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ABSTRACT: The thermal production mechanism of dark matter is attractive and well-
motivated by predictivity. A representative of this type of dark matter candidate is the
canonical, weakly interacting massive particles. An alternative is semi-annihilating dark
matter, which exhibits different phenomenological aspects from the former example. In this
study, we constructed a model of dark matter semi-annihilating into a pair of anti-dark
matter and a Majoron based on a global U(1)p_ 1, symmetry, and show that semi-annihilation
induces the core formation of dark matter halos, which can alleviate the so-called small-
scale problems. In addition, the box-shaped spectrum of neutrinos was produced by the
subsequent decay of the Majoron. This can be a distinctive signature of the dark matter
in the model. We find a parameter space where the produced neutrinos can be detected
by the future large-volume neutrino detector Hyper-Kamiokande. We also compared the
dark matter scenario with the case of halo core formation by the strongly self-interacting
dark matter.
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1 Introduction

Weakly interacting massive particles (WIMPs) are one of the prominent thermal dark
matter candidates and are being searched for by various experiments and observations such
as indirect detection, direct detection, and collider production. However, no clear signal of
WIMPs has been found so far, and the resultant bounds on the interactions between WIMPs
and normal matter are getting stronger. In particular, recent direct detection experiments
impose a stringent limit on the elastic scattering cross section with nuclei/nucleons. The
XENONIT and PandaX-4T Collaborations set a limit of 4.1 x 10747 cm? at a dark matter
mass of 30 GeV [1] and 3.8 x 10747 cm? at 40 GeV [2], respectively.

Even in such a situation, thermally produced WIMPs are still attractive and well-
motivated because the dark matter relic abundance can be determined independently from
what occurred in the early universe. Furthermore, the correctness of the thermal history
of the universe has been partially proven by successful Big Bang Nucleosynthesis (BBN).
One of the ideas by which these strong limits are naturally avoided is to consider a velocity-
dependent cross section such as pseudo-Nambu-Goldstone dark matter [3] or pseudo-scalar
interacting fermionic dark matter [4]. This type of dark matter may be detected through
experiments and observations if the dark matter is boosted by some mechanism, because
the interaction itself is not very small.



Another method to avoid the strong constraint of direct detection experiments is
to make dark matter one step closer to the dark sector, namely semi-annihilating dark
matter where semi-annihilations include (anti-)dark matter particles in the final state [5, 6].
The relic abundance of semi-annihilating dark matter is also thermally produced via
the freeze-out mechanism, similar to WIMPs, whereas it exhibits some features different
from the canonical WIMPs. For example, semi-annihilating dark matter may improve
small-scale problems, such as core-cusp, too-big-to-fail, and missing satellite problems [7],
via the core formation of dark matter halos [8, 9]. The self-heating of dark matter by
semi-annihilations also affects the calculation of the thermal relic abundance [10], and
the evolution of cosmological perturbations [11]. In addition, semi-annihilations produce
(semi-)relativistic boosted dark matter in galaxies and exhibit distinctive signatures not
induced by canonical WIMPs [12, 13].

On the other hand, the mechanism of small neutrino mass generation is still unknown,
although neutrino oscillation experiments have confirmed that neutrinos are massive [14].
The canonical seesaw mechanism is the simplest possibility for small neutrino mass gener-
ation [15-17]; however, the mass scale of the right-handed neutrinos is undetermined. It
may be correlated with a spontaneous breaking of global or gauge symmetries.

In this study, we construct a model of semi-annihilating dark matter and simultaneously
generate neutrino masses based on a global U(1)p_;, symmetry. The Nambu-Goldstone
boson associated with the global U(1)p_1 symmetry, the so-called Majoron, can naturally
be light enough compared with the other particles because of its nature. Thus, the semi-
annihilation xyx — XJ can easily be dominant over the other annihilation channels, where
x is the dark matter and J is the Majoron. We calculate the thermal relic abundance
of dark matter and find the parameter space that can improve the small-scale problems
via the self-heating effect by semi-annihilation taking into account the constraints of the
BBN and perturbative unitarity of the couplings. Furthermore, we show that neutrinos
are produced by the subsequent decay of the Majoron produced by the semi-annihilation
xX — xXJ — Xxvv, and these neutrinos indicate a characteristic box-shaped spectrum that
can be detected in future neutrino large detectors such as Hyper-Kamiokande (HK) [18, 19].
Finally, for comparison, we also investigate the case in which the Majoron mass is larger
than the dark matter mass. In this case, the three-to-two dark matter annihilations, such as
XXX — XX, determine the relic abundance of dark matter instead of the semi-annihilation

