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ABSTRACT: We propose a vector dark matter model with an exotic dark SU(2) gauge
group. Two Higgs triplets are introduced to spontaneously break the symmetry. All of the
dark gauge bosons become massive, and the lightest one is a viable vector DM candidate.
Its stability is guaranteed by a remaining Zs symmetry. We study the parameter space
constrained by the Higgs measurement data, the dark matter relic density, and direct
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1 Introduction

Dark matter (DM) occupies approximately 26% of the energy density of the present Uni-
verse. In the thermal paradigm, DM particles annihilate into standard model (SM) prod-
ucts in the early Universe before they freeze out from the thermal plasma, leaving a proper
relic density [1-3]. Particle candidates for dark matter can be classified according to their
spins. Thus, DM particles could be scalar bosons (spin-0), spin-1/2 fermions, vector bosons
(spin-1), or spin-3/2 fermions. Various scalar and fermionic DM models have been ade-
quately studied in the literature. On the other hand, vector DM models draw much less
attentions, with many issues unstudied.

When the related mediators are sufficiently heavy, interactions of vector DM can be
appropriately described by effective operators in a model-independent way [4, 5]. Oth-
erwise, renormalizable interactions should be considered. If extra dimensions exist, the
first Kaluza-Klein mode of the U(1)y gauge boson could be a well motivated vector DM
candidate [6, 7]. In the four-dimensional spacetime, a natural approach for constructing
renormalizable vector DM models utilizes the gauge theories, in which at least one gauge
boson acts as the DM particle. A mechanism is required to generate the mass for the
vector DM particle. For U(1) gauge theories, this mechanism can be either the Stueck-
elberg mechanism [8, 9] or the Brout-Englert-Higgs mechanism [10-12]. For non-abelian
gauge theories, the former is inapplicable, and the latter is commonly considered. Further-
more, the DM particle could be a confined spin-1 bound state based on non-abelian gauge
interactions, and thus its mass is linked to a confinement scale [13].

Focusing on fundamental DM particles, a simple vector DM model can be constructed
by introducing a dark U(1) gauge group with a dark Higgs field providing the gauge boson
mass and a portal to the SM sectors [14-29]. A Zs symmetry is required to guarantee
the stability of the vector DM candidate. More complicated extensions involve non-abelian



gauge groups, such as SU(2) [21, 30-43], SU(2)®@U(1) [44-47], SU(2)®SU(2) [48], SU(3) [21,
35, 49-52], and general SU(N) [21, 35]. Typically, some discrete or global continuous
symmetries remain after gauge symmetry breaking, stabilizing the vector DM particle.

If the dark gauge group is SU(2), it can be spontaneously broken completely through
one dark Higgs doublet, with a remaining custodial global SU(2) symmetry ensuring the
stability of the three degenerate gauge bosons as vector DM particles [30]. If, instead, one
real Higgs triplet is introduced to break the SU(2) gauge symmetry, a U(1) gauge symmetry
would remain, leading to a massless gauge boson acting as the dark radiation [31, 43].
The other two gauge bosons are massive and degenerate, forming a pair of vector DM
particle and antiparticle. This scenario can also be cast to a dark SU(3) case, where one
Higgs triplet partially breaks the gauge group, leaving us five DM vector bosons and three
massless dark radiation particles [50]. On the other hand, two dark Higgs triplets would
be able to generate masses for all the eight SU(3) gauge bosons [21, 51, 52]. For a general
dark SU(N) gauge group, all the gauge bosons can be made massive if N — 1 Higgs fields
in the fundamental representation are introduced [21].

In this paper, we study a vector DM model with a dark SU(2), gauge group broken by
two real Higgs triplets, which develop a generic configuration of vacuum expectation values
(VEVs). As a result, the three dark gauge bosons can obtain different masses. The two
lighter gauge bosons are odd under a remaining Z, symmetry, and the lightest one is stable,
playing the role of the DM candidate. Compared with refs. [30, 31, 43], no mass degeneracy
appears among the three dark gauge bosons. After spontaneous symmetry breaking, the
dark Higgs bosons mix with the SU(2); Higgs boson, and there are four mass eigenstates of
neutral Higgs bosons. The dark sector communicates with the SM sectors only through the
Higgs quartic couplings. Thus, this model belongs to a kind of Higgs-portal DM models.
We will perform a random scan in the parameter space to investigate phenomenological
constraints from collider measurements of the 125 GeV Higgs boson, direct collider searches
for exotic Higgs bosons, electroweak precision measurements, the DM relic density, and the
direct/indirect DM detection experiments. Finally, we will discuss the possibility of the
generalization to dark SO(N) gauge groups for N > 2 with N —1 real Higgs multiplets in the
N-dimensional fundamental representation. We will prove that an accidental Zs symmetry
also arises to preserve the stability of a dark gauge boson, acting as a DM candidate.

In section 2, we describe the model setup and discuss the general formalism of the re-
maining Z» symmetry. In section 3, the constraints from the relic density and the direct and
indirect detection experiments are displayed. In section 4, we generalize the methodology
to a general dark SO(NN) model. In section 5, we summarize the paper.

