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ABSTRACT: Strongly Interacting Massive Particles (SIMPs) have recently been proposed
as light thermal dark matter relics. Here we consider an explicit realization of the SIMP
mechanism in the form of vector SIMPs arising from an SU(2) x hidden gauge theory, where
the accidental custodial symmetry protects the stability of the dark matter. We propose
several ways of equilibrating the dark and visible sectors in this setup. In particular, we
show that a light dark Higgs portal can maintain thermal equilibrium between the two
sectors, as can a massive dark vector portal with its generalized Chern-Simons couplings
to the vector SIMPs, all while remaining consistent with experimental constraints.
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1 Introduction

There is overwhelming evidence for the existence of dark matter (DM) in the Universe [1].
One of the most compelling particle physics candidates for dark matter is the Weakly
Interacting Massive Particles (WIMPs). However, the absence of experimental signals in
direct [2-5] and indirect [6, 7] detection experiments for WIMPs, has led researchers to focus
attention in recent years on sub-GeV dark matter. Thermal production of such light dark
matter is possible if, for instance, standard 2 — 2 annihilations proceed with small cou-
plings [8] or if new annihilation mechanisms are present, such as 3 — 2 annihilations [9-11]
or forbidden 2 — 2 channels [12, 13].

The thermal production of Strongly Interacting Massive Particles (SIMPs) [10] is based
on freezeout of 3 — 2 self-annihilation of dark matter, with coupling between SIMPs and
light Standard Model (SM) particles, which maintain kinetic equilibrium between the two
sectors until freeze-out occurs. Various realizations of SIMP dark matter have been pro-
posed in the literature, which often contain (pseudo)scalar dark matter particles with dark
abelian or non-abelian gauge symmetries [10, 14-19]. Massive dark vector bosons can
also be SIMP candidates when stemming from non-abelian dark gauge bosons [20-25],



as can be dark fermions or scalars when accompanied with a light dark photon or an-
other scalar [26, 27]. Vector SIMP models are particularly predictive since the cubic and
quartic self-interactions of dark matter are determined by a single gauge coupling. If the
non-abelian dark gauge symmetry is spontaneously broken by the Higgs mechanism, the
resulting massive dark Higgs can equilibrate the vector SIMPs and the SM via a Higgs
portal coupling [20-22, 24, 28]. The spin information of the dark matter could be then be
inferred from the invisible Higgs decay, as is the case for the WIMP [29].

In this paper, we consider vector SIMP dark matter in an SU(2) x dark gauge theory,
where the three massive (degenerate) SU(2) x gauge bosons play the role of vector SIMPs.
Equilibration between the dark and visible sectors can be achieved by elastic scattering
between the dark matter and the SU(2)x dark Higgs, provided that the latter is light
enough to be thermalized with the SM via the Higgs portal until freeze-out occurs. As we
will see, the dark Higgs can successfully thermalize the two sectors only when it is close
in mass to the dark matter, in which case additional forbidden 2 — 2 annihilations are
important as well. Alternatively, the dark U(1)z photon can thermalize the dark and
visible sectors via its kinetic mixing with the SM hypercharge alongside its coupling to
the DM, which proceed through generalized Chern-Simons (CS) terms [30-35]. In both
cases of the Higgs and vector portals, we find parameter space consistent with all existing
constraints. Our results indicate that the framework can be probed via Higgs/Z-boson
invisible decays as well as dark Higgs/dark photon searches in current and future collider
and beam dump experiments.

This paper is organized as follows. We begin by describing the SU(2)y dark gauge
theory model in section 2, including the relevant Higgs and gauge-mixing vector portals to
the SM. Section 3 discusses the 3 — 2 annihilation processes setting the DM abundance,
the self-scattering cross sections, and the effects of forbidden channels on the relic density.
Methods for achieving kinetic equilibrium between the dark and visible sectors via Higgs
mixing and/or gauge mixing are addressed in section 4. We conclude in section 5.

2 The model

Here we present the framework for vector SIMPs: we start with the dark gauge theory, and
then describe the Higgs interactions as well as kinetic gauge mixing and couplings between
the dark photon and the dark matter.

2.1 The dark sector

We consider as a model for non-abelian SIMP dark matter an SU(2) x gauge theory in the
dark sector, broken completely due to the VEVs of a dark Higgs doublet ®. The massive
gauge bosons of SU(2)x, denoted by Xi (1 = 1,2,3), are degenerate and stable due to
a dark custodial isospin symmetry, and are a dark matter candidate [20, 21, 24]. The
accidental custodial symmetry persists in the presence of the Higgs portal and Z’ portal
with the generalized Chern-Simons term which we discuss later, maintaining the stability
of the dark matter.



The Lagrangian for the dark sector is given by
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where the field strength tensors are )?W = OH)Z',, - 8,,)@ + QX(X;L X X,,) The scalar
potential is given by
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with the covariant derivatives for the dark Higgs doublet is D, ® = (9,, — %igXF X )P

After expanding the dark Higgs fields around the VEV as & = %(O,UX + ¢)T in
unitary gauge, one obtains gauge boson mass of mx = % gxvx. The self-interactions of the
vector dark matter and its interactions with the dark Higgs ¢ are given by
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The non-abelian interactions among the vector bosons X allow for 3 — 2 annihilations
as SIMPs. This idea is actually much more general than we discussed above. This symmetry
breaking can also be considered as dynamical, as a result of chiral symmetry breaking
SU(2)r x SU(2)g — SU(2)y in an SU(N,) gauge theory. This corresponds to the limit
where my — 0o at low energies, while resonances can play an important role at higher
energies. In this case, the coupling gx is still considered perturbative.

