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Investigation of dark matter in the 3-2-3-1 model
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We prove that the SU(3) ® SU(2), ® SU(3)x ® U(1)y (3-2-3-1) gauge model always contains a
matter parity Wp = (—1)3B=L)*25 a5 conserved residual gauge symmetry, where B — L = 2(fTgx + X) is
a SU(3)r ® U(1)y charge. Due to the non-Abelian nature of B — L, the W-odd and W-even fields are
actually unified in gauge multiplets. We investigate two viable versions for dark matter according to

p==+1/ /3, where the dark matter candidates can be fermion, scalar, or vector fields. We figure out the
parameter spaces in the allowed regions of the relic density and direct detection cross sections.

Additionally, we examine the neutrino masses induced by the seesaw mechanism along with associated
lepton flavor violation processes. The new gauge boson searches at the LEPII and LHC are discussed.
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I. INTRODUCTION

The standard model is very successful, but it is not a
complete theory as it fails to address the existence of
nonzero small neutrino masses and neutrino mixing [1] as
well as the presence of dark matter that occupies roundly
26% mass-energy density of the Universe [2]. From a
theoretical point of view, the standard model cannot explain
the existence of three families and the origin of electroweak
parity violation [3].

Among the standard model’s extensions, the minimal
left-right symmetric model is intriguing, which provides
natural explanations for the electroweak parity asymmetry
and small neutrino masses [4,5].1 Further, the new physics
plays important roles in interpreting the neutral meson
mixings and rare meson decays [7] as well as an appropriate
answer to the V, problem [8]. However, the model does
not give a natural solution for dark matter and family
number.

“dthuong @iop.vast.ac.vn

"pvdong @iop.vast.ac.vn
jFntdem@iop.vast.ac.vn

‘ntnhuan @grad.iop.vast.ac.vn
ldthien@ grad.iop.vast.ac.vn

ISee for other seesaw interpretation [6].

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2018,/98(5)/055033(14)

055033-1

Indeed, the lightest right-handed neutrino may be tuned
to have a mass in keV regime responsible for long-lived
warm dark matter. But, they would overpopulate the
Universe due to relevant gauge interactions, which acquire
nonstandard dilution mechanisms as well as testable strict
phenomena [9]. Less fine-tuning are cold dark matter
scenarios that necessarily add a new field to the model
and impose a stabilizing symmetry, typically a matter parity
as residual B — L gauge symmetry or just the gauge
symmetry like the minimal dark matter model or global
symmetries [10]. However, the dark sector of such attempts
still remains to be arbitrary, ad hoc included, because it is
decoupled from (i.e., commuted with) the normal sector
under the gauge symmetry.

Therefore, we would like to search for a stabilizing
mechanism by virtue of a noncommutative B — L gauge
symmetry that uniquely determines dark matter from the
known normal matter as forming an irreducible gauge
multiplet (dark matter, normal matter) by symmetry prin-
ciples. This is in sharp contrast to the usual global and
Abelian B, L, B — L extensions of the standard model,
including the minimal left-right symmetric model.
Generally, the dark matter has an anomalous (wrong)
B — L number, while the normal matter has a normal
B — L number. Furthermore, the breaking of this non-
commuting B — L symmetry defines both the seesaw scale
that keeps small neutrino masses and the matter parity that
stabilizes dark matter. By this proposal, the smallness
of neutrino masses and the stability of dark matter are
originally connected, in the same nature. However, in the
model the dark matter mass is set by another new physics
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scale that separates the multiplet of dark matter and normal
matter, opposite to the usual interpretation.”

The idea of realizing a noncommuting B — L gauge
symmetry (i.e., combining it with electroweak charges in a
non-Abelian group) often composes the solution of family
number (see, for instance, [11]). Therefore, there have
recently been attempts to solve the mentioned last two
questions (dark matter and family number) by enlarging
the left and/or right weak-isospin groups, i.e., SU(2); »
[12-16]. The simplest versions achieved include gauge
symmetries, SU(3)-®SU(2),®SU(3)xQU(1)y (3-2-3-1)
and SU(3)®SU(3),®@SU(2),®U(1)y (3-3-2-1), respec-
tively. However, the former is somewhat simpler than the
latter due to its left-handed sector remaining as the standard
model, to be investigated further in this work. A predictive
feature of such left-right gauge extension is that the B — L
charge of new fields is determined by their electric charge,
Q = T3, + Tsg +5 (B —L). For instance, new SU(2), p
singlets have B — L = 2(Q, which differs from that of
ordinary particles. In fact, the most new fields have a
wrong B — L charge, if they have a usual electric charge.
The highlight of the present model is that all the existing
issues can be manifestly described by gauge principles—a
gauge completion.

Indeed, the 3-2-3-1 model explains the family number
by SU(3); anomaly cancellation, analogous to the 3-3-1
model [17]. It already provides the neutrino masses via a
seesaw mechanism similar to the minimal left-right sym-
metric model [4,5]. Unlike the conventional dark matter
theories, the 3-2-3-1 model encloses and treats B — L =
2(fTgg + X) as a noncommuting gauge charge of
SU(3)g ® U(1)y. Due to this fact, the model naturally
accommodates dark matter as component fields that com-
plete the SU(3), multiplets, e.g., 3=2& 1 = (N,N, D)
or (D,D,N), 6=3@2&1=(N,N,N,D,D,N), and
8=3d2d2*d1=(N,N,N,D,D,D*,D*, N), under
SU(2)g, where N and D refer to a normal field and
dark field, respectively. The B — L-charged scalar field
breaks the 3-2-3-1 symmetry, defining both the seesaw
scale as the scalar vacuum value producing small neutrino
masses and the matter parity Wp = (—=1)3B-L)+25 4
residual SU(3)r ® U(1)y gauge symmetry responsible
for dark matter stability. The D fields (having wrong
B — L number) are W-odd, whereas the N fields (having
normal B — L number) are W-even.” The lightest W-odd
particle (LWP) is a dark matter candidate,” stabilized by the
matter parity conservation. Additionally, in the model the

2Comparing to supersymmetry (a spacetime symmetry, by
contrast), dark matter (sparticle) and normal matter (particle) are
unified in supermultiplet, differ in spin, and are split by supersym-
metry breaking. But, the dark matter stabilization is due to R-
parity—a residual R-symmetry having an undefined nature.

*Recall that these opposite parities are actually arranged in
gauge multiplets reflecting non-Abelian B — L symmetry.