XX — XJ-

2 The model

We propose a model of semi-annihilating dark matter that is dominantly coupled with
neutrinos via a Majoron. The Standard Model (SM) is extended with a global U(1)p_p,
symmetry, and the particle contents and charge assignments are listed in table 1. The new
particles other than the SM fields are three right-handed neutrinos v%,; (i = 1,2,3), the
singlet complex scalar ® = (¢ +4.J)/v/2 including a Majoron field .J, and another singlet
complex scalar x which will be identified as dark matter. The Lagrangian of the new



Q u® d° L e | H ||[vp | ®| x
SU(3). 3 3 3 1 1] 1 1 1] 1
SU(2), 1 1 2 1] 2 1 |1] 1
U(l)y 1/6 | 2/3 | —-1/3 | —=1/2 |1 [1/2| 0 |0 ] O
Ul)p-r || 1/3 | -1/3 | =1/3 | -1 1 0 1]12)2/3
Table 1. Particle contents and quantum charges of the model.
particles invariant under the symmetry is given by
L=— (y,,JEILVR + %@@VR + h.c.) —V(H,®, ), (2.1)
where the generation indices are omitted. The scalar potential V(H, ®, x) is given by
2 2 2
B 2 Po g2 oz L A e A a4 Ao
H &, y)=—-="2|H|"—=|® —= —|H — P —=
V(H,®,x) =~ 12— E2ymp2 4 BX o S a4 SR jsft + Sy
+ Ao HI*®* + Ay [H? X |* + Ay [P x]?
A m?
+ [ Z=2*\* — —L®* + he. . 2.2
<3\/§ X" = (2.2)

The last term m?%®?2/4 is the explicit global U(1)p_y, breaking term, which is essential for
giving a mass to the Nambu-Goldstone boson (Majoron), as we show in the following. The
CP phases in the couplings A and m? can be absorbed by the field redefinitions of x and @,
respectively. Thus, all couplings in the scalar potential can generally be regarded as real

parameters.

2.1 The scalar sector

The electroweak gauge symmetry and global U(1)p_; symmetry are spontaneously broken
by the vacuum expectation values (VEVs) of H and ®, respectively. Then the fields H and
® can be parametrized as

1 ( o0 1 .
H:ﬁ(v+h>, =5 (vt o+id), (2.3)

where v and vy are the VEVs. The CP-even components h and ¢ mix with each other,
whereas the CP-odd component J itself is the mass eigenstate being the Nambu-Goldstone
boson associated with the global U(1)p_; symmetry, the so-called Majoron. Using the

stationary conditions given by

M%—I = )\HUQ + )\H<I>U3>7 (2.4)

ugp = )«pvé + )\qu? — m%,

the mass matrix of the CP-even components is written as

1 A\ v? AH®VVG h
v;i(h ¢)<AH¢UU¢ Na? ) (¢> (2.6)



This mass matrix can be diagonalized by a unitary matrix. As a result, the gauge eigenstates
h and ¢ are rewritten by the unitary matrix and mass eigenstates h; and ho as

h\ [ cos@ sin6 hi
((b)_(—sine cos@) (hg)’ 27)

where h;p is the SM-like Higgs boson with a mass of mj, = 125 GeV, and hs is the additional
Higgs boson with mass my,,.
The Higgs mixing angle sinf is constrained by K and B meson decays, BBN and

supernova explosions, which are summarized in ref. [20]. The upper bound is roughly given
< 0.2GeV,

~

by sinf < 3 x 1074 for my, < 5GeV via K and B meson decays. For my,
the lower bound sinf > 1077 is also imposed by BBN and supernova explosions. The
Higgs invisible decays h1 — X)X, hoho also give an upper bound on the Higgs mixing angle.
However this bound is not strong as that from K and B meson decays.