Alternatively, we can consider the theory with a Higgs doublet in the strongly coupled
regime gx > 1. As pointed out by 't Hooft [36], an SU(2) gauge theory with a doublet
scalar does not have an order parameter to distinguish the broken and confining phases,
and hence the two phases are continuously connected, akin to liquid and gas phases of
water at high pressures. In the strong coupling case, the vector SIMP is described by the
interpolating field ®1; B x®, while the dark Higgs by ®T®. Given enough parameters in the
model (gx, m?p, Aa), one can most likely have the dark Higgs heavier than the vector SIMP
as required (see below); such a discussion requires numerical simulations and is beyond the
scope of this paper.

2.2 Higgs portal

The dark Higgs provides a portal between the dark sector and the visible sector, since the
dark and SM scalars may interact at the renormalizable level,

Lhiges = Mom [P H|? + Asu|SI|H|* + \os|®|?|S)?. (2.4)

Here, a complex scalar field S is introduced for giving mass to Z’ gauge boson by Higgs
mechanism in the later discussion on Z’ portal in section 2.3. Since Z’ is assumed to be
heavier than dark matter in our model, we assumed that the radial mode of S has no
significant mixing with the dark Higgs ¢ and the SM Higgs.



The SM and dark Higgs bosons are then mixed by
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where hi, ho are mass eigenstates of mass

m%th = \p% + Agv? T \/()\qﬂ}g( = Agv?)? + A3 o2, (2.6)
and the mixing angle is given by
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Here, we assume that the additional Higgs field s for U(1)zs is heavy enough so that its
mixing effects with the above Higgs fields is negligible. The Higgs mixing yields interactions
between the vector DM and the SM particles,
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enabling communication between the two sectors.
In the presence of such Higgs-portal couplings, the SM Higgs can decay invisibly into
a pair of dark gauge bosons or dark higgses, with decay rates

3sin? Om3 4m>2 19m4 Am2
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The visible decays of the SM Higgs are scaled down universally by cos? § due to the Higgs
mixing. As we will see in section 4.2, the bound on invisible Higgs decays places a strong
constraint on the allowed mixing, and hence on the possibility that the Higgs portal main-
tains kinetic equilibrium between the two sectors.

2.3 Vector portal

In addition to the Higgs portal, we can gauge a U(1)z symmetry acting on the complex
scalar S, with the covariant derivative DS = (0, — igzZ,,)S. The U(1)z massive gauge
boson Z' can connect the dark and visible sectors, in the presence of gauge kinetic mixing
with the SM hypercharge as well as DM-Z’ interactions:

1
»Cvector = _5 SingZ;/u/B/W + EXXZ’ . (2‘10)

Here Ly xz generates a 3-pt interaction between X X Z'; it may be generated by a non-
abelian Chern-Simons (CS) term, as will be discussed below.



The kinetic and mass terms for the Z and Z’ gauge bosons [15] is diagonalized
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where (Bng’Z;/L) are hypercharge, neutral-weak and dark gauge fields, (A,, Z1,, Z2,)
are mass eigenstates, and sy = sin Oy, ey = cos Oy, etc. Here, Z7 is Z-boson-like and Zs
is Z'-boson-like, with masses
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where the mixing angle is
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The electromagnetic and neutral-current interactions are then
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where € = ewtece ~ ewé for €] < 1, and J]f;LM, Jg and Jg, are electromagnetic, neutral
and dark currents, respectively. For mz < mz, one has { ~ —sw& = —ty ¢, so the neutral
current interaction of the dark photon is negligible due to s¢ + twe ~ ( 4+ sw& ~ 0.
There are no direct couplings between the SM and the non-abelian vector dark matter
at the renormalizable level, because of the non-abelian gauge symmetry. Likewise, there are
no direct renormalizable interactions between the Z’ and the X-boson, since the dark Higgs
are not charged under both symmetries (in other words, the dark Weinberg angle vanishes).
If heavy fermions charged under both SU(2)x and U(1)z are present in the theory,
they may generate low-energy effective X X Z’ interactions via triangle diagrams. From the
effective theory point of view these may manifest as generalized non-abelian Chern-Simons
terms [33, 34],
ECS,EFT D) CleMV,OUZI/AX"V . ((9p)?0 — &TXP) . (2.15)

Although the coefficient ¢ is dimensionless, these are non-renormalizable operators and
arise from gauge dimension-8 operators, known as D’Hoker-Farhi terms [37],

7 y ~
Lo D mSTDMS(D )X, ®+cc. (2.16)

Likewise, an effective 3-pt interaction can be generated by the gauge invariant dimension-8
operator of the form

1
Lps = 577 €77 (91X, D) Z,, (2.17)



In this work we will consider the phenomenology of the effective operator eq. (2.15);
appendix A contains a concrete example of generating the effective Chern Simons term.

We remark on the invisible decays of Z and Z’ bosons in our setup. The Z boson
can decay invisibly into a pair of vector dark matter particles through the generalized CS
terms in the presence of a gauge kinetic mixing between Z’' and Z bosons. But, if Ny
heavy fermions f running in triangle diagrams are relatively light for a sizable CS term
(but heavy enough not to affect our discussion on vector SIMPs in the later sections) as
discussed in appendix A, the Z-boson preferentially decays directly into a pair of heavy
fermions at tree level. Then, the corresponding Z-boson invisible decay width is given by
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with azr = g%, /(4m). On the other hand, if the heavy fermions are heavier than my /2, the
Z' boson decays into a pair of vector dark matter particles via the CS term, with the width
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3 Vector SIMP dark matter

Having established the interactions of the framework, we now address the cross section for
the dark matter relic abundance and self-scatterings. We first determine the relic density
of dark matter from 3 — 2 processes in section 3.1, and discuss the role of additional
forbidden annihilation channels in section 3.2.