*If it is electrically and color-neutral and has a correct density.

tree-level flavor-changing neutral currents (FCNCs) arise
due to the discrimination of right-handed quark families
under the gauge symmetry [14]. This easily addresses the
issues of the neutral meson mixings and rare meson decays
[18]. The new physics is mostly predicted in the TeV
region, which may be searched at the current colliders.

The rest of this paper is organized as follows: In Sec. II,
we give a review of the model, examining the matter parity,
dark matter versions, and candidates. Additionally, we
discuss the existing bounds and necessary conditions for
the scalar potential. Section III presents the neutrino mass
generation and lepton flavor violation processes.
Section IV studies the new gauge bosons at the colliders.
Section V calculates dark matter observables. We make
conclusions in Sec. VL.

II. A REVIEW OF THE MODEL

This section summarizes work already done in [14]. But,
the gauge symmetry breaking and the origin of the matter
parity and dark matter stability are extensively discussed.

A. Gauge symmetry and particle content
As stated, the gauge symmetry is given by

SUB)c®SU(2), @ SUB) @ U(l)y, (1)

where the hypercharge is enlarged as U(1), — SU(3); ®
U(1)y, which will result in the family number, neutrino
mass, and dark matter due to the nature of the
extended group.

Since the gauge symmetry contains those of the minimal
left-right symmetry and the standard model, the electric
charge, hypercharge and baryon-minus-lepton charge are
embedded as

O ="Ts +Ts+ T + X,

1
S(B—1) = pTag + X, @

Y = T3R +ﬂT8R +Xy

where T,y (a=1,2,3), T;r (i=1,2,3,...,8), and X are
SU(2)., SU(3)g, and U(1)y charges, respectively. O, Y,
and B — L act as non-Abelian charges, not commuting with
the gauge symmetry. The coefficient f is arbitrary.
Particularly, Q and B — L satisfy

[0.T, +iTs] =F q(T, £iTs),
[0, T¢ +iT7] =F (1 + q)(Te £ iT7), (3)
[B—L,Te+iT;] =F (1+2q)(Ts £ iT7). (4)

where g = —(1 + v/38)/2 will define the electric charge
and B — L for new particles.
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The fermions transform under the gauge symmetry as
a 1
<” L) ~ <1,2,1,——>,
€aL 2
Var 1
Yar = €4Rr ~ <1’1’3’%>’ (5)
Er
1
3,2,1,
()~ (215)
aR
QaR = UgR 3, 1, 3* —g) (6)
_q__

Yal =

QaL =

O3 =

O3 =

El, ~(1,1,1,q9), JaL (3,1,1,

2 2
s~ (3,1,1,q+§), (8)

where a = 1, 2, 3 and a = 1, 2 are family indices. vg, E,
and J are new particles included to complete the repre-
sentations. To cancel the [SU(3)g]? anomaly, the number of
SU(3)g fermion triplets must equal the number of SU(3),
fermion antitriplets. Therefore, the family number must
match that of color, and the third quark family must be
arranged differently from the first two. It is verified that all
other anomalies are canceled too. Note that after symmetry
breaking the SU(3), antitriplets and triplets decompose
under SU(2), as 3*=2*@1 and 3=261, ie,
(dag = tardar)" = (dag = Uar)" @ Jor and (uspdspdsg)" =
(usrdsg)T @ J3g, tespectively. Since every SU(2)y repre-
sentation is real, the antidoublets (d,z — u,z)" are equivalent
to the doublets (u,zd,z)T . Strictly speaking, since 2* = i,2,
we derive (ugpdyg)” = —icy(dug — uar)T, wWhich acquires
the same SU(2)p quantum number as (u3grdsg)’. Using
Eq. (2), itis easily checked that d,; (u,z) and dsg (u3g) have
the same Y and Q, whereas all the ordinary quarks have the
same B — L = 1/3, where note that T;z = A,;/2 for triplets
while T;z = —A;/2 for antitriplets. All the new and usual
quarks have the same SU(3). quantum number, 3, which is
unbroken.

To break the gauge symmetry and generate the particle
masses appropriately, the scalar content is introduced as

s s, S 2g + 1
S:( " 12 _13_1>N<17273*a_ q—‘r )’ (9)
Sy 8% Sy 6
¢’ S
o= ;7" | ~ (1,1,3,— q;L > (10)
¢4
=0 B, 57(1]3
—i 2 V2
= B, o =4 2(¢-1)
= = Té .:.22 \2/35 N(1,1767 3 >7 (11)
g, =2 2y
V2 oV2 T3

00
0 0|. (12)
00

The field’s superscript is electric charge. The B — L
charge is given in Table I, in which the gauge fields were
specified in [14]. We can divide particles into two classes:
normal particles include the standard model and new
particles carrying normal B — L charge or differing from
that by even units, whereas wrong particles are those
having abnormal B — L charge which depends on g. The
wrong and normal particles are manifestly unified in the
right gauge multiplets, for instance, lepton (veFE), quark
(udJ) or (d — ulJ), gauge boson (W* Z Z' X*1 y*(1+a)),
and so on.

B. Symmetry breaking and W-parity

The spontaneous symmetry breaking is implemented
through three possible ways. The first way assumes
w > A > u, v, and the gauge symmetry is broken as

UB3)e @ SU2), @ SUB) ® U(1)y
w
UB)c®@SU2), ®@SUQ2)x @ U(l)p,
JA
UB)®SUQ2),@U(l), ® Wp
Ju, v
U(3)c ®U(1)p @ Wp.
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TABLE 1. B — L charge and W-parity for the model’s particles.
Particle Vg e, El u, d, I, ];”? b ¢2—(q+ 1) 9
B-L -1 -1 2q ! ! Alt3q) A243q) —(1+29) —(1+2q) 0
Wy 1 1 p+ 1 1 P Pt P~ P~ 1
. - _ —1- = —— = .
Particle St Si Si3 i Sy ! S ) Efy =2
B-L 0 0 —(1 +2¢) 0 —(1 +2¢) -2 ) 2q -1 -2
Wp 1 1 P 1 P~ 1 1 p+ 1
Particle CEN 52 A Zx Zl Wi g b¢! X! 4! YRt
B—L 2 -1 4q 0 0 0 0 142 —(1+2¢) 142  —(1+2¢)
W P+ PP+ 1 1 1 1 P+ P Pt P

Note that SU(2)y includes Tg, Tog, T3g- B— L and Y,
as given, commute with SU(2), » and SU(2),, respec-
tively. Wp = ¢®B-L) is the residual symmetry of B — L
which conserves the vacuum, WpA = A. We deduce o =
kz for k integer, and thus Wp = (—1)#~L). Among the
survival transformations, considering k = 3 and conven-
iently multiplying the spin parity (—1)% as conserved by
the Lorentz symmetry, we obtain the matter parity

Wp = (_I)S(B—L)+2s — (_1)6(/iT8R+X)+2s. (13)

Another consequence of this symmetry breaking scheme
is that the world may start from an explicit left-right
asymmetric phase, translating to an intermediate left-right
symmetric phase, and going down the electroweak phase
by spontaneous parity breaking.