The complex scalar x can be stabilized by the remnant Zs symmetry after spontaneous

symmetry breaking. Thus, it can be a dark matter candidate whose mass is given by

1
mi = 5 (Mi —+ )\HX,UQ + )\(I)X’Ui) . (28)

2.2 The neutrino sector

The full neutrino mass matrix arises from the Yukawa couplings after spontaneous symmetry
breaking;:

1—
L7 = —Trmprr — §V§MRVR + h.c.

_ — = 0 mp Vi
_—(VL I/R) (mrg MR) (VR> + h.c.

E_(I/L;/;{)M,,<”z>+h.c., (2.9)

VR

where mp = yyv/\/i and Mg = yq,%/\/i. The above 6 x 6 neutrino mass matrix M, can
be diagonalized by the unitary matrix V as [21]

VIM,V = diag(mi, - - - ,me), (2.10)

and the gauge eigenstates of the neutrinos can be rewritten in terms of the mass eigenstates

V; as
. vf vy
Aavc]o ()= e 1)
I/R c VR
Vg Ve

where v; (i = 1,2,3) corresponds to the active neutrinos with small neutrino masses of
0(0.1) eV, and v; (i =4,5,6) are sterile neutrinos with heavy masses.



The interactions between the Majoron and neutrinos arise from the Yukawa coupling
yp. Using the neutrino mass eigenbasis, the interactions can be written as [22, 23]

. 6 6
: iJ - m; +m,
[_,‘Lnt = ——21% Z Z v; |:CU (miPL — ijR) + Cji (ijL — mz‘PR) + —— 5 : 5ij'75 Vj
i=1 j=1
. 6
1J
~ % miViYsVi, (2'12)
=1

where the coefficient C; is defined by Cy; = S3_; ViiVyj, and satisfies the relation Cj; = C7;.
Note that we have taken only the leading term Cj; ~ J;; in the second line of eq. (2.12).
The Majoron J decays into a pair of neutrinos J — v;v; (i = 1,2, 3) via the interactions,
and the decay width T'; is calculated as

3 2

my m;
I';= . 2.13
7 ;167{' Ugs ( )

The sum of the active neutrino masses is constrained by the cosmological bound Zf?zl m; <
0.11eV [26]. In addition, the stronger limit

3
2.6 x 107%eV? <> mi <5.2x107%eV? (2.14)
=1

is imposed by the global fit of the neutrino oscillation data [14]. We take the averaged value
3.9 x 1073 eV? in the following calculations. Successful BBN may be affected if the lifetime
of the Majoron is longer than 1s. This sets a bound on the parameters as

2
mj 10 GeV
>
<100MeV>< v ) > 8.5. (2.15)

Additional couplings with quarks and charged leptons are induced at the one-loop

level [21, 22], and couplings with gauge bosons are induced at the two-loop level [23].
However, these interactions are anticipated to be suppressed sufficiently because of the
loop factor and the small Dirac neutrino mass squared m DmTD in the current model. These
couplings can be important only if the sterile neutrino masses are heavy enough, such as

the canonical seesaw scale My ~ 1014 GeV [22, 23].

3 Dark matter

3.1 Thermal relic abundance

The complex scalar x can be dark matter stabilized by the remnant Zs symmetry. The
interactions of the dark matter y are induced by the scalar potential. Considering the
plausible mass spectrum m; < m, < my, h,, the main dark matter annihilation channels
are xx — JJ and the semi-annihilation xx — XJ (XX — xJ). The annihilation cross



sections for these channels are calculated as

2 2 2
1 4m? AHNV . mp, mp,
O\xUrel = 1- ——2—gsinfcosf 5 — 5
167s S 2vg s —mj s —mj
1 2

ANV cos? 6 sin? 6
— X sinfcos b (m,%l - m%z) 5 + 5
204 5 —my, 5 —mp,

2 2 2 2 2
mi. sin“0  msi_cos” 0
+ Ay <1+ Lo i ha >] : (3.1)
s —mj, s —mj,
A2 m, +my 2 my — My 2
OxxUrel = OxxUrel = 871'5\/1 - (1 . ) 1- (my . ) ) (3.2)

where s is the Mandelstam variable, and v, is the relative velocity of the dark matter.
In the above calculation, we included the factor 1/2! for identical particles in the final
state, but not in the initial state in accordance with the standard calculations of quantum
field theory [24]. The relative sizes of these cross sections were controlled by the quartic
couplings Apy, Aoy, and A. In this study, we focus on the case of Ay, Aey < A because
we are interested in the effects of semi-annihilations.