3.1 SIMP channels

Here we compute the relic density assuming the 3 — 2 annihilation processes are the dom-
inant number-changing processes. In the presence of an isospin symmetry for the vector
dark matter, all components of dark matter have the same mass, and can be treated as iden-
tical particles. Assuming the dark matter remains in kinetic equilibrium with the SM until
the time of freeze-out, the Boltzmann equation for the vector dark matter is given by [10]

dnpm
dt
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Here, the thermally averaged 3 — 2 annihilation cross-section (away from a resonance) is

given by
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with
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where C and C5 are dimensionless quantities given in eqgs. (B.12) and (B.14), respectively.
We note that the first term in (0v?)3_,2 stems from X XX — X X channels and (ov?)% .,
due to XXX — Xhy channels contributes only for m;, < 2mx, becoming dominant near
the resonance at mj, = 2mx. On the other hand, XXX — hih; channels are p-wave
suppressed so they are not included here. Additional terms that give an approximate res-
onance when mj, = 3mx are present, but as they are p-wave suppressed they are always
subdominant and hence can be neglected. Further details of the 3 — 2 cross section and
discussion of the Boltzmann equation can be found in appendix B.

In the instantaneous freeze-out approximation, the relic abundance for 3 — 2 annihi-
lation is found to be

mx 80/ pe %
s(mx)?/H(mx) (ov?)349 ’

QpM ~ (3.4)
where so/p. ~ 6 - 108/GeV is the ratio of the entropy density today to the critical density,
s(mx) is the entropy density at T = mx, and H(mx) is the Hubble rate at T = mx.
Here xy = mx /Ty indicates the freezeout temperature, which is typically x; € [15,20] for
3 — 2 freezeout. For my, 2 3mx, the Higgs contributions to the cross-section effectively
decouples, and we have

N 22 (10.75\** ( mx fax \*?
QDM—O'33(2O> ( s 100 MeV ' (3:5)

In figure 1 we depict the parameter space in which the measured dark matter relic
density is obtained within 30 (red region) for ax = g% /(47) (mp,) and mx in the upper
(lower) panel. For illustration, the top panel shows the results for dark Higgs mass of
mp, = 4mx where no resonance enhancement is present, while in the bottom panel we fix
ax = 1,2 and vary mx and mp, .

In addition to 3 — 2 annihilations, the vector SIMP dark matter undergoes self-
scattering processes, which are constrained by the bullet cluster [38-40] and by elliptical
halo shapes [41, 42]. Away from a resonance, the self interacting cross-section is

4

= Ix (520 8 _ 4208m8S m2 + 8801m? m
Ogelf 11527”7’1,%17’”%{(?71%1 _4m§()2 mhl mhlmX + mhlmX

—1200m3, m% + 320m§<) . (3.6)
A simple approximation can be derived in the limit mp, > mx:
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Contours of the self-scattering cross section obeying oger/mx = 0.1,1,10 cm? /g are shown
in figure 1 in dotted, dashed and dot-dashed lines, respectively.
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Figure 1. The parameter space of vector SIMP dark matter in the my vs. ax = g%/(4m) (top)
or my, (bottom), when considering 3 — 2 annihilation channels only. The Planck 30 measurement
of the relic density is show in red in all panels. Contours of the self-scattering cross section of
Osett/mx = 0.1,1,10cm? /g are shown in the dotted, dashed and dot-dashed curves, respectively.
We have chosen mp, = 4mx on top and ax = 1,2 on bottom. The shaded gray regions in the
lower panels are where other 2 — 2 channels dominate over 3 — 2 processes.

We learn that away from a resonance region, vector SIMP 3 — 2 dark matter consistent
2 O(100 MeV) and

~

with self-scattering constraints points to dark matter masses of mx
strong couplings of ax 2 1. Indeed, strong coupling is a frequent common feature in SIMP
dark matter models [10, 14-16, 18, 20, 21, 24, 26], though exceptions can arise (e.g. on
resonance [17, 19]). Close to the resonance region, the relic density is sensitive to the dark
Higgs mass, and the viable parameter space is broadened further to include larger DM
masses at fixed dark gauge coupling, or smaller dark gauge couplings for fixed DM masses.

We comment that the strong gauge coupling leads to a question on the potential
breakdown of perturbativity in relic density calculation. In our case, however, the SU(2) x



gauge symmetry is completely broken by the VEV of the dark Higgs, and there are no
light particles below the confinement or symmetry breaking scale (i.e., vector SIMP mass).
Therefore, given that there is no phase transition separating the Higgs phase and confining
phase, namely, the complementarity between the Higgs and confining phases [36, 43—47],
the Higgsed theory can be pushed into regions where perturbativity is questionable. Closer
inspection of the issue of complementarity may be worthwhile, though is beyond the scope
of this paper.

< 1.5mx, for-

~

As the dark Higgs mass approaches the DM mass, when myx < my,
bidden 2 — 2 annihilation channels contribute significantly to the relic density and must
be included as well; we study this in the next subsection. (The regions in which 2 — 2
processes dominate the relic density are shown in shaded gray in figure 1.) As we will
see, the self-scattering rate is reduced in this case, allowing smaller dark matter masses
consistent with observational constraints.