The second way assumes A > w > u, v, and the gauge
symmetry is broken as

SUBB)c ® SU(2), @ SUB)x @ U(1)x
JA
SUG), ® SUQ), ® SUQ)p ® U(l)y ® W)
w
SUB)e @ SU(2), @ U(l)y ® Wp
Ju,v
SUB)c®@U(1), ® Wp.

SU(2)g contains three generators, Teg, T7g, % (V3T s~
Tsg), and U(1)y is X' =5 (V3 + B)(Tse + V3T3x) + X.
W/, = (=1)#(V3TstTsr)+6X ig 4 discrete symmetry orthogo-
nal to X', defined by A (note that B — L is not factorized at
this stage), and Wp takes the normal one (after multiplying
the spin parity) determined by w. Since SU(2), is not
interchanged to SU(2)g, there is no left-right symmetric
phase for this scheme. In other words, this way breaks the

gauge symmetry to the alternative left-right model, rather
than the left-right.

The last case is w~ A, and the gauge symmetry is
broken as

SUB3)c®SU(2), ® SUB)z @ U(1)y
Iw, A
SUB)e @ SU2), @ U(l)y ® Wp
Ju,v
SUB)c®U(l)y ® Wp.

It is easily shown that B — L commutes with the standard
model symmetry and its remnant is Wp defined by A
vacuum. This case does not recognize the left-right sym-
metric phase.

Therefore, every symmetry breaking scheme leads to
the matter parity Wp as a residual gauge symmetry, which
is not commuted with the beginning gauge symmetry. Its
value is listed in Table 1. The normal particles have
Wp = 1. The wrong particles have Wp = PT or P~, where
P* = (=1)*6¢+D) # 1 is nontrivial if ¢ # 221 = +1 +1
+2,+%.... for all m integer. This assumption is natural,
since those values of the electric charge are unlikely. For
instance, if ¢ takes normal charges, i.e., ¢ = m/3, then
P* = —1 and the wrong particles become odd fields.

The Wp conservation implies that wrong particles
always couple in pairs or self-couple. Indeed, consider
an interaction consisting of x P* fields and y P~ fields for
x, y integers. Wp is conserved, leading to (P*)*(P~)" =
(=1)©®a+Dx=y) = |, thus x = y for arbitrary . P* and P~
always appear in pairs. This also applies for (P*)? and
(P~)? fields. If an interaction contains either (P*)?
or (P7)? field, it has two other either P~ or P fields,
respectively, leading to the self-couple of three W-fields.
Therefore, the lightest wrong particle (LWP) is stabilized
responsible for dark matter if it carries no electric and
color charges. We have three versions for dark matter
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corresponding to ¢ =0, —1, +1 or = —1/\/5, 1/\/5,
—+/3, respectively. However, the version ¢ = 1 is ruled out
by matching the gauge couplings as shown below.

The version g =0 includes dark matter candidates
as a fermion combined of E;,;, a scalar combined of
¢1, S13. B3, or a gauge boson X. The version ¢ = —1 has
dark matter candidates as a gauge boson Y, or a scalar
combined of ¢,, S,;. As studied in [14], one combination
of ¢, S»3 is the Goldstone boson of Yj; the corresponding
candidate is only Hg = (v¢h, +wS,3)/Vv* +w? Similarly,
one combination of ¢y, Sy3, E3 is the Goldstone boson
of Xpg; the relevant candidates are Hg ~ (u¢h; + wS3)/
Vu? +w? and H; ~ (W, — uS,3)/vu* + w?. The masses
of E, Xg, Yg, H¢ 74 are proportional to w and/or A, which
should be radically larger than the weak scale.

C. Existing constraints

Let vectors A7, Aigy» and B, couple to T, Tig, and X
in the covariant derivative according to the coupling
constants g, py respectively, and denote tx = gr/g;,
ty = gx/gr [14]. The new gauge bosons X3¢ = (Aspt
iAsg)/ V2, Y,f(qH) = (Aggr £ iA7)//2 possess masses

my, ~%/w? +2A%, my, ~%w and decoupled, whereas

Wi = (AL F iAy)/V2, Wi = (Aig F iAx)/V2 mix,
which yield eigenstates W; = c:W —s:Wg, W, =
seWp +c:Wg, with the mixing angle |&| <1 and

my, =% u? + 0%, my, :”T%A, where W, is analogous

to the standard model while W, is new. The photon field
A= syAsy + cW('t—ZAm +ﬁl;—‘:AgR + tt—‘;(’B) is a massless
eigenstate, while the standard model Z boson Z = ¢y A3, —
SW(%:AM + ﬁ;—:AgR + ’t—‘;(’B) slightly mixes with the heavy
states Z, Zj, given orthogonally to the field parenthesized
in A, Z, via the mixing parameters |e| ,| < 1.”

The VEVs w, A break the new symmetries and give the
masses for new particles, while u, v break the standard
model symmetry and provide the masses for ordinary
particles. For consistency, we impose u, v << w, A.
Additionally, the W mass implies u? + v ~ (246 GeV)>.

Due to the mixings of W, Z with the respective new
gauge bosons, the p-parameter p = m3,/c3,m% as well as
the well-measured couplings of W, Z with fermions are
modified through &, €, [14]. Fitting to the data, the new
physics scales, assuming w = A, take lower bounds in
several TeV, for instance, A > 2.1 TeV for f =1/ V3 (or
g=—1) and A > 3.9 TeV for f=—-1/v3 (or g =0).

