosfis 0 0 ei2/2 ,
0 0 1) \0 0 eos/?
with 0;; € [0,7/2] and §, a; € [0,27). and the mass eigenvalues are written as

ma3 =mi +om?, m3=m?+Am?+om?/2, (D.5)

for the normal ordering, while m3s < mi < mg for the inverted ordering. The neutrino
oscillation parameters are summarized in table 1.

It is remarkable that the U(1)r, 1, symmetry restricts Mp to be a diagonal matrix.
Thus if Mp has a inverse matrix, the following relation holds:

M= Mgt My (MphHT. (D.6)

Since Mp! is also diagonal, the flavor structure of M; ! should follow the structure of
Mn. Two zero entries of My (see eq. (D.2)) provides four constraints for the PMNS
parameters [82]: § ~ /2 or 37/2, m ~ 0.05-0.1eV, az/m ~ 0.6, and a3/7 ~ 1.4 from dm?,
Am?, and 0;; given in table 1. The other entries provide 8 constraints, while there are 11
model parameters (6 from Y; and 5 from M;j;/). This is because eq. (D.6) is invariant under
the following transformation:

b b
v, - Ly, Y, = 2y, Y, = Ly,
c b a
a?b? 2 2 2
Mee = 5-Mee, My @My, Mer = 0Mer,  Myr > My, (D7)

with a, b, ¢ being real. We obtain table 2 by fitting the other eight model parameters in
eq. (D.6). The mass matrices are rewritten as

v 00 Lot M,a® MUY
Mp=1| 0 Y% 0 |, Mx=| M,*> 0 M,.3*|. (D.8)
0 0 Ykt MLb* M. 0
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Parameter  best fit in table 1
Y!/(1eV) 0.360 — 0.08194
Yl:/(l eV) 0.153 + 0.189+

Y’/(l eV) —0.180 — 0.219¢

M/, /(1V) —1.98+0.0522i
M., /(1eV) 1
eT/( eV) 1

M/, /(1eV) 1

Table 2. Model parameters from eq. (D.6). We fix M;, = M/ = M, = 1eV (prime denotes this
fixing) by using eq. (D.7).

E Supersymmetric realization of composite ADM

A supersymmetric realization of composite ADM scenario [111, 112] may cause the fast
DM decay as in nucleon decay in supersymmetric grand unified theories [178, 179]. Heavy
particles in ultraviolet physics induce the intermediate-scale portal operators with the mass
dimension-six rather than the mass dimension-seven,

2 yNYNYé 1 ™
Lo /d PUNEEEC (U'D D) (LH) + . (E.1)

The equilibrium condition now reads

100
Mp < Mg < ( My

22 \0.1eV

1/2
) Y YoMy (E.2)

The decay rate is given by

2 2

= ‘ ‘2 1 yNYNYC
32 M2 M}

— ININZC E.3
CME T Mo (E.3)

FDM ~

Mg and M,/ denote typical mass scales of supersymmetric scalar particles and super-
symmetric fermionic particles, respectively. L denotes a typical one-loop factor. The
intermediate-scale portal operator eq. (E.1) vanishes when the generation Né = 1 due to
anti-symmetrization over color indices. Hereafter, we assume N; =2

The supersymmetric particles change the relation between the B — L asymmetries in
the SM and dark sectors:

2N! (20N, + 3m)
3N, (13m + 44N,)

Apm = Asm (E.4)
with the full supersymmetric particles are available. On the other hand, they do not change
the relation between the present relation between the B and B — L asymmetries in the
SM sector, Ag = %ASM, with the decoupling limit of supersymmetric particles and heavy
Higgses. As a result, mys = 4.3 GeV for m = 2 (MSSM), N, = 3, and Ny = 2.

— 30 —



10% 10° 10

MS [GGV]

Figure 13. Constraints on Mg-Mg plane in a supersymmetric realization of composite ADM. The
blue-hatched region and the blue-dashed lines are the same as in figure 6. The LSP abundance from
the gravitino decay exceeds the observed DM abundance in the meshed-purple region in thermal
leptogenesis scenario.

As with non-supersymmetric realization, we also have the Majorana mass term for the
dark neutrons in the supersymmetric realization. The corresponding superpotential has
the mass dimension seven, and is given by

21,2
YNYC

LS __N'C_
2 oMM

/ P0(0'D'D)? + hc. (E.5)
This operator induces the dimension nine operator at the mass scale of supersymmetric
particles with two-loop diagrams [180], and gives the Majorana mass term for the dark
neutrons. A typical size of the Majorana mass is

2172
Y]\2/YC2’ LM1/2 6
my =~

~ . E.6
2MpMZ ML QP (E-6)

Figure 13 shows the indirect-detection constraints on the Mpr-Mg plane from cosmic
ray observations. In this figure, we assume that the loop factor is L = 0.01, and M, =
10~*Mg that is a spectrum motivated by split supersymmetry scenario [181-183]. We
show only the constraint from the e*e™ flux observations in this figure (the blue-hatched
region), and we ignore the other bounds from the neutrino signal from the DM decay, the
ete” flux from the DM decay, and the y-ray flux from the ADM annihilation. As we see
in figure 6, the y-ray constraint on the annihilation cross section is comparable with the
ete™ flux constraint.