The number densities of dark matter and anti-dark matter follow the Boltzmann

equations:
dn O3~ Uy
—X 4 3Hn, = — {0y Vrel) ("i _ nyn;q) + {oxxYrel) (n% _ nxn§q> 7 (3.3)
dt 2
dnz Oy Urel
7th +3Hny = —|—7< xx2 rel) (ni - nynfcq) — (oxxVrel) (n% — nyn;q) . (3.4)

Note that the Majoron J is in thermal equilibrium throughout the evolution of (anti-)dark
matter number densities in the Boltzmann equations because of the moderate Higgs mixing
angle. Assuming no asymmetry between the dark matter and the anti-dark matter particles
(ny = ng = n/2),! the total number density of the dark matter and anti-dark matter
particles defined by n follows the combined Boltzmann equation:
% +3Hn = —%ﬂrel) (n2 - nneq> . (3.5)
Note that the factor 1/4 appears on the right-hand side compared with the case of the
canonical WIMPs because we consider the semi-annihilation of the complex scalar dark
matter here [25]. Although the Boltzmann equation is numerically solved to reproduce the
observed relic abundance Qh? &~ 0.12 in the later part of the paper [26], the semi-analytic
solution can also easily be obtained [6]. The semi-annihilation cross section in eq. (3.2) can
be simplified as oy, vrel & 3\%/ (1287rmf<) in m; < m, and the non-relativistic limit. Then,
because the typical magnitude of the required cross section is oy, Urel ~ 2 X 10725 cm? /s for
the semi-annihilating complex scalar dark matter, one can obtain the required magnitude
of the quartic coupling A as
N -3 [ My
A= 1.6 x 10 (GeV) ) (3.6)

to reproduce the observed relic abundance.

IThis assumption is reasonable because there is no CP violation in the scalar potential.



3.2 Halo core formation via semi-annihilation

It has been proposed that semi-annihilating dark matter can form cores of dark matter halos
because the dark matter mass is converted into kinetic energy via semi-annihilation, and the
dark matter particles in the inner region of the halos are thermalized with pressure [8]. This
effect alleviates small-scale problems such as core-cusp, too-big-to-fail, and missing satellite
problems [7]. Core formation via semi-annihilating dark matter occurs more frequently for
dwarf-sized halos than for more massive halos in the same time scale. This is a different
feature from core formation via strongly self-interacting dark matter [7]. Another feature of
the core formation via semi-annihilating dark matter is dark matter velocity dependence,
as we show in the following.

The order of the semi-annihilation cross section required for core formation was esti-
mated as [8]

1072% cm? /s My oo \2[05 Mgypc3\ [100yr
(0 Urel) = £ (100 MeV) (5km/s) Pe tage | (3.7)

where £ is the energy absorption efficiency given by the ratio between the dark matter halo

radius and the mean free path of the dark matter

_ Ts Pc Uself/m
=107° s :
=107 (50c) (3230 (5 eme) 9

o is the dark matter velocity dispersion due to thermalization, p. is the dark matter core

density of the halo, 7, is the halo radius, M is the solar mass, Z.ge is the age of the universe,
and o is the self-interacting cross section of dark matter. Note that the order of the
self-interacting cross section required for core formation is typically ogeir/my ~ 10~3cm?/g,
which is much smaller than the case of strongly self-interacting dark matter requiring
O(1) cm?/g [7].