*Here, Zg = [=(tg + PP13)Asg + tx(PtxAgg + 1z B)]/
Vg + PR+ (1 +6)53]  and  Zg = (1pAsg — fixB)/

t» + Bty finitely mix, which yield physical states Z; =
cZiy — s Zg and 2| = s.Zx + c.Zp, with the mixing angle ¢
and their masses dependent on w, A [14].

Note that only the upper bound for Ap is taken into
account, which differs from [14].

As presented in [14], matching the gauge couplings
leads to

212 2
R*X < R ,
+(1+p+13) 1+p+1%

(14)

2
Sw =

where recall 1t = gr/g1, tx = gx/g., and that g; p y are
SU(2),,SU(3)g, and U(1)y couplings, respectively. Taking
tr = 1 as motivated/protected by the left-right symmetry,
we have 53, <1/(2+ %), thus —1.822 < g <0.822, where
note that # = —(1 +2¢)/+/3 and s3, = 0.231. Comparing
to the previous section, there are only two dark matter
versions for ¢ = 0, —1.

When the energy scale increases, g; x slightly changes,
while gy significantly rises. A Landau pole M at which
s3,(M) =1/(2+ p?) or gx(M) = co may result, depend-
ing on g, where we set tx(M) = 1 for simplicity. Of course,
the model works only if A, w < M. For instance, the
Landau pole approaches the weak scale if ¢ tends to either
of its bounds (these cases should be ruled out by other
constraints), and the Landau pole is M ~ 10 TeV for
q = —1/2 or = 0. Further, the Landau poles for the dark
matter versions ¢ =0, —1 are actually larger than the
Planck scale.

We would like to emphasize that the source of FCNCs is
due to the third right-handed quark multiplet (Q5r) trans-
forming differently from the first two (Q,z), i.€., a result of
the nonuniversal fermion families [14]. Thus, the tree-level
FCNCs occur via both gauge and Yukawa interactions,
with the relevant couplings derived as [14]

Lrene = a;LF?jd;RHZ + L_‘;'LF?/'”;'RH2 +He

zZ _
— O RV A ir LRy (15)

where I, T¥, ®% are the couplings that depend only on
the ordinary quark mixing matrix elements of both the left
and right sectors and the VEVs (u, v). There is no mixing
between the ordinary and new quarks due to the matter-
parity conservation. It means the interactions of the
FCNCs with H,, Zj do not depend on the way of the
symmetry breaking, but the amplitudes of the induced
effective FCNC interactions do, set by H,, Z;e masses.
Equation (15) modifies the neutral meson mass differences,
Amg, Amg , Amg , and thus constrains w and A in a few
TeV, in agreement with those from the p and mixing
parameters [14].

All the analyses have been presented with the
assumption w ~ A, which is appropriate to the third way
of the symmetry breaking. When either w > A (the first
way of symmetry breaking) or A > w (the second way of
symmetry breaking, preferred in the current work), all the
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above bounds simply apply for the corresponding lower scale, with slightly changed numerical values. In these cases, the

higher scale gives no contribution.

The scalar potential that is invariant under the gauge symmetry and renormalizable is

Vscalar =

T+ AT+ (¢TS*S¢) + ﬂzTr(STS””T)

where the potential parameters are defined similarly to [14].
The necessary conditions for the scalar potential to be
bounded from below as well as to induce the gauge
symmetry breaking are

/IIS +225 > 0, 115 +/125 > 0, /1(/, > 0,

ui <0, px <0, ,ué < 0. (17)
Additionally, we have four relations from the potential
minimization, which imply f ~ w, A, and that all the Higgs
masses have to be positive [14]. Expand the neutral scalar
fields around their VEVs, S;; = (u+ S, +iA;)/V2,
S = (v+ 8,4 iA)/V2, b3 = (w+ S5+ iA;)/V2,
and B, = (A + S, +iA;)/V2. The states S),34 mix,
but using the approximation, (u,v)?/(w, A, f)* < 1, the
model contains only a light (CP-even) neutral scalar field,
H, =~ (uS; + vS,)/Vu® + v%, to be identified as the stan-
dard model Higgs boson.® The relevant Higgs mass is
constrained by [3]

My, = \J2s + o) — dogr? 2125 GeV. (18)

III. NEUTRINO MASS AND LEPTON
FLAVOR VIOLATION

The Yukawa interactions of leptons are given by [14]

'c D hizb‘ilﬂLSleR + hfhEaL¢.thR + hf,,‘i’ZRET‘PbR + H.c.

(19)

After the symmetry breaking, the charged leptons (/, E)
gain appropriate masses,

®Besides, the model includes eleven new heavy Higgs
bosons, the neutral H,=(—vS,+uS,)/Vu>+v?, H;=
CpS3— S4, 4= 85,53 + ¢, 84, A= [W(vA| + uA;) — uvAs)/
\/w %) + u?v?, and thechargedHi,H67,Hsi<q+l),5§f,
:213(4 1), :§E32q, as well as eleven Goldstone boson modes, where

the mixing angle, the physical states, and their masses can be
explicitly found in [14].

25(#'EE p) + 24(4 ) Tr(S'S)

(fS¢*S + H.c.), (16)

(M) = — [mgl,, = —h (20)

hl L E i
ab \/E’ ab \/Z’
proportional to the weak and large scales, respectively.
The neutral leptons get Dirac masses via u and right-
handed Majorana masses via A, given in the basis (v, %)
as follows:

1 0 hlu
M==5 ((h’)Tu 2hRA>' @)

Because of u <« A, the type I seesaw mechanism applies,
and the active neutrinos (~v;) obtain small Majorana
masses as

()= (R)T. (22)

m, =

zf

By contrast, the sterile neutrinos (~vg) have large Majorana
masses, mX ~ —/2hRA, in the B — L breaking scale.
Using h! = —v/2m;/v and m, ~ 0.1 eV [3], we evaluate

1 (u)> 2101 GeV
KR ~ (E) (G’”l ) v (23)
v eV A

The model predicts A~ 10" GeV in the perturbative
limit 4% ~1. Even relaxing the weak scale ratio as
u/v=1000—-0.001, the B-—L breaking scale is
A = 10" — 10* GeV, respectively, which is beyond TeV
scale, where the relevant new physics is governed by w. The
second symmetry breaking scheme is most favored.