3.2 Forbidden channels

When the dark Higgs is slightly heavier than the dark matter, forbidden 2 — 2 channels
such as X;X; — hihy and X;X; — Xphy — although kinematically inaccessible at zero
temperature — can be important in determining the relic density at the time of freeze-
out [12, 13]. For mx < mp, S 2(1.5)mx, new 3 — 2 channels such as X XX — Xhy(hihy)
open up as well so they have been already included in figure 1. Here we discuss the effects
of the forbidden channels on the relic abundance and identify the parameter space of vector
SIMP dark matter that is consistent with the observed relic density when including these
effects. (This will be particularly relevant when kinetic equilibrium between the SIMP and
SM sectors is obtained via the Higgs portal, as will become evident in section 4.2.)

Assuming that the forbidden channels are dominant, the approximate Boltzmann equa-
tion is given by

anM 2
dt + 3HTLDM ~ _§<O—U>ii*)hlh1n2DM + 6<0-/U>h1h14)i7;(n2?)2
— {0 + (o0, i (39)
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where we have assumed that h; maintains chemical and thermal equilibrium with the
SM bath throughout freezeout. See the full Boltzmann equations in eq. (B.15). Detailed
balance conditions at high temperature determine the annihilation cross sections for the
forbidden channels in terms of the unforbidden channels,

9(n2?)2
<0’U>z‘z‘—>h1h1 = m <0'U>h1h1—>z‘z‘ =(1+ Ahl)
DM
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DM
with Ay, = (mp, —m,)/m,. The cross section formulas for the allowed 2 — 2 channels in
the r.h.s. above are given in appendix B.



Only Forbidden, mp,=(1+Ap,)mx SIMP+Forbidden, mp,=(1+Ap,)mx

108 ‘

— ax=0.01, mx=1GeV

=== x=0.01, mx=10 MeV /|
d

104} | = ax=01. m=1Gev L 104t

=== ay=0.1, mx=10 MeV +

— ay=1, my=1GeV

=== ay=1, mx=10 MeV

100f 100}
2
Qh? 1 O 1
____________________________
0.01F 0.01¢
— ay=0.01, my=1GeV
wm= ay=0.01, my=10 MeV
, Sl — ay=0.1, my=1GeV
1074 . /" R 7 1074F ; _' ; = ay=0.1, my=10 MeV
______ id ',g.’—-"’ ya —ay=1, my=1GeV
o e ame ay=1, my=10 MeV
PrAnirt g
10—6 e S T 10—6 P
0.0 0.2 0.4 06 08 0.0
Ap,
Figure 2. Dark matter relic density as a function of Ay, = (mp, — mx)/mx, for forbidden

channels only (left) and both forbidden and SIMP channels (right). The measured relic density is
shown by the purple curve. We show the results for various illustrative values of coupling and mass:
ax =0.01,0.1,1 and mx = 0.1 MeV,1GeV.

Denoting the allowed 2 — 2 cross sections in the r.h.s. above by ((w>kh1%ij = a and
(0V)hyhy—ii = b, the DM abundance is found to be [13]

X
Yo (co) & Tf eAms f(Ap,, z) (3.11)
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resulting in the relic density
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In general, however, one must account simultaneously for both the 3 — 2 processes and
the 2 — 2 forbidden channels in determining the dark matter relic abundance.

In figure 2, we show the dark matter relic density as a function of Ay, = (mp,—mx)/mx,
first when including only forbidden channels (left panel) and then when taking both forbid-
den and SIMP channels into account (right panel). We have varied ax and my between
0.01-1 and 10 MeV—1 GeV, respectively. We learn that forbidden channels play an impor-
tant role for Ay, < 0.5, where the observed relic density can be achieved over a broad

range of couplings ax and masses mx. As the mass difference increases, 3 — 2 SIMP an-
nihilations begin dominating the relic abundance as a saturated value for mass differences

~10 -



Ap, 2 0.5. We note that the importance of the forbidden semi-annihilation channels for
Ap, < 0.5, in contrast to the naive expectation from the Boltzmann suppression factors of
Ap, $1, is due to a large numerical factor in the SIMP 3 — 2 annihilation cross section.

4 Kinetic equilibrium

In order of the SIMP mechanism to be viable, we require that the SIMP sector efficiently
dumps entropy into the SM bath. In the proposed framework, this can be achieved either
by a Higgs or Z’' portal between the vector SIMPs and SM particles. After a general
discussion of the relevant Boltzmann equation in terms of the dark sector temperature and
the requirement of equilibration in section 4.1, we study the Higgs portal in section 4.2 and
the Z’ portal in section 4.3.

4.1 Equilibration conditions

Following ref. [48], we find the decoupling temperature by comparing the rate of change in

kinetic energy injected by the 3 — 2 annihilations compared to the kinetic energy lost due

to elastic scattering. When the 3 — 2 occurs, the mass of one dark particle is converted to

the kinetic energy of the 2 outgoing particles. These particles quickly scatter off the dark

matter particles, and distribute the energy to the dark bath. Thus, the 3 — 2 annihilations

maintain chemical equilibrium in the DM gas, while releasing kinetic energy per particle
K3_>2 = MpM 'DM ~ —m%MHTfl. (4.1)

npM

Elastic scattering processes transfer this excess kinetic energy to the SM gas at a rate

. 1 gid3k; K a3y ;L
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Here, the sum is taken over the species i in the relativistic plasma with initial(final) mo-
mentum k(k’), p(p’) is the dark matter initial(final) momentum. In the limit of |k| < mpy,
the change in kinetic energy can be written in terms of the momentum relaxation rate, v(7")

. >~ @3k k da i X
Kel = T7 Z 6mDM / 3 fl 1 + fz \/L /4k2 th—>X ) (43)
k2 +m?

where ¢ is the squared momentum transfer between DM and the relativistic species. The
differential elastic scattering cross section is given by

dUXi—>Xi 1 IV D)
= Mximxil?- 4.4
dt 64mm2 k2 Mxioxi (4.4)

The decoupling occurs when the DM-to-SM energy transfer can no longer keep up with
the kinetic energy production; equating eq. (4.1) with eq. (4.3), we have

2

m
v(Tkp) ~ H(Tkp) TEM, (4.5)
KD

- 11 -



where H = 0.339}/ 72 /Mpy with g, = 10.75 the effective relativistic number of species for

1MeV < T < 100MeV and Mp; = 2 x 10'® GeV the Planck scale. In what follows we use
eq. (4.5), evaluated at Txp = mpy/20, to place a lower bound on the interactions between
the vector SIMPs and the SM particles, needed to achieve the correct DM abundance. The
ELDER DM curve [48, 49], corresponds to Txp =~ mpn/15, where the relic abundance is
determined by the elastic scattering rate.