In the current model, the self-interacting cross sections can be calculated as [27]

1 )\21135 2
Oxx—=xx = OXx—=xx = W <)‘x + 6m§<> ) (3.9)
1 )\21)3) 2
OXX—XX = 16mm2 Ax — 2z | (3.10)

in non-relativistic limit. Although additional contributions are induced by the couplings Az
and Ag,, these contributions are subdominant owing to the current setup Agy, Apy, < A.
Because there is no asymmetry between the dark matter and the anti-dark matter particles,
the effective self-interacting cross section can be defined by

1 1 1

T
Ocelf = 170t 0w O
2 2
1 )\21135 )\Z’U(Qb
- ()\X s 2] (=50 | (3.11)
X X X

and quantity ogeir/m, in eq. (3.8) should be replaced by the effective cross section o, /m.,.
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Figure 1. Unitarity bounds obtained from the scattering processes xx — xx and xX — XX
Colored regions are excluded.

3.3 Perturbative unitarity bound

The perturbativity bounds for the quartic couplings A and A, are simply given by A, A\, < 4.
The unitarity bounds can also be imposed by the calculation of the scattering amplitudes
for xx — xx and xX — XX, which are given by [28, 29]

4m? 22
1— —X |20 + —2| < 16, (3.12)
s
X
4m? A\2y? s — 3m?2
X ¢ X
1-— — [ZAX o g log < 2 < 8m, (3.13)

respectively. In the high-energy limit s — oo, the bounds are simplified to the usual ones
Ay < 8mand A, < 47 and, thus, no unitarity bound for the coupling A\. However, the above
unitarity bounds in egs. (3.12) and (3.13) should be satisfied in all ranges of the Mandelstam
variable s. Thus, we vary s in the range of 4mi < s < oo to obtain a conservative bound
for the coupling A\. The results are presented in figure 1, and we find that the bound

Avg/my S 17.5 is numerically obtained from the figure.

3.4 Direct detection

The dark matter x can scatter a nucleon off via the couplings Ay, and g, in the scalar
potential. The constraint of dark matter direct detection is not so severe because the dark
matter mass scale is sub-GeV in our setup as we will see later. However for completeness,
we evaluate the upper bound on these couplings below. The elastic scattering cross section
between dark matter and nucleon at zero momentum transfer is calculated as

- mAvs £ Ay de — AexAma)”

ON = , 3.14
XN Am(my +my)2my my (3:14)

where fny =3, [ is the scalar quark form factors, which can be evaluated as f, =0.284
for a proton and f,, = 0.287 for a nucleon [30]. Taking the upper bound on the elastic cross
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Figure 2. Diagram of the neutrino production from the semi-annihilation.

section 0¥ ~ 1071 cm? at m, = 1GeV [31], we can derive the bound

4

v
- Qe = AwAire)” S 0.011, (3.15)
2

one can see that this bound is not strong because of the relation vy S my,. The future
direct detection experiment SuperCDMS is sensitive to sub-GeV scale dark matter and is
anticipated to update the bound up to 10743 cm? [32].

3.5 Box-shaped neutrino spectra

The semi-annihilation processes xx — XJ (Xx — xJ) produce the on-shell Majoron .J. Then,
the neutrinos are produced by the subsequent decay of the Majoron J — vv; (i = 1,2,3),
as shown in figure 2. These neutrinos can be a signal of semi-annihilating dark matter in
the model. The energy of the (anti-)dark matter particle in the final state and the on-shell
Majoron are kinematically fixed by the energy-momentum conservation as

2 2 2 2
5mX—mJ _3mX—f—mJ

Ey = . By = , (3.16)

4m, 4m,,

because the dark matter particles in the initial state are non-relativistic. The differential
decay width of the neutrinos can be computed as [33]

T T .
aly _ S _9(E, — EM™)(E™™ — E,), (3.17)

UE B

where the minimum and maximum neutrino energy EJ"" and E'®* are given by

; E 2 E 2

prin = 20 (g ) pmex 2T (g ) (3.18)
2 2

and the total decay width of Majoron I'; is given by eq. (2.13). Therefore, the produced

neutrino energy spectrum becomes box-shaped, as shown by the purple lines in figure 3,
where the neutrino energy spectrum dN, /dx is defined by