Without loss of generality, consider the Yukawa cou-
plings of charged leptons A, to be flavor diagonal. Thus,
the neutrino mixing is completely operated by hR,, and this
is also an important source for charged lepton flavor
violating processes. Specially, the processes like u — 3e
happen at the tree level by the exchange of doubly charged
scalar (255°), obtained by

I~ —>efee)

Br(y= - efeme™) ~ T = e 00.)
ue

1
G 1MV

..‘

- & (24)
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which is suppressed by the E,, mass, where the Fermi
constant is Gp = 1.16637 x 107 GeV~2. The present
nonobservation of the transition u~ — eTe~e~ bounds
Br(u~—e"e”e™) <1072 [3], which translates to A%, ,, =
1073 — 1 for mg, ~ \/=AzA = 1-1000 TeV, respectively.

The processes like y — ey are induced by one-loop

corrections of two kinds. The first kind is mediated by the

charged gauge bosons W7 ; and Y ;f(ﬁl) due to the neutrino

and exotic-lepton mixings, respectively, which is very
suppressed [19,20]. The second kind is contributed by
singly charged scalars and neutrinos, or doubly charged
scalars and charged leptons (z,u,e). Since the former
contribution is similar to the first kind, the latter would
dominate which leads to

L ¢ 25 |(hRThR) ]
Briw = er) = iz 16 ML Gy (25)
where the fine structure constant is @ = 1/128. Taking the
experimental bound Br(u — ey) < 4.2 x 10713 [3] leads
tomg,, = 1-100 TeV for |(h*ThR) ,| = 107> — 10, respec-
tively. Comparing to the previous bound, this case trans-
lates to A% ,, ~0.03-3.16.

IV. SEARCH FOR Z; AND 2| AT COLLIDERS

The new neutral gauge bosons have both couplings to
leptons and quarks. The LHC can bound the quark
couplings as well as the products of two coupling types,
but not the lepton couplings only. The last one can be
addressed by the lepton colliders.

A. LEPII

The LEPII at CERN searched for new neutral gauge
boson signals that mediate the processes such as
ete” - (Z,,2)) - ff, where f is an ordinary fermion
in the final state. From the neutral currents in [14], we
obtain effective interactions describing the processes,

2
Lo = =25 [2y*(al () Py, + ak(e) Pr)e]
winy
x [F(ah (f)PL + ak(f)Pr)f]

Z

::gi_(afwe)af%f7+_aL(e)af%f))

2 2 2
Cw le mZ,]

x (er'Pre)(fr,PLf) + (LR) + (RL) + (RR),
(26)
where [ is summed over Z;, Z/, and the chiral couplings
aj g (f) = g4 (f) £ ¢4 (f)]/2 can be extracted from [14].

Concretely, the LEPII searched for such chiral inter-
actions and gave the bounds on respective effective

couplings. The most relevant one includes left-handed
fermions for f = y, yielding [21]

gt 1 ((Sesw+cecwﬂfx>2 i (cesW_CWSeﬂtX)z)

dct, 1y + P13 mzz% mZZ,l
<1 (27)
(6 TeV)?

As determined in the neutrino mass section, we have
A > w, thus Mz > Mz, . Only Z; contributes, leading

to the mz bound as

- 391 Sesw + ccowPiy

Cw Nt + B

The mixing angle ¢ is finite, depending only on the gauge
couplings and S, due to A > w [14]. Taking tz = 1 and

txy = sw/\/1— (24 p%)sy, we get mz, > O(1) TeV.

B. LHC

We consider only the Z; processes at the LHC since 2
is superheavy and does not contribute. Because Z; directly
couples to the standard model quarks, it may be produced at
the LHC by s-channel and then decays into high energy
lepton and/or jet pairs. Especially, the leptonic productions
are very attractive for studying heavy neutral gauge bosons
that have unsuppressed couplings to leptons [22]. In the
narrow width approximation, the cross section for produc-
ing a Z, boson at the LHC and then decaying into a ff final
state takes the form [23]

mz, TeV. (28)

olpp =21~ =[5 3 (58 )otaa ~ )

g=ud z,

x Br(Z, - ff). (29)

In what follows, we consider the parton luminosity
dLgy/dm% at the LHC for \/s = 13 TeV which can be
directly obtained from the first reference of [24].

In Fig. 1, we show the cross section for the tree-level
process pp — Z, — I, where [ is either electron or muon
which has the same coupling to Z;, for two versions
p = +1/4/3. Both the theoretical predictions are nearly
close, weakly separated by different f signs. The exper-
imental search uses 36.1 fb~! of proton-proton collision
data, collected at /s = 13 TeV by the ATLAS experiment
[25], giving a negative signal for new high-mass phenom-
ena in the dilepton final state. It is converted into the lower
limit on the Z; mass, mz >4 TeV, for models with

p=+£1/V3.
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FIG. 1. The cross section o(pp = Z| — 11) [pb] as a function
of mz, [GeV], where the points are the observed limits according
to the different widths extracted at the resonance mass in the
dilepton final state using 36.1 fb~! of proton-proton collision
data at /s =13 TeV with ATLAS detector [25]. The star
and plus lines are the theoretical predictions for g = +1/ V3,
respectively.

V. DARK MATTER PHENOMENOLOGY

In this section, we study the dark matter observables
corresponding to the two dark matter versions for ¢ = 0
and ¢ = —1 as obtained before.

A. The 3-2-3-1 model with ¢=0

In this model, the dark matter candidates are EY , 5, HY,
HY, X9 Recall that the states H?, and X% have the masses
proportional to A scale, while the neutral fermions EY, 5
have the masses proportional to w scale. Since A > w, the
LWP is naturally taken as a light combination of EY, 5,
called E°. However, if one fine-tunes the self-scalar

couplings or gg, the LWP may also be a scalar or a vector.
Depending on the parameter space, we consider three cases.

1. Fermion dark matter

Supposing that E; is the lightest particle among all the
W-particles, it is stabilized responsible for dark matter
due to W-parity conservation and kinetic suppression. E,
directly couples to the normal leptons v, [ via the new gauge

bosons X%O*, Y 1%1, respectively, and it also has the neutral
currents with Z, Z. Denote the remaining lepton flavors
by v, [,. E; dominantly annihilates into the standard model
particles as

E\ES —» vl 171 w15, 11 qq¢, ZH (30)

where the first two productions have both the ¢-channel by
respective Xp, Yr and the s-channel by Z;, Z/|, while
the remainders have only the s-channel. There may exist
some contributions from the new scalar portals, but they
are small and neglected. There is no standard model Higgs
or Z portal.