The dark matter can also thermalize with the SM, if the dark matter maintains equi-
librium with the dark Higgs, while the dark Higgs maintains equilibrium with the SM bath
via decay and inverse decays into SM fermions. The dark Higgs should be heavier than the
dark X-bosons, or else the dark matter will efficiently annihilate into dark Higgs, effectively
becoming a WIMP-like scenario. However, if the dark Higgs is much heavier than the dark
matter, then the dark Higgs abundance will have been sufficiently depleted and it will not
be able to maintain equilibrium between the two sectors. This pushes the spectrum to a
< 1.5my, where the dark matter can annihilate into dark

~

forbidden regime, mx < mp,
Higgses, but with a large Boltzmann suppression. At the time right before freezeout, both
the semi-annihilation XX — Xh; and self-annihilation XXX — XX processes will be
active for large gauge coupling. The dark sector will be in thermal equilibrium with van-
ishing chemical potential. Thus in order for freezeout to occur one just needs to check that
the dark Higgs can deplete the density in the dark sector fast enough up until freezeout,

TLZ? (TFo)FhlﬁSM > H(TFo) ’I’L(;?(TFO) + TLZ? (TFQ) . (4.6)

We use the above condition on the dark Higgs decay rate in the case that vector SIMPs
are in kinetic equilibrium through the scattering with the dark Higgs.

4.2 Higgs portal

The coupling Ay present in eq. (2.2) leads to mixing between the SM and dark Higgs,
which enables a Higgs portal between the dark and visible sectors.

In the presence of Higgs-portal induced mixing between the SM and dark Higgs, the
SM Higgs can decay invisibly into a pair of dark matter particles, with decay rate given by
eq. (2.9):

3sin? Om;} 4m3  12m} 4mS3
[(hy —» XX) = ha (1— LD S0 o I S LD

327rv§( m,212 mfm m,212 ' (47)
The combined VBF, ZH and gluon fusion production of Higgs bosons at CMS leads to
BR(he — X X) < 0.24 at 95% CL [50], while the ATLAS bounds from the VBF [51] and
ZH [52] modes give BR(ha — X X) < 0.29 and BR(ha — X X) < 0.75, respectively. These
decays provide a strong constraint on the mixing: sin§ < 107° for ax ~ O(1).

The mixing also induces direct couplings of the darks Higgs to the SM electron and
muons, which in turn induces tree-level scattering of the SM of the leptons. However, the
smallness of the electron Yukawa coupling and the Boltzmann-suppression of the muons at
the time of freezeout combined with constraints on the Higgs invisible decay result in the
elastic scattering being inefficient for thermalization.
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Figure 3. Vector SIMPs through the Higgs portal, with DM-dark Higgs scattering and dark Higgs-
SM decays. Left: parameter space of mp, vs. sin 6 for DM-dark Higgs scattering. The shaded purple
regions indicate where kinetic equilibrium between the DM and dark Higgs fails. Right: parameter
space of mx vs. sinf. The purple lines are the lower bounds on sin # from kinetic equilibrium for
fixed ratios mp, /mx. In both panels: the dashed black curves are the upper bounds on sin € from
Higgs invisible decays.

Alternatively, if the dark Higgs is fairly light, scattering between the vector dark matter
and the dark Higgs can equilibrate the dark sector, with decays and inverse decays of the
dark Higgs into SM particles completing the equilibration requirement between the SIMP
and SM sectors. The momentum relaxation rate from the elastic scattering of dark matter

off of dark Higgs, X;hy — X;h1, is given by
2 2\ 2
(mh1 — 6mx> T2 o=y /T

B Im9x MG,
C122m3my (mx + mp, )2

Y(T)ny (4.8)

m,%l — 4m§(
where g5, =1. We note that the above result is valid for my, (mp,—2mx) 2 pdy ~ M3 U3 -
Plugging this into the kinetic equilibrium condition eq. (4.5), we find that equilibrium
between the dark Higgs and the DM is effective in most of parameter space satisfying the
dark matter relic abundance.

Simultaneously, kinetic equilibrium between the dark Higgs and the SM is maintained

by decays and the inverse decays of the Higgs into a pair of SM fermions,

m%mhl sin? 6 - 4m?c 3/2
8mv? mj, '

L(h1 — ff) = (4.9)

In figure 3, we illustrate this second requirement of equilibration between the dark Higgs
and the SM, as a function of sin § and my, (left) or mx (right) for fixed mx and ax (left)
or fixed ratio my, /mx (right). The upper bound on the mixing angle from invisible Higgs
decays is indicated by the dashed black curves in both panels. Here the active thermaliza-
tion process comes primarily from decays into muons when kinematically accessible, and
from electrons for smaller masses.
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We learn that the Higgs portal is a viable mediator between vector SIMPs and the SM
when the dark Higgs is close in mass to the DM. In this regime, 2 — 2 forbidden (semi)-
annihilations channels of DM and the dark Higgs, X;X; — Xyhi(hih;), can be active and
are then important contributors in determining the dark matter relic density, as discussed
in section 3.2. In this case, the semi-annihilations are also active thermalization processes
within the dark sector.