2 Model

Now we discuss our vector DM model based on the dark SU(2);, gauge symmetry. The
corresponding gauge fields are denoted as flz (a =1,2,3). Two real SU(2), Higgs triplets,
¢, and X, (a = 1,2,3), are introduced to break the SU(2) gauge symmetry. We call
them dark Higgs fields, as they are assumed to be SM gauge singlets. In this section, we
construct the generic Lagrangian, and study the spontaneous symmetry breaking in detail.



2.1 Lagrangian and symmetry analysis

Under a SU(2), gauge transformation, the dark Higgs fields ®, and X, transform as
®->UP, X ->UKX, (2.1)

where U = exp[if*(x)T?] with (7%)p. being the generators in the adjoint representa-
tion of SU(2)p, and some representation indices have been omitted. Below, we adopt
(T*)pe = —ic®°, where €% is the three-dimensional Levi-Civita symbol. The correspond-
ing transformation of the AZ is

AaTa AaTa i
Aot » UASTUT + Q;Ua#UT, (2.2)

where gp is the SU(2), gauge coupling.

®, and X, can be treated as vectors in a three-dimensional Euclidean representation
space. From three vectors E, F, and G in such a space, nonzero invariant scalars can only
be constructed via either dot products, like E-F = E,F, and G - G = G,G,, or triple
products, like (E x F) - G = ¢*°E,F,G.. Since we only have two triplet Higgs fields ®,
and X, the related scalar potential terms must be formed by bilinear dot products ®,®,,
Xu.Xq, and ®,X,. Therefore, the model respects an accidental Zs symmetry, under which
the Higgs triplets transform as

d— Ppd=-0, X PpX=-X, (2.3)

where Pp = diag(—1,—1,—1) serves as a “dark parity”, analogous to the parity P in the
3-dimensional physical space. Thus, ®, and X, are Pp-odd, while the rest fields are Pp-
even. The Zy symmetry and the global SU(2)p ~ SO(3)p symmetry form a global O(3)p
symmetry, with Pp € O(3)p. For any element matrix R € O(3)p, the transformations of
the O(3)p vectors &, and X, are given by

b, = Ryp®y, Xo — RapXp. (2.4)
The generic renormalizable scalar potential reads
V=Vom+ b+ Vp, (2.5)
where the SM part for the SU(2);, Higgs doublet H is
Vem = —pd | H|? + Mo H|*, (2.6)
the dark sector part is

Vb = —1128,®, — 13 XXy — 11300 Xy + M (Pe®0)? 4 Ao (X X,)?
+ X3P, Py X Xy, 4+ MPu®a @y Xy + AP Xo X5 Xy + Ao (PuXa)?, (2.7)

and the portal part is
Vb = Mo H|?® @y + Xoo| HI? X0 X o + Ao H*®o X, (2.8)

It is easy to verify that V' is invariant under the global O(3)p transformations.



The Lagrangian of the model can be divided into
L= Lsv+ Lp, (2.9)

where Lgy is the SM Lagrangian involving —Vgy, and
1. - 1 1
Lp = — Ay, AW + §(DH<I>G)T(D“<I>CL) + §(DuXa)T(D”Xa) ~ Vo —Vp (2.10)
is the Lagrangian for the dark sector with flfw = 9,42 — (9WZIZ + gpee Abr AV The
covariant derivatives of the dark Higgs triplets are

Dy®q = 0,®q — igpAS(T)ap @y = 0, Pq + gpeP A Dy, (2.11)
Dy Xq = 0,Xq — igpAS(T)an Xy = 0 Xa + gpe®P AS X, (2.12)

Lp involves gauge interaction terms in a triple-product form, e.g., ng“bC/lZ(I)ba“(IJc. Since
the Levi-Civita symbol satisfies €%¢ = det(R)RqqRpeRepe?® for R € O(3)p, the O(3)p
invariance of the Lagrangian requires that AZ acts as an O(3)p axial vector, whose trans-
formation is

A% — det(R)RapAb, R € O(3)p. (2.13)

Thus, the Pp transformation of fl/‘j is
A% — det(Pp)Pp oy AL, = +AS, (2.14)
ie., /IZ is Pp-even.

2.2 Spontaneous symmetry breaking

In order to generate masses for the dark gauge bosons, the two real dark Higgs triplets
®, and X, should obtain VEVs (®,) and (X,), respectively. Thus, the SU(2)p gauge
symmetry is spontaneously broken, and so is the global O(3)p symmetry. In general, the
vectors (®,) and (X,) are not parallel to each other, so they determine a plane in the three-
dimensional representation space. We can always rotate the axes to a configuration that
the z-axis is along the (®,) direction and the y-axis lies inside the plane. Therefore, without
loss of generality, the configuration of the VEVs can be expressed as (®,) = (0,0,v;) and
(Xa) = (0,v2,v3). Expanding the fields around the VEVs, we have

o1 X1
=1 ¢ |, X=[v2tx2]|-: (2.15)
v + @3 v3 + X3

In the SM sector, the SU(2)1, Higgs doublet H has a form of

1 0
H= % (UO N BO> (2.16)

in the unitary gauge. Note that all the four VEVs v, v1, vo, and v3 are real constants.