The neutral gauge bosons Z;, Z| mix via a finite angle,
€, and their interactions can be interchanged by replacing
(c. =& —s,, S, — c.), respectively. Therefore, they play a
similar role in the dark matter annihilation channels given
in (30). However, we stress that the contributions of Z;, Z/
to the dark matter annihilation processes are proportional

1 1 . .
to L W I_mZZ’l’ respectively. Due to the condition

2
21

A > w, or correspondingly m22,1 > m3 , the field Z; is
active which dominantly sets the dark matter observables.
Also in this limit, m% >> mj , only the charged gauge
boson Y, contributes to the #-channel, but radically smaller
than those of Z,. The dark matter is stabilized if
mg, < my,. We also take g, = g for calculations.

In Fig. 2 we display the dark matter relic density as a
function of its mass. The panels from left to right
correspond to the selections of the Z’l mass as 81, 809,
8099 TeV, respectively. It is clear that the relic density is
almost unchanged when m z changes. The stabilization of
dark matter yields only a Z; resonance regime. For
instance, w =9 TeV, the dark matter mass region is
1.85 < mg, <2.15 TeV, given that it provides the correct
abundance.

If one relaxes the constraint from the neutrino mass
generation by setting A > w, the Z| contribution may
become significant. Note that in this case the mixing angle
€ is also finite and the Z; and Z’ couplings to fermions
are equivalent. However, since mz, < m z and to protect

10 ; ) "mz,=4.13 TeV 10f "z, = 412 TeV 10f mz, =412 TeV
mz,=81TeV my, = 809 TeV mz,= 8099 TeV
1 Z, Resonance 1t Z, Resonance 1} Z1 Resonance
“ o + “ i
k3 { = =
S 01 S 01 S 01
w=9TeV
w=9TeV A =1000 TeV w=9TeV
00 - 100 Tev 001 00TF 10000 Tev
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
mg, (GeV) mg, (GeV) mg, (GeV)

FIG. 2. The relic density of the fermion candidate as a function of its mass in the limit A > w, where we label Z| = Z| and Z, = Z/,

which should not be confused.
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FIG. 3. The relic density of the fermion candidate as a function of its mass in the limit A > w, where Z; = Z, and Z, = Z/.
100 . - . 100 100
mz, = 83 TeV
= 40.3 TeV
10¢ Z Resonance 10 Z1 Resonance 10 Z; Resonance
4 e = :02::3/ ¢ nz,=8.25TeV
o a m,. = e o
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0.1 0.1 0.1
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2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000 8000
mg, (GeV) mg, (GeV) mpg, (GeV)
FIG. 4. The relic density of the fermion candidate as a function of its mass, myo, in the limit w > A, where Z, = Z, and Z, = Z|

mg, < my,, only the Z; resonance regime exists, as
depicted in Fig. 3.

Even if one considers w > A. In this case, the mixing
effect of Z; and Z/ is very small, but still mz < mz.
Therefore, the Z; gauge boson dominates the annihilation
as given before. Similar to the case in Fig. 2, the resonance
regime for Z; is not sensitive to the change of the large
VEV as plotted in Fig. 4.

In short, Z,; always governs and sets the dark matter
density in all cases, i.e., it is just an active portal, provided
E, is stabilized as leading to only a resonance region
for Z,.

The direct detection experiments measure the recoil
energy deposited by the scattering of dark matter with
the nuclei. This scattering is due to the interactions of dark
matter with quarks confined in nucleons. The scattering
amplitude comes from t-channels via the exchanges of Z|,

10-#

10—45 L

10—46 L

2
OE,—Xe (cm”)

10—47 L

10—48
500

1500 2000 2500
mpg, (GeV)

1000 3000

FIG. 5.
mass.

Z' bosons. There exist both spin-independent and spin-
dependent interactions, but for heavy nuclei, the cross
section is enhanced by the spin-independent interactions
due to the factor A%, Using mictOMEGAs 4.3.5, we get
the cross section for E-nucleon elastic scattering and the
total number of events/day/kg for detector Xe. Figure 5
shows that the predicted results are consistent with the
XENONIT experiment [26] since the dark matter mass is in
the TeV scale.

Let us remind the reader that when the coupling strength
of dark matter and normal matter is similar to the
electroweak couplings like our model, the dark matter
was generally thought to overpopulate the Universe for
heavy candidates at TeV scale. And, this was the reason
why the weakly interacting massive particle (WIMP) was
often interpreted to have a mass at the weak scale,

mymvp~ 150GeV,  because QA% ~0.1 pb/(ov) and
= 0.001
=
<
S 10
2] L e
N
g
h: 10—5 L
10-¢ v . v .
500 1000 1500 2000 2500 3000
mg, (GeV)

The scattering cross section (left panel) and the total number of events/day/kg (right panel) as functions of fermion dark matter
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(ov) ~a?/(150 GeV)? ~ 1 pb recovers the observed relic
density Qh?~0.11 [3]. However, the solution changes
when dark matter interacts with normal matter via an s-
channel heavy portal. Indeed, our fermion dark matter
dominantly annihilates into the standard model particles via
s-channel by Z,. The cross section is proportional to the
squared Z, propagator, (ov) ~ 1/(4mg —m?% ), given in
the center-of-mass frame. Thus, the relic density is
Qn* ~ 1/(ov) ~ (4mf, —m% )*. Hence, we have a reso-

nance at mg = %m z,» at which the large relic density
rapidly decreases to zero. Due to the nature of a resonance,

the right relic density is only a narrow funnel, with the
2
width at funnel top proportional to 2 ;;V—““ ~ 30 GeV, and we
21

can say that the resonance sets the dark matter observables.
A consequence of this analysis is that the vector candidates
are ruled out, since they have additional contact interactions
to W, Z that govern the relic density, as shown below. On
the other hand, of course such heavy dark matter would not
be restricted by the direct or indirect detections. However,
we would like to include Fig. 5 for concreteness and the fact
that the Z; mass limit may be raised if the future search is
continuously negative. To conclude, only the points around
mg, = %m z,~2 TeV in Fig. 5 respect the relic density
bounds for mz ~4 TeV, appropriate to the above LHC

dilepton search.