In supersymmetric realization, the lightest supersymmetric particle (LSP) can also be
stable due to the R-parity. We have the LSPs in each of visible and dark sectors, and then
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the heavier state can decay into the lighter one through portal interactions at the late time.
The supersymmetric counterpart of the kinetic mixing between the dark photon and SM
hypercharge gauge boson leads the prompt decay of the heavier state to the lighter one
when the higgsinos are the lightest particles in each of sectors [111]. Here, the higgsino in
the visible sector, called visible higgsino, is the supersymmetric partner of the SM Higgs,
while the one in the dark sector, called dark higgsino, is that of the U(1)4ax breaking
Higgs. Even though the dark higgsino is less constrained than the visible higgsino, the LSP
abundance from the gravitino decay would cause the overclosure of the Universe [184, 185].
The purple-meshed region in figure 13 shows the LSP abundance exceeds the observed DM
abundance when T >~ Mp and the LSP with a mass of M .

The constraints from the LSP abundance may be naturally relaxed in the models
with an intermediate-scale dark grand unification: SU(5)smXSU(4)gark [111] and mirror
SU(5)smxSU(5)dark [112]. They associate an intermediate-scale dark monopole in the
SU(4)dark —SU(3)dark X U(1)qark phase transition. Their abundance is determined by the
pair-annihilation as [186, 1872

4 3
P 12p [ 45 Mmoo 01 ( ab ) ( My, ) . (E.7)
S B x 47ng* Mpl QOEM 1010 GeV

Here we use g« = guMmssM + Gxdark + gxn and gavssm = 228.75 (full MSSM multiplets),
Grdark = 131.25 (2 generations of U’/U’ and D'/D’, ¢', A, and ¢p/¢p multiplets), and

g«N = 11.25 (3 generations of N multiplets). M,, denotes the mass of the dark monopole,

2 ¢(3)

and Mp; the reduced Planck mass. B is a dimensionless quantity defined by B = ¢Z I3y
D

where ¢2 = 9—31 is the summation of the dark charges squared with a weight of 1 (3/4) for
bosons (fermions).
The entropy production factor is

Saier Teq {(9+(Tonn) T, 1/4N0002(ap )21/8<1Gev>3/4( M, >3/2
Shefore B Tann B g*(Tc)Tg) o QEM ma 1010 GeV '

(E.8)

Note that this expression is valid only for Sagter/Sbefore > 1; otherwise, Sater/Shefore =
1 (i.e., no entropy production). Here T. ~ mys/gp is the critical temperature of the
U(1)dark phase transition. Ty, is the temperature at which monopole annihilates. In the
second equality, we take g.(T¢) = g«(Tann). Teq is the temperature at which monopole
domination begins:

4 n
Teq = ng?m ) (E.9)

In the above discussion, we assume that the SM and dark sectors are in equilibrium in
the course of the monopole domination, while it may not be valid for a tiny kinetic mixing.
Monopole annihilation may also produce the LSP [188], while we leave further analysis for
a future work.

12Note that ref. [187] considers SO(3)—U(1) and thus, the monopole charge is 47 /gp, while in the present
case, it is 27/gp.
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F Direct detection through the magnetic moment of the dark neutron

Similarly to the dark proton scattering with SM nuclei, the dark neutron carries the mag-
netic moment under U(1)gark:

LD %ﬁ'o“l’n'ﬂﬁ: . (F.1)

Here we take the magnetic moment to be p, = (g,//2)(ep/2my+) with the g-factors being
g = —3.83 (g = 5.59 for the dark proton) in analogy to the SM nucleons. The matrix
element for the dark neutron-SM proton scattering is

pnr/ep [ o NR mn’ NR 2 NR
Mn/ = 2nmN/ q -+ 4mN/05 -+ 29pm7N ((94 q — 06 ):| Mp/ y (F2)

where M, is the matrix element for the dark proton-SM proton scattering, and
OyR =5y -5, OFF=isy ((x¥"), O =@ -9 (F.3)

We refer readers to ref. [189] for exchange of SM massless photon, rather than massive

dark photon. 8,

vt = ¥ — §/(2un). We can further evaluate the matrix element for the dark neutron-

is the spin vector of the SM proton (dark neutron, i.e., DM) and

target nucleus scattering with the form factors of ﬂ{\glN 2 [189, 190], while we leave it for a
future work. In orders of magnitude, the direct-detection bounds on € from dark-neutron
scattering is weakened by a factor of 1/v? ~ 10° compared to the dark proton-target nuclei
scattering.
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