We note that current limits on Higgs mixing from rare kaon- and B-meson decays
are weaker than the bound we impose from the Higgs invisible decay. However future
beam dump or fixed target experiments, such as SHiP at CERN SPS, have the potential
to probe the Higgs mixing angle further down [53]. The allowed parameter space for the
Higgs portal to vector SIMPs could then be further probed as the invisible Higgs decay
constraint improves.

Before ending this subsection, we remark that a Higgs portal coupling could allow in
principle for the elastic scattering of relic vector SIMP dark matter with electrons in direct-
detection experiments [54—64]. For me, mx,mz > ppy ~ mxvpwm, the DM-electron direct
detection scattering cross section via the Higgs portal is given by

2
ax sin? § cos? Omim?3 ( 1 1 )

ODD =

v2(me +mx)? mil B m%g

ing\?2 1.2 \* /100MeV\*
~dx 1070 cm? (24X (2 . 41
X107 em ( 2 ) 104 mp, /mx mx (4.10)

The small electron Yukawa coupling suppresses the cross section substantially, yielding a

currently unconstrained spin-independent direct detection cross section.

4.3 Z' portal

Next, we explore the kinetically mixed Z’ portal for mediation between the SIMP and
visible sectors. We use the CS terms of eq. (2.15) to couple the vector DM to the Z’,
together with kinetic mixing between the Z’ and the SM hypercharge. The momentum
relaxation rate for vector DM scattering with electrons via the Z’ portal is given by

124073 ce?e?

YTz = 7%, (4.11)

567mxm?%,
and one imposes eq. (4.5) for kinetic equilibrium.

The resulting allowed parameter space is depicted in figure 4 as a function of kinetic
mixing ¢, for fixed DM and Z’ masses. The gray region is excluded by the unitarity bound
on the CS term, and the kinetic equilibrium condition fails in the purple region. The LEP
bound on the invisible decay width of the Z-boson, I'iyy < 3MeV [65] is shown in green,
where we have assumed the dominant mode is into dark fermions that generate the CS
coupling [as would be the case in generic UV completions with Nyaz = 1 in eq. (2.18)]
in both plots. The BaBar constraint from invisible decays [66] is shown in blue (with a
similar-sized constraint from the beam dump experiment NA64 at CERN SPS [69]).

In figure 5 we further show the allowed parameter space in € and mx (top panels) or
my (lower panels), for fixed values of the CS coefficient and of mz or mx, respectively.
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Figure 4. Allowed parameter space for vector SIMPs with a Z’ portal in the ¢ and c¢; plane, for
fixed values of DM and Z’ masses. We show the bounds from unitarity (brown), kinetic equilibrium
(purple), the invisible width of the Z boson (green) [65] and BaBar monophoton+MET (blue) [66].
Here, we took Nyaz =1 in eq. (2.18) for Z-boson invisible decay bounds.

Here, kinetic equilibrium is not maintained in the purple region; 2 — 2 processes are
dominant over 3 — 2 processes in the red region; invisible Z-decay limits [65] are imposed
in green [where we have assumed the dominant mode is into dark fermions with Nyayz =1
in eq. (2.18)]; and constraints from BaBar invisible [66] and visible [67] searches are shown
in blue. The projected reach of Belle-II into the parameter space is shown in the dashed
blue curve [68]. As is evident, vector SIMPs through the Z’ portal can be achieved in an
experimentally viable parameter space.

Concerning direct-detection, we note that the Z’ portal coupling of vector SIMPs via
the CS term gives rise to a p-wave velocity-suppressed elastic cross section off electrons.
As a result, the spin-independent cross section between vector SIMPs and electrons via
the Z' portal is highly suppressed, in contrast to the case of scalar SIMPs [15]. For
Me, Mx, Mz > ppM ~ MxvpM, the DM-electron scattering cross section with Z’ portal is

given by
S 16c2e%aemm? (m3 + 2memyx — m2)m% .2
Bm%, (mx + me)?t DM
2/, & \2/500MeV\* /vpy\2
~ 6 x 107! 2(61) ( ) ( ) . 412
X M \o01) 103 g 10-3 (4.12)

For illustration, contours of DM-electron scattering with opp = 10~* (*9em? are depicted
in the lower left (right) panel of figure 5.

We learn that a kinetically mixed Z’ with CS couplings can successfully mediate in-
teractions between the SIMP and SM sectors, consistent with all experimental constraints.
We expect that future experiments such as Belle-II [68] and potentially measurements
at LHCD [70] can further probe the allowed parameter space for vector SIMPs with a

vector portal.
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Figure 5. Allowed parameter space for vector SIMPs with a Z’ portal. Top: parameter space of mx
vs. € for ¢ = 0.01, for mz = 500 MeV (left) and 1 GeV (right). Bottom: parameter space of myz vs.
e for ¢; = 0.01, for mx = 50MeV (left) and 100 MeV (right). Here, we took Nyaz = 1in eq. (2.18)
for the Z-boson invisible decay bound. In all panels: the purple region indicates where the kinetic
equilibrium condition fails; the green region is excluded by the Z-boson invisible decay [65]; and the
red region is where the 2 — 2 annihilation becomes dominant. BaBar searches for monophotons
with MET [66] and with dileptons [67] exclude the blue region. The projected Belle-IT reach for
monophoton+MET [68] is depicted in dashed blue curve. Contours for DM-electron scattering cross
section with opp = 10748 (*9cm? are also shown in dot-dashed lines on the left (right) panels.