2. Scalar dark matter

In the limit w, A > u, v, the scalar Hg transforms as a
SU(2); doublet while H; is a SU(2), singlet. If Hy is the
LWP, it has the properties of dark matter as in the inert
doublet model [27]. The field Hq can annihilate into
W*W~, ZZ, H\H, and ff since its mass is beyond the
weak scale. Generalizing the result from M. Cirelli et al
in [10], the annihilation cross section is given by (ov) =~
(e (92 (L3102 where = /s + s
(/150 GeV)? ~ 1 pb aforementioned, and the first and
second terms in the brackets come from the standard model
gauge and Higgs portal interactions of Hg, respectively.
From the Higgs mass constraint (18), 4,5, are proportional
to the standard model Higgs self-coupling, thus x ~ Ay~
0.127. Hence, in the most area of the parameter space
between the weak and new physics scales, the annihilation
through the gauge portal to WHW~ and ZZ is so effective
(i.e., dominant), which derives the thermal abundance
equally to or below the measured value for
my, <600GeV. Above this value, the relic density is
overpopulated. However, when my, is large, the scalar
dark matter can (co)annihilate into the new normal particles
of the 3-2-3-1 model via the new gauge and Higgs portals
similarly to the 3-3-1 model [28], and this can reduce the
abundance of dark matter to the observed value, in agree-
ment with the experimental data [2]. Unfortunately, in our

case, the scalar doublet dark matter Hg may scatter off
nuclei via r-channel Z exchange, which induces a large
cross section and is already ruled out by the direct detection
experiments (see R. Barbieri et al. in [27] for details).
Moreover, due to W-parity conservation, the real and
imaginary parts of Hg always have degenerate masses;
therefore, there is no way to suppress such a channel, unlike
the case of the inert doublet model. So this candidate is not
further discussed.

Let us assume the scalar H; is a dark matter candidate,

which is now the LWP and leading to a condition 43 <

gpw
w2 4+2A2
Yukawa couplings are chosen to be hf/ > gp/+/2, so that
mgy > my, [14]. Because A>>w, the other W-scalars
have masses proportional to A, that are heavier than H;, as
expected. Since H- is a singlet of the SU(2), group, it has
only the Higgs (H;,3467), new gauge, and new fermion
portals. The annihilation products can be the standard
model Higgs, W, Z, top quark, and new particles. The
most interesting case is to impose the parameter space so
that the Higgs portal governs the dark matter observables.
For this aim, we derive

due to my, < my,. Additionally, the new fermion

r . u?
Vscalar ) _H7H7H% (’14 + %) + 2 ll)

2
u2
+ H;H7H1 \V l/l2 + 1)2 <ﬂ4 +m/11>
A
— H3H H, 2

AZ
+ H:HHyw |24y — ——>
T { ’ 2(/1154'/125)]
+ HiH HydsA + - (31)

Here, note that H; ~ ¢, H3 ~ S5, Hy ~ S, the S5 -5,
mixing angle @ ~Asw/2(hz +hz)A <1, mp =
2dg = 23/4(hz + =) WP, mp, =2(4z + A=)A%, and
m%fz - _/122(<:22j;.))
term and fifth term after integrating H, out) and the H;
portal (fourth term) set the relic density, while the H;

portal (second term) sets the direct detection cross section,

provided that 1=, —|—uz“—+21)2/11 ~1, A = 20y — w}j—ib:)~ 1,
and A5 ~ 1 are larger than g; ;. The above analysis can be
fully demonstrated by the Feynman diagrams in Fig. 6,
where the #-channels by Hg; are also included. The
annihilation channels H3H, — H|H, via the three graphs
of the second row play a major role in determining the
abundance, whereas the ones with s-channel by H,, are
suppressed by small couplings and heavy mediators [11].
Note that the trilinear Higgs couplings, H;H;h and H;H¢h,

depend on the f parameter, f = —% — %N o A? Jw

A?. Hence, the contact interaction (first
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FIG. 6. Diagrams that describe the annihilation H3H; — HH via the Higgs portals, where in the text we sometimes denote h = H,

for brevity.

[14]. If 4, is sizable, i.e., f ~ A, the corresponding diagrams
mediated by Hg, H; overwhelm annihilation processes,
leading to almost vanishing relic density (H; annihilates
completely, before freezeout). We consider a small coupling,
say Ay ~A3 or f~w (and, of course, my 2 my,), the
relevant t-channel diagrams negligibly contribute, since their
amplitudes are proportional to f/mg,  ~ gg, provided that
Xy ~ A3 ~ gew? /A%, which are manifestly suppressed due to
the conditions, my, < my, and gg < A, 2, A5, as mentioned.

That said, the dark matter annihilation amplitude is
governed by the contact and H; 4 portal interactions, given by

3 Ashe m%,
M= -1+ -V :
2(A1z + A=)

. (32)
4m%1,7 — m%,}

where the Hshh and Hyhh couplings take the form

L > —3AwH3hh — 5 AgAH hh, respectively, with A'=
Ay — 2\/§£ uv

w+v*
section times relative velocity is straightforwardly computed,

yielding the relic density

The thermally averaged annihilation cross

mH7

2
1.354 TeV)
o Ashg
X [A—
( 2(hz + Az)

Qn? zO.l(

2 -2
My
+ A — ) . (33)

2
4mH7 — My,

We divide into two cases,
(1) my, < mpy,: Approximate

myg. 2
Qn? ~0.1(—-—->"1— ), 34
<zeff x 1.354 TeV> (34)

where Ao = 4 — 5% j— 4. Like Hy, the H; field

2z tiz)
is integrated out (i.e., both H;, portals are not
active), that all contribute to the contact interaction
determined by the effective coupling A.¢. This case
gives the correct abundance, if

my, < |Aegr| X 1.354 TeV ~ 1.354 TeV,  for

Meff| ~ 1. (35)

Thus, the effective contact interaction predicts
the dark matter mass bound in the range
my, = 0.677-2.031 TeV, for |A.;| = 0.5-1.5, re-
spectively.

mpy, ~ mpy,: After going beyond a viable low mass
regime (somewhat similar to the previous case),
the H; abundance is generally overpopulated, but
having a resonance,

m 2 /4m?, —m3 \2
Qn2 ~0.1 H, M 0,
(1.354 TeV) ( i, -

(36)

2

atmy = jymy, = %\//?w ~2.6 TeV, that again de-
rives a correct relic density as desirable. Here, we
have taken w = 9 TeV that is fixed by the Z; mass
bound and /' = 1/3 so that the relevant resonance
exists below the regime my, = ggw/2 ~2.933 TeV
(assumed gr = g;). After the resonance, my, >
smpy,, the density quickly rises as Qh* ~mj, ,
before it meets the WIMP unstable regime for
my, > my,. Letus remind the reader that the coanni-
hilation processes such as H;Y and Y Y zr—which
happen when my;_ is close to my,—may significantly
reduce the abundance, which is not considered.
To be concrete, we plot the general density Qh>
given in (33) as a function of the dark matter mass
my, in Fig. 7 (curved line) for my, = 5.2 TeV,
A= As¢/2(Az + A=) = 0.6, and ' = 1. In order
to fit the experimental density value Qh? =0.11
(shown in the figure as straight line) [2], with the
choice of parameter values, the H; mass varies beyond
the weak scale up to 670 GeV and aregion of resonance
1.75 TeV < my, < 2.933 TeV, which encompasses
the resonant point %m,_,3 = 2.6 TeV and is bounded
by my, = 2.933 TeV.