N, _ 2 ar,
dr Ty dz’

(3.19)
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Figure 3. Energy spectra of the neutrino v produced by the semi-annihilation processes where the
energy resolution of o/xz = 10% is taken into account. The purple lines represent the spectra for
the on-shell Majoron J (mj < m, ), whereas the green lines represent the spectra for the off-shell
Majoron J (m, < mj). See section 3.6 for the off-shell case.

with the dimensionless parameter z = E, /m,. The factor 2 comes from the fact that two
neutrinos are produced for each Majoron decay. In figure 3, the energy resolution of the

experimental detectors o was considered by [33]

dN, dN, 1 ’ 2 2
vo_ v (' —z)% /20 / 9
Vo dx’. (3.20)

In the case of semi-annihilating dark matter, the neutrino flux produced by dark matter

semi-annihilations in the Milky Way halo is given by [34]

d®, X 2 dN,
— <O-XXU e1> janROpO (321)

dx 4 mi de’

where Jayvg is the J-factor averaged over the Milky Way halo, Ry = 8.5kpc is the distance
between the galactic center and the solar system, and py = 0.3 GeV /cm? is the local dark
matter density in the solar system. Although the J-factor generally depends on the chosen
dark matter halo profiles, it is not sensitive because the J-factor is averaged over a large
region of the solid angle [35]. Using data from Super-Kamiokande (SK) and the future
sensitivity of HK, the current bound and future prospects on the standard dark matter
annihilation cross section for the channel xx — vv in the mass range 10MeV < m, <
200 MeV have been studied with the averaged J-factor Javg = 5 in [34, 36]. These bound
and future prospects for the monochromatic neutrino lines can be translated into the case of
the box-shaped spectrum in our case by comparing the predicted box-shaped neutrino flux
at B, = E;", given by eq. (3.18) to the monochromatic flux at E,, = m,. This is plausible
because the predicted neutrino flux at E, = E}'** is expected to provide the strongest limit

on the cross section in our model.

~10 -



3.6 Off-shell Majoron case

Here, we consider the case of m, < mj < my, for completeness, although it may be less
motivated from the viewpoint of the light pseudo-Nambu-Goldstone boson. In this case,
the semi-annihilation yx — XJ and its CP conjugate processes are kinematically forbidden.
However, three-body semi-annihilation xx — Xvv is possible via the off-shell Majoron. The
differential cross section is calculated as

doyyVrel AT

z
= log(1 — 3.22
o) e [+ los(1 = )] (3.22)
where the dimensionless parameter z is defined as z = wz (3 —4x) /(1 — x) with w =
mi / m% < 1. The total cross section can be obtained by integrating eq. (3.22) in the range
0<x<3/4,

- CNmyTy | 2 — 15w 4+ 9w? o 5— 9w — 3/(1 —w)(1 — 9w)
e e | 9 /T —w)(1—9w) °\5— 9w+ 3/(1 — w)(1— 9w)

— 6w + (2 — bw) log 2] . (3.23)

Based on the above calculation, the neutrino spectrum defined by

dN, _ 2 doyyUrel (3.24)
dr — oy dx '

is shown as the green lines in figure 3. The spectra can be significantly larger than the
box-shaped spectra at high energies. However, the bound and future prospects for the
cross section are much weaker than the on-shell Majoron case studied above because the
cross section in eq. (3.23) is suppressed by the small decay width of the Majoron I'; given
by eq. (2.13). Furthermore, this suppressed cross section was too small to reproduce the
observed relic abundance.?

Therefore, the relic abundance of dark matter is determined by three-to-two self-
annihilation processes such as xxx — xx and xXx — XX, instead of semi-annihilations.?
Assuming no CP asymmetry in the dark sector, as in the previous case, the Boltzmann

equation for the total dark matter number density n is given by [27]

dn 1,
T +3Hn = —Z<03H2vr2€1> (n3 - n2neq> , (3.25)

where (73_,2v2,) is the effective three-to-two cross section defined by

- 1 1
<03—>2@fel> = §<Uxxxvge1> + 5<Uxix”r2el>

NG 1 [ A\202 2 1 1 [13)\202 2
_ VoY ] + —— 2310 |. (3.26)

- 7 |2 2 91 AR 2
11527r'mx 3! 2mX 2148 2mx

2The other ways to detect the neutrinos for the off-shell case at the DUNE experiment and colliders have
been studied though these cannot be simply applied to our case [37, 38].
3 Another three-to-two annihilation channel xxx — xJ opens if my Smy S 2my.