Expanding the covariant kinetic terms of the dark Higgs triplets, we have

L0 5 (Oua) + 5 Bxa)® + 5 MA pALA + g 86,0 + X00"x0)
— gpA,0" (v1¢2 — vaX3 + U3X2) + gp A%0" (v11 + v3x1) — gpva Al O X
— 9 [Ul(/lifll’%l + ADAPH Gy — AL AVl g — A2 A% hg)
b (A2 Ay + A2 APy — AL A, — DAy
+ v3 (flifll’“m + fli’bfp’“xg — flb[ll’“xg — fli[lz’“xg) }

1 o o
- 59123 % {AZAI)’“(%% + XaXp) — AR A (Gpop + XbXb)} : (2.17)

where the mass-squared matrix for the dark gauge bosons is

'U%23 0 0
Mi=gd| 0 ¥ —wous|. (2.18)
0 —wvouz v

For convenience, we define

vi23 = /v + 03 + 03, vig =\ v? + 03, vy = \/v3 + 03 (2.19)

M? can be diagonalized as

OIMA 0, = diag(mi‘l, m1242, m?qg) (2.20)
by an orthogonal matrix
1 0 0
O4q=|0cosf —sinf (2.21)

0 sinf@ cos6

~1/2
$in 6 = V20a03 |vlps — 40fv3 + (03 — v — v3)y/ vy — 4”%“%} : (2.22)

The relation between AZ and the mass eigenstates Aj; is

with

A% = O AL, (2.23)

Note that Ai = jlh, while Az and Az are linear combinations of fli and fli The physical
masses squared are given by

mi = 912)7)%237 (2.24)

gt

My = ; (U%zza v Vips — 4’”%”%) , (2.25)
g2

m?s = ?D (v123 + 1/ vio3 — 41}%1}%) . (2.26)



Thus, we find my2 < mys < my1. For the generic nonzero vy, ve, and vs, there is no
degeneracy in the mass eigenstates.
We further identify the Goldstone bosons

G1 = vig5(vid2 + v3X2 — v2X3), (2.27)
Gy = (cgv% + sgv% + Cgvg)*lﬂ[—cevlqﬁl + (spve — cpu3)xi), (2.28)
G3 = (s3v? + c2v2 + s202) V2 [squidn + (cova + sov3)X1], (2.29)

which are eaten by the gauge bosons A!, A2, and A3, respectively. The shorthand notations
sp = sin @ and cy = cos § have been used. The Higgs bosons orthogonal to these Goldstone
bosons can be chosen as

h1 = vy (vaxz + v3x3), (2.30)
ha = (va3v123) ' (V3302 — v1v3X2 + V1V2X3), (2.31)
hs = 3. (2.32)

Utilizing the minimization conditions for the potential V', we obtain

15 = Aovg + Ar0vi + Aaovi + Azovivs, (2.33)
P2 = 20107 + A3v3; + Ay + %)\102)%, (2.34)
,u% = 2)\211%3 + )\311% + Asv103 + %)\202}8, (2.35)
,u% = )\41)% + )\51)%3 + 2 gv1v3 + %)\302)3. (2.36)

We then derive the mass-squared matrix M? for the Higgs bosons (710, hy, ho, Bg), whose
elements are given by

MI%,OO = 2)\01)3, ./\/l;21711 = 8)\21133 + 45v1v3 + 2)\611%1)32,/1)%3, (2.37)
M%,ZQ = 2)\61}%7}%23/1)%37 M}QL733 = 8)\1'1)% + 4)\41)1'03 + 2)\61}%, (238)
M3 o1 = 2X2000v23 + Asv001v3/Va3, MG g9 = Asovovav123/v23, (2.39)
MG, 03 = 2X 100001 + A3ovovs, MG, 1o = 205020193 + 206010203123/ V33, (2.40)
M%JS = 4)\3’011}23 + 2)\41}%’03/1123 + 2)\52}3’023 =+ 2)\6'011)?2,/1)237 (2.41)
M%L,23 = 2)\47)11)221123/1123 + 2)\61)27)31)123/2123. (2.42)
An orthogonal matrix Oy, is used to diagonalize M%L, leading to
OFf M3 0}, = diag (m%o, m%l,mfm, m%3) . (2.43)

The basis (}NLO, hy, ho, 713) can be rotated to the mass eigenstate basis (ho, hi, h2, h3) through
hi = Oy ;h;. (2.44)

The elements of Oy will be numerically calculated. We define hy as the SM-like Higgs
boson. In the following parameter scan, we require that the hg mass is around 125 GeV



and ho makes the most contribution to hg. For the other Higgs bosons, we adopt a mass
hierarchy convention of my, < mp, < mp,.

Finally, we discuss a remaining Z symmetry after the spontaneous symmetry breaking
of O(3)p. This is the reflection symmetry with respect to the (®,)-(X,) plane, i.e., the y-z
plane according to our convention (2.15), because the VEV configuration (®,) = (0,0, v1)
and (X,) = (0,v2,v3) is preserved under such a reflection. The corresponding reflection
matrix P}, € O(3)p is given by

~1 1 ~1
Pl = Ppe T = ~1 ~1 = 1|, (2.45)
-1 -1 1

where (71),. = —ie!® is the rotation generator about the z-axis. According to (2.4)
and (2.13), ®,, X,, and flz transform under the reflection as

Dy = Phoypy®y,  Xa— PhpXe, A% — det(Ph)Ph A% = =P , A (2.46)
Thus, we obtain
o1 — —d1, X1 — —X1, x‘iz — —AZ, Ai — —Az (2.47)

These are the P/,-odd components. All the other components are Pj)-even.