5 Conclusions

We have considered a spontaneously broken SU(2)x gauge theory in the hidden sector as
an economical realization of vector SIMP dark matter. Kinetic equilibrium between the
dark and visible sectors can be obtained via a Higgs portal in a minimal model or through
a Z'-portal in an extended model with an additional U(1)z and its non-abelian Chern-
Simons term. We have identified the parameter space for the SU(2) x gauge coupling and
dark matter mass by taking into account the observed relic density as well as the self-

scattering cross section. The kinetic equilibrium condition in combination with a variety
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of experimental constraints restrain the Higgs mixing or gauge kinetic mixing to a region
that could be probed in current and planned experiments at the intensity frontiers.
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A The Chern Simons term

In this section, we discuss the origin of the generalized CS terms in a concrete model with
dark fermions for a UV completion. Furthermore, we show that the effective CS terms
and the general Z/ — X — X interactions can be derived from manifestly gauge invariant
operators at low energy.

Suppose that there is a set of light fermions charged under SU(2)x x U(1)z such as

1=(2,41), [=(2,41), e =(1,-1), & =(1,-1). (A1)

along with a heavy dark fermions with opposite U(1)zs charges (L, L, E¢, Ec) that cancel
the anomalies. With dark Higgs fields of charges ® = (2,0) and S = (1, —2), then SU(2)

vector-like and chiral masses from terms

SII+ 5%+ dlef + Dlec (A.2)

where ® = i72®*, are generated after SU(2)x x U(1)z spontaneous symmetry breaking.!

The SU(2)x gauge bosons masses are degenerate at tree level and receive small loop corrections due
to the mass splitting between the members of each doublet fermion, that is proportional to chiral fermion
mass. If the mass splitting between SU(2)x gauge bosons is smaller than 10% of DM mass, all the SIMP
processes are still active and dominant and the vector dark matter remains stable for heavy fermions. One
can check explicitly in the example with vector-like dark fermions that there is no X3 — Z’ mixing generated
at loop level, so there is no issue of dark matter instability.
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When integrating out the light fermions, the non-decoupling portion of the one-loop
triangle diagrams gives an effective CS term

Nrgzrax m? S . -
Lcs EFT = %%EW’”ZLXV (0p X — 05X,) , (A.3)
T mf

where N; being the number and mass of light fermion generations of mass, my. For
instance, for ax = 1(4), Ny = 4(1), gz» ~ 0.3-3, and my ~ 4mx—-10mx, we find the coeffi-
cient of the operator of eq. (2.15), ¢; ~ 0.01. Therefore, for my 2 mx, we can avoid addi-
tional 2 — 2 annihilations of vector dark matter into light dark fermions, such as XX — ff,
and a sizable CS term required for kinetic equilibrium can be consistently realized.

Notice here that the values of ¢; > 1072 required for achieving the correct relic density
in this setup imply a large multiplicity of the dark fermions or sizable gauge couplings
which might drive the theory toward its non perturbative regime or the unstability of the
dark higgs potential vacuum for energies of the order of the GeV scale. One could invoke
more elaborate mechanisms in order to solve this potential issues but those are beyond the
phenomenological considerations of this work.

If one considers only the light fermions [ = (2,41),e® = (1,—1) and their heavy part-
ners for anomaly cancellation, then are only chiral fermion masses due to the SU(2) x break-
ing. In this case, the needed CS terms are not generated. Instead, a nonzero dimension-6
interaction

C
Lpg = ﬁ?’z TP Z! (X1 pe Koy — X2po X12) (A.4)

appears, which can also be sufficient for equilibrating the two sectors

Similarly, the effective dimension-6 operator in eq. (A.4) can be derived from another
gauge invariant dimension-8 operator,

1
Los = 35 P (D1X,, D\D)0 Z),, . (A.5)

Then, in both cases with dimension-6 and dimension-8 operators, after the SU(2)x is
broken by the VEV of the scalar doublet ®, the needed Z’X X interactions are generated.

The effective approach considered in this work would be valid only for processes in-
volving energies below the lightest dark fermion mass. Our approach is then justified for
the DM freeze-out process which occurs when the DM becomes non-relativistic (i.e. for
processes occuring at energies ~ myx < my) and the dark fermions have already decoupled
for the thermal bath. However, considering the invisible decay of the Z boson leads the
effective approach to fail and one has to consider the complete dark fermions degrees of
freedom in the computation.
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B Thermally averaged cross sections

After spin average for initial states and spin sum for the final states, the 2 — 2 self-
scattering cross sections for vector dark matter (with notations, ij — ij meaning that
X;X; = X;Xj, etc.), are in the non-relativistic limit

géi(mi(15mil — 80milm§( + 128m%)

S B.1
Oii—ii 3847rm;t1 (m}%l — 4777%()2 ) ( )
4
Ix 4 2 2 4 Sy
= ——2X (44mi — 16 3mi), , B.2
O-'L]‘”] 1927Tm;1l1m§( ( mh1 mh1mX + mX) ? 7& J ( )
gx (172m}} — 1368mj m% + 2723m%) o
Oii—jj = D) D) 212 ) ? 7& J (B3)
384mms (my, — 4ms)
We define the thermal average for 2 — 2 annihilation, ¢1¢s — ¢34, as follows,
1 1
(00) = e o [ AL 0 S D)Mo (B
UL SiSf

where n{%, f'5 are the number densities and occupancies of particle 1,2 in thermal equilib-
rium, and s; ¢ are the symmetry factors for the initial or final states, which are s; ; = 1(2)
for two identical (different) particles, and dII; are the full phase space integrals for each par-
ticle, and |My_2|? is the squared amplitude for ¢1¢o — ¢3¢4. Then, the 2 — 2 forbidden
(semi-)annihilation cross sections (with notations, hihy — ii meaning that hihy — X;X;
and ih; — jk meaning that X;h1 — X;X},) are also given by