- 11 -



In eq. (3.26), the thermally averaged cross sections (oyy,v%,) and (o5, v2,) include the
symmetry factors for identical particles in the final state, but not in the initial state as
same as egs. (3.1) and (3.2), and only the s-wave contribution is taken into account because
the dark matter particles in the initial state are non-relativistic.

The analytic solution for the observed relic abundance is approximately given by m, ~
0.0350a,, where the effective coupling aeg is defined by <53—>2”3e1> = ag’ﬁ / mi [27, 39, 40].
Thus, for the simple case with A\, = 0, because the effective coupling is evaluated as
Qloff ~ 0.034)\2v§/mi, we obtain the solution \ & 29 (mX/G‘reV)l/2 (M /vg).

4 Numerical results

We perform numerical computation and find the parameter space that can simultaneously
reproduce the observed dark matter relic abundance, form dark matter halo cores and exhibit
a neutrino signal from the Majoron decay. We have five parameters relevant to the numerical
computation: m,, my, vg, A, and Ay. The Majoron mass should be much smaller than
the dark matter mass so that sufficient kinetic energy is provided to the (anti-)dark matter
particles by the semi-annihilation processes, and the neutrino energy spectrum becomes
box-shaped. Here we take m;/m, = 0.1 as a sample point. Note that the precise value
of the Majoron mass does not practically affect the relic abundance and neutrino signals as
long as mj/m, < 1, whereas the decay width of the Majoron can be affected by eq. (2.13).

The numerical result is shown in figure 4. In the orange region on the left-hand side
(my < 20MeV), the dark matter x is still in a thermal bath at the temperature ~ 1 MeV
and affects the effective number of neutrino species Neg [41, 42]. In the green region on
the right-hand side, the successful BBN is spoiled by the additional energy injection to
the SM sector through J — vv because the Majoron is too long-lived (7; > 18), as shown
in eq. (2.13). The relevant parameter space depends on the VEV vy, and we have taken
vg/m, = 5,10 in figure 4. The straight line whose color gradually changes from blue to red
corresponds to the parameter space that can reproduce the observed relic abundance by
semi-annihilation. The color represents the value of the quartic coupling A, required for
the core formation of dark matter halos. The perturbative unitarity bound for the quartic
coupling is imposed A, < 47. From figure 4, we can see that the dark matter mass is
my S O(1) GeV to reproduce the observed relic abundance and realize the core formation
of dark matter halos via semi-annihilation simultaneously.

The gray region was excluded by the neutrino observation from the galactic center
by the SK [34]. The dashed gray line represents the future prospects of the HK with
gadolinium 10 years observation [36]. One can find that the sensitivity of the HK can reach
the parameter space favored for dark matter relic abundance and core formation if the
dark matter mass is in the range of 20 MeV < m, < 35MeV. The lower dotted gray line is
the future prospect with a boost factor of 10 for the semi-annihilation cross section. Such
enhancement of the annihilation cross section can be realized by mechanisms such as the
Breit-Wigner effect [43, 44] and the Sommerfeld effect [45-49]. For example, the simplest
extension of the model can be achieved by introducing a singlet scalar S with a global
U(1)p—r, charge —4/3. Then, the semi-annihilation channel xx — S* — %J is enhanced at
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Figure 4. Parameter space in the (m,, A) plane with m;/m, = 0.1. The gradient line from blue,
black, and red represents the parameter space that can reproduce the observed dark matter relic
abundance with the semi-annihilation xx — xJ where the value of the quartic coupling A, required
for dark matter core formation changes from 1072 (blue) to 47 (red). The orange region on the
left-hand side is ruled out by Neg (freeze-out temperature < 1MeV). The green regions are excluded
by the lifetime of the Majoron (7; > 1s) for a fixed vg/m, = 5,10. The gray region is also excluded
by the SK data [34]. The dashed and dotted gray lines represent the HK sensitivity using Gd 10
years and without/with a boost factor of 10 (10BF) at the galaxies compared with the value required
for the relic abundance [36].
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Figure 5. Parameter space in the (m,, A) plane where the Majoron mass is fixed to be mj/m, = 3.
The purple region can reproduce the observed relic abundance and form dark matter cores via strongly
self-interacting dark matter. (0.1cm?/g < ogar/m, < 1cm?/g). The gray region is excluded by the
unitarity bound for the quartic coupling A, and the other colored regions are the same as in figure 4.