Therefore, the gauge bosons A? and A3 together with their corresponding Goldstone
bosons G and G are Pf)-odd, since A% and A3 (G5 and G3) are linear combinations of A2
and A? (¢1 and x1). The rest physical states are all P},-even. Consequently, the lightest
gauge boson A2 cannot decay, serving as a DM candidate. Generally when m 43 # m 42, A3
finally decays into A2, however it could coannihilate with A? during the freeze-out epoch
if mys ~ mye.

3 Phenomenology

In this section, we scan the parameter space, taking into account the constraints from the
observed DM relic density and the collider measurements of the 125 GeV Higgs boson. DM
scattering and annihilation cross sections for direct and indirect detection predicted by this
model is further calculated. We describe the details of the parameter scan and discuss the
numerical results in the following subsections.

3.1 Parameter scan and DM relic density

We adopt the following 14 real parameters,
gD, Ao, A1y A2, A3, Mg, As, A, A1o, Ao, Azo, v1, V2, 3, (3.1)

as the independent parameters. A random scan is carried out for the parameters in loga-
rithmic scales within the following range:

1073 < gp <1, 10 GeV < vy, g, v3 < 10° GeV, (3.2)
1072 < Ao, A1, Az, (Al [Aal, [Asl [Ael, [Aols [Azol, [Aso] < 1. (3.3)



Note that the positivity of the m%z demands the positive Ag, A1, and As. We numerically
calculate the eigenvalues and eigenvectors of M?, and construct O),. We require that the
SM-like Higgs boson hg has the most contribution from INm, and that mp,, lies within the 3o
range of the measured value 125.10 & 0.14 GeV [53]. Other eigenvalues of M2 are sorted
in an ascending order and accordingly appointed to hy, ho, and hs.

We implement the Lagrangian in FeynRules 2.3.36 [54] to generate the CalcHEP
input files, and feed them to microOMEGAs 5.4 [4, 55, 56] for phenomenological calculations.
Based on current Higgs measurements at the Large Hadron Collider (LHC), the SM-like
Higgs boson is tested by Lilith 2.0 [57, 58] implemented in the micrOMEGAs, and the
corresponding p-values are derived. Parameter points with p-values less than 0.05 are
discarded, corresponding to the exclusion at 95% confidence level (C.L.).

The exotic neutral Higgs bosons h1, ho, and h3 in this model might be directly produced
at the LEP and the LHC. Thus, the parameter points are also constrained by the direct
searches at these colliders, which are utilized to constrain the mixing angle sinf of a
second neutral Higgs boson in figure 3 of ref. [59]. As a good approximation, we reinterpret
these constraints on |sin | as the constraints on |Op, jo|\/Br(h; = SM) (i = 1,2,3), where
Br(h; — SM) is the h; decay branching ratio to the SM final states including hg, and
V/Br(h; — SM) acts as a rescaling factor of the signal strengths for comparison with the
collider data.

In addition, these exotic Higgs bosons couple to the W and Z bosons through their
components of the SU(2);, Higgs doublet, inducing one-loop corrections to the propagators
of the electroweak gauge bosons. The corresponding shifts of the g*” coefficients of the
vacuum polarization amplitudes with respect to the SM are given by

m2 m2
Sy (p? 4ﬂ_ V2 { Z h.i [ hi lnmh + F(p?, mW’ml% )] — 4SM lnm%SM
— F(pz, m%v, m%SM)}, (3.4)
3 m2 m2
5HZZ( 47T2 20,2 { Zoh i0 [ i 1nWLh + F(p mZ’m%L )] - 4SM lnm%lsM
=0
- F(p27m2Zam%LSM)}a (35)
1L (p?) = 311z, (p%) = 0, (3.6)
where my,,, is the SM Higgs boson mass and the loop function F' is defined by [59]
A
F(p*,m3,m3) = / dx (ml - ) In A, (3.7)
0
with
A =xmi+ (1 —z)m? —p?z(1 — ). (3.8)

Following the discussions in ref. [59] we calculate the shifts of the precisely measured elec-
troweak quantities I'z, Ry, Rp, sin 963, and myy, and compare the shifted values with the
20 ranges of the experimental values adopted from ref. [53] to filter all the parameter points.
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Figure 1. Parameter points predicting the observed DM relic density projected in the m 42-
(0annv)ro plane. The blue and red points are excluded by the XENONIT direct detection exper-
iment and the Fermi-LAT indirect detection experiment, respectively, while the purple points are
excluded by both. The green points survive from both constraints. The details will be described in
subsection 3.2.

Now we discuss the DM relic density predicted in this model, where the DM particles
are A? gauge bosons. Since the P)-odd A3 must decay into A2, its abundance can also
contribute to the DM relic density. If mys — my2 < 0.1my2, the A?3 coannihilation
processes at the freeze-out epoch could significantly affect the relic density [60]. Therefore,
we consider all possible annihilation and coannihilation channels with two-body final states,
as listed below.