Since H is a standard model singlet, it only scatters off
quarks via the Higgs portal % (i.e., t-channel h-exchange),
unlike the case of the scalar doublet H4. The dark matter-
nucleon scattering cross section can easily be evaluated
to be
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FIG. 7. The relic density depicted as a function of the scalar H
mass.
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in agreement with [28]. This prediction coincides with the
direct detection limit from the XENONIT experiment
o1, —pn~3.88x 107 cm? at 90% confidence level for
the dark matter mass around the resonant point my, ~
2.6 TeV and the sizable Higgs-portal coupling 4 ~ 0.65
[26]. With such A fixed, the lower mass regions of H,
(including case 1 and low mass regime of case 2) should be
ruled out by the direct detection. We would like to stress
that the dark matter mass in the considered model is a
few TeVs even larger than that, where the abundance is
governed by the new physics behind it. An indirect
detection is very insignificant [29] and is ignored in
this work.

The last remark is that from (36) we obtain the
resonance width (neglect the bound my,) proportional to
A’ x 1.354 TeV, which is large due to the large /' = 1 (as
taken), in contrast to the case of fermion dark matter
governed by the heavy gauge portal.

3. Remark on gauge boson dark matter

We would like to emphasize that the mass of the vector
gauge boson XY is radically larger than that of the vector
gauge boson Y7, as we see from [14] and above that
my, ~ GrN/ V2 > my, =~ ggw/2 for every gg. So the
vector gauge boson X° cannot be a dark matter candidate
since it is unstable, entirely decaying into the Y% and
standard model gauge bosons (WT).

B. The 3-2-3-1 model with g= -1
In this model, the colorless and neutral wrong particles
are the scalar H' g and gauge boson Y%. First, we assume that

the vector field Y% is a LWP. It directly couples to the W=,
Z gauge bosons, and the dominated annihilation channels

are YQY% — W*W~, ZZ. The dark matter thermal relic
abundance is approximated as

2
Q2 =107 (38)
Y

Because the fraction % is very small, their relic abundance
R

is Qy h* <107, much lower than that measured by

WMAP/PLANCK [2].

This underabundance may be evaded by signifying that
the vector candidate is superheavy, and nonthermally
created as associated with the reheating process or by
the gravitational mechanism. Here, the dark matter is never
to thermalize but it derives a corrected relic abundance [30].

Next, the scalar field, Hg, is considered as a LWP.
Because it transforms as the doublet of SU(2); group, it
directly couples to the standard model gauge boson and
behaves like the Hg scalar field, see in Sec. VA 2. Hence,
we have not repeated it here.

To conclude this section, we have focussed primarily on
the dark matter abundances and direct detections. Since our
candidates are heavy, the indirect detections as well as the
current collider searches are insignificant. But, when the
LHC is run at /s = 14 TeV with high integrated lumi-
nosity, it is worth searching for.

VI. CONCLUSIONS

Unlike the minimal left-right symmetric model, the
SUB3)-® SU(2), ® SU(3)x ® U(1)y model treats the
baryon-minus-lepton number as a non-Abelian gauge
charge, analogous to the electric charge, which provides
a nontrivial unification framework for the electroweak and
B — L interactions as well as manifestly unifying the dark
(wrong B — L) and normal sectors in gauge multiplets. The
matter parity Wp = (—1)3B-1)+25 is a residual gauge
symmetry, transforming nontrivially on the dark fields.
The conservation of Wp means that the lightest wrong
B — L particle is stabilized, responsible for dark matter. The
electric charge parameter (i.e., the electric charge of E,) is
constrained by —1.822 < g < 0.822. If the new leptons E,,
carry integer charges, there exist two dark matter models
corresponding to ¢ =0 and g = —1. These dark matter
models always have the Landau poles larger than the
Planck scale.

The neutrino masses are naturally induced by a seesaw
mechanism. Since the Dirac neutrino masses are related to
those of the charged leptons, the seesaw scale ranges from
10* GeV or 10! GeV depending on the weak scale ratio
u/v. At the low seesaw scale, the lepton flavor violation
decays 4 — 3e and y — ey are dominantly induced by a
doubly charged Higgs exchange. The decay rates are
consistent with the experimental bounds if the doubly
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charged Higgs mass varies from a few TeVs to a
hundred TeVs.

The model contains two new neutral gauge bosons Z|,
Z! in which Z has mass at the seesaw scale, heavier than
Z,. Thus, the field Z, is accessible at the colliders as well
as governing the dark matter observable, unlike Z}. The
LEPII constrains the Z; mass at O(1) TeV, while the LHC
searches show that the Z; mass is larger than 4 TeV
for \/s = 13 TeV.

We investigate the two viable dark matter models. The
model g = 0 contains two types of dark matter, fermion
and scalar fields. The fermion dark matter relics are
dominated by the Z; gauge boson in every symmetry
breaking scheme. There always exits a resonance Z; and
narrow region for the dark matter mass that produces the
correct abundance, in agreement with the Z; bounds. The
scalar dark matter can be a SU(2); doublet or a SU(2),
singlet, which both can reproduce the correct relic density.

But the doublet candidate may be ruled out by the direct
detection experiments. The model ¢ = —1 also contains
two kinds of dark matter. The scalar SU(2), doublet
candidate behaves similarly to the scalar doublet in the
previous model, and is thus ruled out. The vector candidate
is stabilized, but has a thermal abundance far below the
WMAP/PLANCK predictions. In short, the two models
predict distinct scenarios for dark matter.
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