the resonance at 2m, ~ mg. If this kind of enhancement occurs, the dark matter mass up
to m, ~ 200 MeV can be tested by HK with Gd, as shown in figure 4.

The numerical results for the off-shell Majoron case are shown in figure 5. The
purple region can reproduce the observed relic abundance and form dark matter halo cores
simultaneously. Here, we have taken the self-interacting cross section required for the core
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formation as 0.1 cm?/g < ogar/m, < 1cm?/g [7]. The upper gray region is excluded by the
unitarity bound for quartic coupling A\. The other colored regions were also excluded for the
same reasons as in figure 4. For m,, 2 40 MeV, the purple region approximately coincides
with the analytical solution for the relic abundance A =~ 29 (m,/ GeV)'/2 (my/vg). In this
mass region, the quartic coupling A is dominant over the other coupling A, to determine
the relic abundance and form the dark matter core formation. For the smaller mass region,
because these couplings are comparable or )\, is dominant, a wider region of A can be
chosen at a fixed dark matter mass. Compared with the semi-annihilation case (m; < my),
one finds that the quartic coupling A is closer to the unitarity bound because a stronger
self-interacting cross section is required for dark matter halo core formation.

5 Summary and discussion

Although the canonical WIMPs are strongly constrained by recent experimental and obser-
vational results, the thermal production mechanism of dark matter is still attractive. Semi-
annihilating dark matter is an alternative to thermal dark matter, and semi-annihilations
indicate some interesting phenomenological aspects which do not emerge for the standard
annihilations of dark matter, such as core formation of dark matter halos, and boosted dark
matter in the final states. In this paper, we have proposed a model of semi-annihilating
dark matter based on global U(1)p_1, symmetry, where two complex scalars and three right-
handed neutrinos are introduced as new fields to the SM. The complex scalar is stabilized
by the remnant Zs symmetry after spontaneous symmetry breaking. In addition, the small
neutrino masses are also generated via the seesaw mechanism. Because the pseudo-Nambu-
Goldstone boson associated with the global U(1)p_; symmetry, the so-called Majoron,
is anticipated to be light enough, the dark matter semi-annihilation into the Majoron is
naturally regarded as the dominant channel compared with the other annihilation channels.

We have explored a parameter space that can reproduce the observed relic abundance
via the canonical freeze-out mechanism, form dark matter halo cores, and be consistent with
the cosmological observations and the perturbative unitarity bounds. We have found that
the dark matter mass should be in the range of 20MeV < m, < 1GeV, and the quartic
coupling ) that induces semi-annihilation should be in the range of 3 x 107> < X <2x 1073,

In addition, the box-shaped spectrum of neutrinos can be generated by semi-annihilation
in the galaxies as a characteristic signature of the model. The signal can be detected at
the future large-volume neutrino detector, HK, if the dark matter mass is rather light,
25MeV < m, < 35MeV. Furthermore, a larger dark matter mass region can be tested if
the semi-annihilation cross section is enhanced by a mechanism such as the Breit-Wigner
and Sommerfeld effects.

For comparison, we have also investigated the case in which the Majoron mass is heavier
than the dark matter mass. In this case, the dark matter relic abundance is determined
by the three-to-two annihilation processes rather than the semi-annihilation processes. As
a result, stronger self-interactions are required for relic abundance and dark matter core
formation. In the off-shell Majoron case, we have found that neutrinos are not generated as
a characteristic signal, unlike in the semi-annihilation case.
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