1. A23A%3 — h;h;, induced by s-channel Higgs bosons and quartic couplings.
2. A%3A%3 — ff mediated by s-channel Higgs bosons. f denotes SM fermions.
3. A?23A23 5 WHW—,2Z°2° mediated by s-channel Higgs bosons.

We utilize micrOMEGAs to evaluate the relic density, including the coannihilation effect.

In micrOMEGASs, the freeze-out temperature Tt indicating the departure from thermal
equilibrium is defined by Y (7}) = 2.5Yq(Tt), where Y = npyi/s is the DM number density
npwm divided by the entropy density s, and Yeq is its equilibrium value. We derive the
thermally averaged effective annihilation cross section times velocity (Tannv)ro at T = Tt
for the parameter points, as shown in figure 1. All the points in the figure predict the relic
density Qpyh? within the 30 range of the Planck measured value 0.1200 + 0.0012 [61].

Besides the most prominent points with the basically stable (gannv) so that (Tannv)ro
is close to the standard annihilation cross section (Oannv)sq =~ 2 X 10726 cm®s™!, there
are enormous points with significantly temperature-dependent (o,n,v), so their (Tannv)ro
deviate from the standard value. Part of the deviations is due to the Breit-Wigner resonance
effects [60].

In figure 1, there is a significant resonant structure lying around my2 ~ mp,/2 ~

62.5 GeV due to the A2A? annihilation mediated by the s-channel SM-like Higgs boson hq.
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Figure 2.  Freeze-out effective annihilation cross section (Cannv)ro versus maz/mp, (a),
maz/mp, (b), and ma2/my, (c).

For the points with (Gannt)ro < (Tann¥)sd, the invariant mass mi,, of the A%2A? pairs is
typically higher than the resonance center my, at the T, and then decreases to approach
the my, as the temperature drops, lifting the (0annv) to consume more DM particles in
the later period. Therefore, a smaller (oannv)ro is needed for the observed relic density.
On the other hand, some other points with (Gannv)Fo > (Tannv)sq probably have the miy,y
equal to or slightly lower than the my,, at the T, Lowering the temperature will therefore
increase the distance between my,, and the invariant mass of the annihilating A2 A? pairs,
suppressing the annihilation at lower temperatures. Hence, the observed relic density
requires a larger (Gann¥)ro-

Besides the SM-like Higgs boson, the exotic Higgs bosons hi, ha, and h3 can also give
rise to resonance effects. To see this clearly, we change the horizontal axis to m 42 /mp, , ,
and plot the points in figure 2. Remarkable structures due to resonance effects appear
at m2/mp, ~ 1/2 in figure 2(a) and at my2/mp, ~ 1/2 in figure 2(b). Nevertheless,
figure 2(c) does not show an obvious resonance structure, because hg is the heaviest exotic
Higgs boson, and m 42 is probably too small to approach my, /2 in our scan.

~10 -
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Figure 3. Effective annihilation cross sections (0an,v) as functions of © = m42 /T for four bench-
mark points. The freeze-out point for each curve is indicated by a star mark.

In figure 2(a), there is a “peak” structure near my2/mp, ~ 1. This originates from
the hih; threshold effect [60]. If my» is slightly smaller than my,, the A2A?2 — hihy
annihilation channel would open at sufficiently high temperatures, and then would be
kinematically prohibited as the temperature drops, leading to a rapid shrink of (oannv) to
cease further annihilation, requiring a larger (oanmmv)ro to clear out the redundant dark
matter in advance.

To see both the resonance and the threshold effects clearly, we select four benchmark
points (BMPs) and plot their (oannv) as functions of x = m 42 /T in figure 3. The properties
of the BMPs are listed in table 1. BMP1 is a normal benchmark point without these effects,
leading to roughly constant (gap,v) from z = 10 to z = 10%. For BMP2 with m 42 ~ my, /2,
the hy resonance effect is important. As a result, (oannv) is larger than (oannv)sq at the
freeze-out epoch, but suddenly decline since then. BMP3 with m 42 ~ my,/2 is affected
by the hg resonance, leading t0 (Tann¥)ro < (TannV)sd. After zy = my2/Tt, its (Cannv) is
elevated by the more effective resonance, and then peaks at  ~ 200, and finally decreases
because the invariant masses of the A2 pairs drop to pass through the mp, value to reduce
the resonant effect again. The hih; threshold effect manifests for BMP4 with m 42 ~ my,,
and hence (oannv) decreases as the temperature decreases until x ~ 400.

3.2 Direct and indirect detection

In this subsection, we calculate the predictions for direct and indirect detection and com-
pare them with the experimental data.

