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Multi-component dark matter in a non-Abelian dark sector
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In this paper, we explore a dark sector scenario with a gauged SU(2), and a global U(1)y x Z,, where
the continuous symmetries are spontaneously broken to a global U(1)p. We show that in various regions of
the parameter space we can have two, or three dark matter candidates, where these dark matter particles are
either a Dirac fermion, a dark gauge boson, or a complex scalar. The phenomenological implications of this
scenario are vast and interesting. We identify the parameter space that is still viable after taking into account
the constraints from various experiments. We, also, discuss how this scenario can explain the recent
observation by DAMPE in the electron-positron spectrum. Furthermore, we comment on the neutrino mass
generation through nonrenormalizable interactions between the standard model and the dark sector.
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I. INTRODUCTION

Despite the numerous successes of the standard model
(SM) in describing the observed phenomena, there are still
intriguing questions that are waiting to be answered.
Arguably, the most important one among them is the
nature and origin of dark matter (DM). For some decades,
the leading theory was a single-component thermal relic
with weak size couplings and mass, commonly known as a
weakly interacting massive particle. With the advancement
of experiments, however, most of the parameter space
of a single-component thermal relic has been excluded.
Therefore, we are compelled to examine more complex
structures of dark sectors. Among the proposed scenarios,
multicomponent dark matter (MCDM) has attracted a lot of
attention [1-28]. In these scenarios, the total relic abun-
dance of dark matter is due to the existence of multiple dark
matter species. Given the rather complex structure of the
SM, it should not be surprising if the dark sector has
multiple species as well, but to further motivate MCDM
scenarios, the extra degrees of freedom (d.o.f.) in the dark
sector are usually employed to explain some other short-
comings of the SM.

The most common approach in MCDM models is to
assume one or multiple symmetries in the dark sector.
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MCDM models with a gauged U(1) extension or con-
served non-Abelian gauge symmetries have already
received some attention [16,17,22-24,29-33]. In this
paper, we focus on a gauged SU(2), times a global
U(1)y that are spontaneously broken to a global U(1),
once a scalar ¢—a doublet of SU(2), with a nonzero
charge under U(l)y—acquires a vacuum expectation
value (VEV). Due to this breaking, we have three
massive gauge bosons (W%). We further assume that
the dark sector respects a Z, symmetry that stays
conserved after the spontaneous symmetry breaking.
This Z, symmetry becomes crucial in making sure we
have multiple DM species in various regions of the
parameter space. To extend the dynamics of the dark
sector, we assume there exists another scalar (1), and two
Dirac fermions (y; and y,), some of which have the
potential to be a dark matter candidate.

The communication of the dark sector with the SM
content can occur through various means (e.g., Kinetic
mixing, scalar portal, etc.). The kinetic mixing of non-
Abelian symmetries with any of the SM gauge symmetries
is usually nonrenormalizable, leading to a small interaction
between the particles in the two sectors. Therefore, we
mainly focus on the scalar portal induced by ¢ and the SM
Higgs acquiring VEVs. This is in many ways similar to a
simple Higgs portal model; however, it has some extra
advantages that are listed below:

(1) Large self-interactions between some of the DM
candidates: Even though collisionless cold dark
matter is successful in describing large-scale struc-
tures [34], it faces some difficulty in describing
small-scale structures. N-body simulations have
shown that self-interacting DM can alleviate the
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small-scale structure problems [35,36]. On the other
hand, from direct-detection experiments, we are led
to believe that DM has negligible interactions with
nucleons [37]. Therefore, the dark sector could have
a nontrivial structure, where it can allow a strong
self-interaction, while the portal between the dark
sector and SM is rather weak. This is easily achieved
in our model.

(2) The extra bosonic d.o.f. can be used to alleviate the
Higgs hierarchy problem [3,38-43], rescue the
vacuum instability [3,44-48] and allow for a strong
first-order phase transition, which is needed to
prevent baryonic asymmetry from washing out after
its generation [49-51].

(3) Recently, the DArk Matter Particle Explorer
(DAMPE) Collaboration released their new meas-
urement of the electron-positron flux in the energy
range 25 GeV to 4.6 TeV [52]. The results show a
sharp peak above the background around 1.4 TeV.
The sharpness of the peak suggests that DM from a
nearby source is annihilating to e*e™ [28,36,53-76].
Assuming that the excess is indeed due to the
interaction of DM with electrons, to achieve the
height of the resonance, the annihilation cross
section needs to be much larger than that of the
canonical single-component thermal relic. To en-
hance the cross section of dark matter candidates
with electrons, we also charge the right-handed
electron under SU(2), x U(1)y. Even though the
main motivation for distinguishing the right-handed
electron is the results of the DAMPE experiment, the
annihilation of dark matter candidates to an electron-
positron pair plays a crucial role in setting the relic
abundance.