2 2 4 2 4
m m m m m
(OV) hyhymii = —o g [1 =~ [64A3>4X <4 = 4m—§< + 3f>

2 2 4 6
— 160305 (4+8m§ — 15X +12mX>

%Ll My, mpy, My,
2 4 6 8
m m m m
+ox [4+20—=5 + 11— — 56— +48—X | |, (B.5)
mhl mhl mhl mhl
4,3 3/2 3/2 -1 -2
gxm m m m m
<av>ihﬁjk:Xh15<1+3 X) (1— X) <1+ X) <1+2 X)
384mms, mp, mp, mp, mp,
mx m§( m§< m‘)l( mﬁ( m§<
x (144 — 44— — 10— + 144—* +396—- +297—= |  (B.6)
mp, my,, my, my,, my, my,

with i # j # k in the latter case.
We define the thermal average for 3 — 2 annihilation, ¢1¢a¢3 — @304, as follows,

1 1
(00?) = —sq—eq—oqg —— / Al dUTodT5dTT4dTTs f19 f5 2 f52(2m)46% (p) M2 (B.T)
Ny My N 8iSf
where s; ; are the symmetry factors, which are given by s; = n;! and sy = ny!, depending
on the number of identical particles in the initial and final states, n; and ny, respectively,
and |M3_.2|? is the squared amplitude for ¢1da¢3 — G4¢s.
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The 3 — 2 annihilation cross sections including only SU(2) x gauge interactions (with
notations, 123 — 11 meaning X; X9 X3 — X; X7, etc) are, in the non-relativistic limit,

(v ik = (0v%) 123511 = (00?)193322 = (00?) 123533

B 5v/59%
- 331776mmA (mj, + m¥%)

19v/5¢%
1152mmx (9m% — mj, )?

> (347Tmy, + 586mj m% + 707Tm)

((v] 4 v3 + v1v9 cos O12)), (B.8)

<U'U2>iij = <0U2>112—>13 = <U'U2>113—>12 = <UU2>221—>23 = <U'U2>223—>12
= (0v%)331523 = (00%)332513
~ 5Vbg% 6m% (157mj, — 763m%;)
 2654208mm (m3, —4m%)(m3 +m%)
3m’ (5281myj, — 18558m3 m% + 32561m}1()>
(mh, = 4m%)*(mf;, +m%)? ’

<14377 +

(B.9)

(0v?)iii = (o) 111523 = (007222 313 = (00?)333 512

251/59%, 362m% 1713m4 )

= 8375 B.10
26542087rm§< ( + m%u — 4m§{ (mil _ 4m§()2 ( )

Here, we have included the p-wave terms in (Jv2>m as they have a resonance at my, = 3mx.
We note that v1, v are the speeds of two dark matter particles in the initial states and 612
is the angle between the two in the center of mass frame.

On the other hand, the 3 — 2 annihilation cross sections including the dark Higgs (with
notations, 122 — 1h; meaning X; X2 Xy — Xjhy, etc) are, in the non-relativistic limit,

(00 = (v 111510, = (00 )220 0m, = (00?)333 431,

_ BgmiSi( - m /(16m%))? (B.11)
17915904rm 0 (4m% — m2 )72(2m% +m2, )2 '

with
C1=— <3m}fj —270mptm% +9917m; 2 m% — 187056m; mS +1952400mj, m%
ha (B.12)
—11318848mj m +35045232mj mZ —52110336mj my +30261248m§?>
and

(005 = (001205510, = (00 ) 1335518, = (00211520, = (00 )233 521,
= <0v2>311~>3h1 = <0'U2>322ﬁ3h1
VBghmP Col1 —m? /(16m%)) "/
17915904mm 2 (4m% — mj )7/2(2m% +mj )2(Tm% — mj )?

(B.13)
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with

1
Cr=—x (13m;i? — 568mSm% + 33204m;0m’ — 724140m} mS + 6743931m; 2 m’
h1

— 26087280m mX + 48284736mj m¥ — 166749984mj) m + 806289168mj m}’
— 2275720192m2, m + 3442229248mx). (B.14)

We note that the factor 1/(4m?% — m%l)4 in the above results is the squared product of the
dark Higgs propagator in s-channel and the dark matter propagator in ¢-channel, which
are regularized at my, = 2mx by the finite width of the dark Higgs and a nonzero dark
matter velocity, respectively. The 3 — 2 annihilation cross sections including two dark
Higgs bosons such as X XX — hih; are p-wave suppressed and sub-dominant, so we don’t
include them here.

The Boltzmann equation for the total DM density npy is

dn 2
o 3Hpy = — 2 {ov)a(nby — (nph)°)

1

— 5 ({00 + 200025 + (007} ) (b — nbinishy)
2 3 eq \2

- § (< >2'L'L + 2<O"l) >ij> (nDM - nDM(nDM) )
2
§<0U>M%h1h1 nDM + 6<U’U>h1h1%11 (nh1)2
1
3<UU>Z]_>kh1n]23M + (av)khlﬁ”nhlnDM (B.15)

Here, we have assumed that h; maintains chemical and thermal equilibrium with the SM
bath throughout freezeout. We note that (ov); in the first line is the averaged 2 — 2
annihilation cross section into a pair of the SM fermions, i.e. X;X; — ff.
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