In the model, the DM particle A? interacts with quarks (q = d,u, s, c,b,t) via interchang-
ing all the Higgs bosons. The relevant Higgs-portal interaction terms can be expressed as

3
K; V0o th‘m _
Eportal = Z - hiAiAQ’H - Z ——= hiqq | , (39)
o\ 2 q Yo
where
293 [ Onai O 2iv102
Ki = 29 { = (sgug — cav3)2 — —25 2 (899U2 — C29V3) + (9;1731-031)1} . (3.10)
Vo V23 V230123
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BMP1 BMP2 BMP3 BMP4
9D 0.232 0.392 0.190 0.293
Ao 0.130 0.171 0.129 0.128
A 0.112 0.757 0.0134 0.431
A2 0.0631 0.0830 0.0312 0.0103
A3 0.001 44 —0.00810 0.003 62 0.008 77
A\ 0.006 54 —0.0367 —0.0228 —0.0616
A5 0.007 95 —0.0207 —0.0200 0.00587
A6 0.00177 0.0414 0.136 0.578
Ao 0.0124 0.0353 —0.00189 —0.0574
A20 0.001 05 —0.108 —0.00107 0.0024
A30 0.001 17 0.003 71 —0.0115 0.006 21
vy (GeV) 714 179 692 973
vy (GeV) 647 485 353 410
v3 (GeV) 35.3 12.0 247 204
mar (GeV) 224 203 155 315
m g2 (GeV) 149 70.2 62.2 117
m s (GeV) 167 190 142 293
mp, (GeV) 51.3 147 182 118
mp, (GeV) 462 402 215 1.14 x 103
mp, (GeV) 676 441 412 1.81 x 103
xf = my2 /Ty 24.4 24.5 22.8 25.1
(Gamnv)ro (cm®/s)  1.88 x 10726 4.52 x 10726 7.55 x 10727 3.87 x 10726
(Gann®)o (cm3/s) 2.10 x 10726 3.89 x 10730 1.93 x 10728 6.96 x 10729
o (cm?) 2.02 x 10747 1.41 x 10~47 1.04 x 10=%° 8.58 x 10747
Qpuh? 0.122 0.118 0.117 0.117

Table 1. Properties of four benchmark points, corresponding to four curves in figure 3.

The A2-quark interactions induce A%-nucleon interactions. Thus, the spin-independent (SI)
cross section for A2 scattering off a nucleon N = p,n is given by [5]

2 2
GA?NNA2,N
TN =y (3.11)
47rmA2
with the A%-N reduced mass defined as pazy = mamy/(maz +my) and the effective
coupling

3
kiOh 0
Gy =—my > Ny o (3.12)
q i=0 h;

fév are the nucleon form factors for quarks [4].
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Figure 4. Parameter points projected in the maz-03; (a) and m42-(Gannv)o (b) planes. In the
left panel, the dot-dashed line denotes the 90% C.L. upper limit on o3} from XENONIT [63], while
the dotted line demonstrates the 90% C.L. projected sensitivity of LZ [64]. In the right panel, the
dot-dashed line indicates the 95% C.L. upper limit from the Fermi-LAT ~-ray observations of dwarf
galaxies [65]. The blue points are excluded by XENONIT, the red points excluded by Fermi-LAT,
the purple points are excluded by both, and the green points survive from the two bounds.

In this model, 042, is slightly different from o 42,,. In order to take this difference into
account, we should calculate the normalized-to-nucleon SI cross section [62]

2
%:7”“312,%11 [Z + (Ar — Z)GAQn/GAQp}

D1k 4, AT

O'ZS\; = 042p

(3.13)

for A2 scattering off nuclei A; with Z protons and A; — Z neutrons. The index I denotes
isotopes, and 77 is the fractional number abundance of the isotope Aj in nature.

We can compare JJS\} predicted by the model with the 90% C.L. upper limits on U]S\} from
the direct detection experiment XENONI1T [63]. The detection material in XENONIT is
xenon (Z = 54), whose main isotopes have Ay = {128, 129, 130, 131, 132, 134, 136} with
nr = {1.9%, 26%, 4.1%, 21%, 27%, 10%, 8.9%} [62]. We compute o} for the parameter
points and plot the result in figure 4(a). The dot-dashed line indicates the XENON1T
bound, which excludes a fraction of the parameter points. This model can also be tested in
future direct detection experiments. For an example, the proposed LZ detector is designed
to reach a sensitivity of ~ 3 x 10748 em? for o3} [64], which is expected to be relevant to
some parameter regions of the model. We also plot the LZ sensitivity as a dotted line in
figure 4(a).

Now we discuss indirect detection. A%2A? annihilation can produce high energy ~ rays,
which might be received by the Fermi Large Area Telescope (Fermi-LAT). It has long
been known that the dwarf spheroidal galaxies surrounding the Milky Way Galaxy are
dominated by dark matter, as their mass-to-light ratios are of a hundred or greater [66]. A
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global analysis from ~-ray observations of 27 dwarf galaxies using 11 years of the Fermi-LAT
data [65] offers a stringent bound on DM annihilation.

In figure 1, we project the parameter points in the m 42-(0annv)o plane, where (Tannv)o
is the A?A? annihilation cross section in the low velocity limit. The dot-dashed line denotes
the 95% C.L. upper limit on the DM annihilation cross section in the bb channel derived
by the analysis of Fermi-LAT data. Since the annihilation channels into WTW~, ZZ, tt,
and a pair of Higgs bosons induce v-ray spectra similar to that from the bb channel [67],
we can approximately compare (0an,v)o with the Fermi-LAT bb constraint.

In figures 1, 3, and 4, we have denoted the parameter points with colors. The blue
and red points are excluded by XENONI1T and Fermi-LAT, respectively, while the purple
points are excluded by both. The green points survive from the two constraints. Comparing
figure 4(b) with figure 1, one may notice that (cannv)o < (Fannv)ro holds for many points.

As mentioned above, when the temperature drops, the A2A? invariant mass decreases
and the distance to a resonance center changes. Consequently, for the parameter points
with my2 ~ my,/2, which are related to the hgy resonance, (cannv) at low temperatures
significantly decreases for m 42 < myp, /2, but could remarkably increase for m 42 > my, /2.
This is clearly shown in figure 4(b), where the parameter points in the latter case lead to
too large (oannv)o, usually excluded by the Fermi-LAT. For the former case, both JZSVI and
(0annv)o could be small enough to evade the XENONIT and Fermi-LAT constraints, as
demonstrated in figures 4(a) and 4(b).

The resonances of the exotic Higgs bosons have similar effects. To illustrate it, we
compare (Tannv)ro and (gannv)o as the color axes in figure 5, where only the parameter
points survive from both the XENONIT and Fermi-LAT constraints are shown in the
mp2-mp, and m g2-mp, planes. In the m 42-my, plane, the points roughly align along three
lines. The first line with m 42 ~ 62.5 GeV corresponds to the hg resonance effect, as we
just explained. The second line with m 42 ~ my, /2 corresponds to the h; resonance effect
for a similar reason. The third line with m 42 ~ my, is related to the hihy threshold effect,
as discussed for figure 2(a) in the previous subsection. Because of these effects, (gannt)o is
much smaller than (0annv)ro along these lines. In the m 42-my, plane, likewise, there is a
line with m 42 ~ my, /2 showing a similar behavior. Nonetheless, the line with m 42 ~ my,
does not manifest, because we have just a few points in this region.

4 Generalization to the general SO(IN) cases

In this model, we introduce a dark SU(2)p ~ SO(3)p gauge symmetry broken by two
real SU(2)p Higgs triplets. As a result, the accidental Zy symmetry extends the global
symmetry of the Lagrangian to O(3)p. After the spontaneous symmetry breaking, a 7}
symmetry remains, leading to two P},-odd dark gauge bosons, where the lighter one serves
as a vector DM candidate. Such a setup can be generalized to a dark SO(N)p gauge group
with V > 3. We prove the possibility in this section.

A SO(N)p gauge symmetry can be completely and exactly broken by N — 1 real Higgs
multiplets in the N-dimensional fundamental representation. Similarly, if the Lagrangian
respects a global O(N)p symmetry accidentally, after the spontaneous symmetry breaking,
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Figure 5. (o.nnv)ro (left panels) and (oannv)o (right panels) for the surviving parameter points
projected in the m g2-my, (upper panels) and m42-my, (lower panels) planes.

all the N — 1 linearly independent VEVs of these Higgs multiplets can determine a (N —1)-
dimensional hypersurface in the representation space, and the reflection operation with
respect this hypersurface indicates a Z4 symmetry remaining to guarantee the stability of
the dark gauge boson. The validation of the O(/N)p symmetry of the Lagrangian requires
a dark parity Pp matrix with det(Pp) = —1, and PDPE) = I. If one can prove that
all the possible renormalizable SO(N)p-invariant terms remain Pp-even, then the O(N)p
symmetry is respected accidentally.

If there are N Higgs multiplets ®; as O(N)p vectors instead, one can construct a
pseudoscalar term g*192 N QP2 ... PN with the N-dimensional Levi-Civita symbol.
Notice that

gl @ maN = det(R)RallnRazbz T RawbwgbleH.bN (4'1)

for R € O(N)p, so such a term is Pp-odd. Therefore, only the global SO(N)p symmetry
is respected for the N Higgs multiplets. However, we will prove by contradiction that no
Pp-odd potential term arises for the N — 1 Higgs multiplets. This can be done by verifying

that O(N)p vectors Vi, Vo, -+, V,, with n < N cannot form any Pp-odd scalar.
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Assume that Vi, Va,--- |V, (n < N) can form a Pp-odd scalar. Then, similarly as
the Levi-Civita symbol, there must exist a “constant O(N)p tensor” E*1%2" %" leading to a
Pp-odd scalar Fa1o2an @y 2. Van where a; (i = 1,2,--- ,n) are O(N)p indices. The
tensor components E%% % gre constants because they are the combinations of the corre-
sponding Clebsch-Gordan coefficients which stay constantly as the coordinates rotate. That
is to say, the tensor E%%2%n ig jnvariant under any SO(N)p transformation, so we have

EM270n = Ry Ragpy ++ Rayp, BP0 00, (4.2)
for any R € SO(N)p with det(R) = 1.

If a number ¢ appears in the indices {a1, as, - ,a,} for odd times, then E*%2%n = (),
This can be understood as follows. Since n < N, we can always find an integer number
j (1 < j < N) that doses not appear in {aj,as, - ,a,} due to the pigeonhole principle.
Construct a diagonal matrix R € SO(N)p with the elements R;; and Rj; being —1 but
the rest diagonal elements being 1. Applying eq. (4.2), the R;; = —1 appears for odd

times in the right hand side and collectively contributes a —1 factor, leading to F*1%2% =
—F®92n and hence E%1%2% must vanish.

Therefore, any integer number i (1 < ¢ < N) can only appear for even times in the
indices of a nonzero F%1%2 % This implies that a nonzero F% %% tensor must have an
even rank, i.e., an even n.

If N is odd, one can adopt Pp = diag(—1,—1,---,—1). Applying this on
Eoaz-any/myaz.. Yan introduces a (—1)" = 1 factor because n is even. Thus,
Eaezcany/myaz .. 8 remains unchanged and is a Pp-even scalar, contradicting our
assumption.

If N is even, usually Pp = diag(—1,1,1,---,1) is adopted without loss of gener-
ality. Under the Pp transformation, V;' — —V}' and V/ — VJ (j # 1). Since 1
must appear for even times in the indices of a nonzero E*%2 % we can still prove that
Eoazany/@myaz. . on is Pp-even. This again contradicts with the assumption.

In summary, there is no way to construct a Pp-odd scalar by contracting n vectors for
n < N, so the generic scalar potential constructed from the N — 1 Higgs multiplets ®; has
an accidental global O(N)p symmetry.

If all ®; develop nonzero VEVs (®;), which are linearly independent, then the global
O(N)p symmetry is spontaneously broken completely. We are now going to seek for the
remaining 7/ symmetry. Similarly with what we have done in subsection 2.2, we can
always rotate the axes such that all the first VEV components (®}!) = 0. In fact, this
VEV configuration is preserved under the P/, = diag(—1,1,1,--- , 1) transformation, which
is actually the Z) symmetry we want. Expanding the Higgs fields around the VEVs,
®; = (®;) + ¢;, we find that all ¢} (i = 1,2,--- ,N — 1) are P}-odd, while the rest ¢¢

(a=2,---,N) are P})-even.
There are N(N — 1)/2 gauge bosons in such a SO(N)p gauge model. We denote the
gauge fields as Azb (a,b=1,2,--- ,N), where Azb = —AZ“. The trilinear gauge interaction

terms are proportional to Aff’@?(‘)“@f. Taking the VEVs, we have AZb (®¢) 0# @b which
only vanishes for a = 1. Therefore, the N — 1 gauge fields AZI (a > 1) are P{y-odd, while
all the other Aff’ (a # b) are P/,-even. The number of the P};-odd gauge bosons is equal to
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the number of the P-odd scalar bosons ¢}, implying that all these scalar bosons become
the Goldstone bosons eaten by the Pj,-odd gauge bosons. The lightest mass eigenstate of
the Pf,-odd gauge bosons serves as a DM candidate. In this way, our model setup has been
generalized to the SO(N)p cases.

5 Conclusions and future prospect

In this paper, we have discussed a vector DM model based on a dark SU(2)p gauge theory.
Two real SU(2)p dark Higgs triplets are introduced to completely break the SU(2)p gauge
symmetry, leading to three massive dark gauge bosons A', A%, and A3 with a split spectrum.
An accidental Z symmetry remains after the spontaneous symmetry breaking. Under this
Z} symmetry, A! is even, while both A? and A% are odd. Since A? is generally lighter than
A3, it becomes a stable vector DM candidate. In the unitary gauge, the physical degrees
of freedom in the dark Higgs triplets and the SU(2)y, Higgs doublet form four Higgs bosons
ho, h1, ha, and hs, where hg acts as the 125 GeV SM-like Higgs boson. These Higgs bosons
provide a portal to the SM particles for the dark gauge bosons.

We have randomly scanned the 14-dimensional parameter space, taking into account
the constraints from current 125 GeV Higgs measurements, direct searches for exotic Higgs
bosons, and electroweak precision measurements. The DM relic density has been calculated,
including the A?A? coannihilation effect. We have found the parameter points predicting
the observed relic density. These parameter points have been further tested by the bounds
from the XENONIT direct detection experiment and the Fermi-LAT indirect detection
experiment.

Resonance and threshold effects in DM annihilation could lead to important differ-
ences between (oannv)rpo and (Gannv)o. In the parameter points, we have found significant
effects due to the hg, hi, and hg resonances for m 2 ~ my, /2, as well as a remarkable hyhq
threshold effect for m 2 ~ my,. Because of these effects, o3 and (Fanmv)o for some pa-
rameter points could be sufficiently small, evading the current direct and indirect detection
constraints.

There are numerous parameter points remaining after all the above constraints are
considered. The future LZ direct detection experiment is expected to test some of them.
Moreover, the interactions between the dark Higgs triplets and the SU(2);, Higgs doublet
induce mixings among the Higgs bosons. As a result, the couplings of the SM-like Higgs
boson hg generally deviate from the SM couplings. Future Higgs precision measurements
at ete™ colliders, such as CECP [68], FCC-ee [69], and ILC [70], will provide further tests
on this model.

We have proved that the way to construct this model can be generalized to the general
SO(N)p cases. For a SO(N)p gauge model, N — 1 real Higgs multiplets in the SO(N)p
fundamental representation can be introduced to break the gauge symmetry, with a re-
maining 75 symmetry ensuring the stability of a dark gauge boson. Thus, more vector DM
models can be similarly constructed.
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