(4) Neutrino mass generation: Another important ob-
servation that cannot be justified within the context
of the SM is the mass of neutrinos. In the most
minimalistic scenario, we can use the Weinberg
operator (LH)?/A [77], where A refers to the mass
of a heavy Majorana fermion. A simple calculation
reveals that A has to be bigger than 10'* GeV [78],
which is larger than the Landau pole, and in the
regime where we cannot trust the SM framework.
With a more complex dark sector, we can connect
the mass of neutrinos to some of the d.o.f. in the dark
sector. We still use nonrenormalizable operators to
get a neutrino mass; however, we find a smaller
value for the cutoff scale.

In the following section, we explain the model in greater
detail and introduce the dark matter candidates. In Sec. III,
we find the relic abundance of each DM particle and
identify the constraints coming from DM detection experi-
ments. Some comments about neutrino mass generation are
given in Sec. III D. Finally, the concluding remarks are
presented in Sec. IV.

II. MODEL

We study a new physics scenario where the standard
model gauge symmetries are augmented by a gauged
SU(2)g and a global U(l)y x Z,. We supplement the
scalar content by two SM singlet scalars: ¢ which is a
doublet of SU(2),,

,” (G +iGy) 0
o +iG, )

with G’ being the Goldstone bosons, and # which is a
singlet of SU(2)g; both ¢ and # have nonzero charges
under U(1)y. We also extend the fermionic fields by a
doublet X = (y» 1)k, and two singlets (X; =y, %)
of SU(2)g. These fields are complete singlets of the SM
gauge symmetries, but they have nonzero U(1)y x Z,
charges to avoid mixing with left-handed neutrinos.

Motivated by the DAMPE excess, we also assume
that the right-handed electron is charged under SU(2).
For the notation, we use Ex = (¢! e)k, where e is the
familiar SM electron, and ¢’ is a particle with exactly the
same quantum numbers as the right-handed electron.
The list of the new particles and their charges is presented
in Table I.

In the interaction basis, the Lagrangian of the relevant
fields has the following form:

L= Lsy+ Lyin + Ly + Lie = V(H,p,n),  (2)

where,

1 apv i i 3
Liin = ZW??WWR} + ZXL(I@)ZL + Xr(1D)Xg

i=1,2
+ Ex(iD)Eg + (D, ¢)"(D"¢) + (9,m)" (0"n).
~ = ~ - o~ y -
Ly =Y\ Xpyi + VoXpdyi + XE (LH)(¢"Eg) +H.c.,
Y T Iy *
Lin =7 (LH)(n°x5) + Hee. (3)
TABLE I. The quantum numbers of the newly introduced

particles under the dark symmetries (SU(2)g x U(1)y X Z5)
and the SM symmetries are presented in this table.

Particles SU(2)p U(l)y 2Z, SU@B)cxSU(2), xU(1)y
Wh, 3 0 + (1, 1, 0)
¢ 2 /2 + (1, 1, 0)
n 1 2 - (1,1, 0)
zt 1 - (1, 1,0)
] 1 2 - (1,1, 0)
Xr 2 3/2 — 1, 1,0
Eg 2 12+ (1,1.-1)
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In the kinetic Lagrangian, D, = 0, + igp 5 W?Q;w +igyB,,
with gp being the coupling of the SU(2)g, and gy is the
hypercharge value. The SU(2), field tensor is given by
Wh = O#W4 — *Wh — igp|[Wh, W4]. In this Lagrangian,
Y, are the Yukawa couplings between y; and ¢, ¢ = 172¢*
and H = 1z>H*. The last term in the Yukawa Lagrangian
is the electron Yukawa interaction which due to the
charge of E under SU(2), becomes nonrenormalizable."
Another higher-dimensional operator that becomes impor-
tant in figuring out the dynamics of the dark sector is
shown in L;,,. The cutoff scale appearing in L;, does
not have to be the same as the one appearing in the
electron Yukawa (e.g., A #A’), and so we distinguish
between them.

To write the scalar potential, V(H, ¢, 1), we first need to
comment on whether the new symmetries are conserved or
broken. To ensure massive gauge bosons and fermions in
the dark sector, we assume ¢ acquires a VEV and thus
breaks the SU(2); x U(1)y at the scale v,. Consequently,
the scalar potential becomes”

V(H.$.n) = —uyH'H — p5p*p + pn'n
+ 2 (HH)? + 24('¢)* + 2y (n'n)?
+ Eng(HH) (') + & (H H) (")
+&4(@" ) ' n). (4)

Note that since ¢ is even under the Z, symmetry, the Z,
symmetry is conserved after the spontaneous symmetry
breaking (SSB). Before moving on to the phenomenologi-
cal effects of the SU(2)z x U(1)y and the electroweak
(EW) SSB, we note that the stability of the vacuum
puts some constraints on the couplings of the scalar
potential [79]

Mgty >0, Eny > =24 /Ay,

éh > =2 ﬂH/I,’, g(/, > =2 )“41/1”’

Akt g [l + 62y + £33 g 2 0,

Aridghy = (Eghy + Endy + Edy) + 2EnyEny 2 0.

From minimizing the potential, we can find the values of
the VEVs:

'As we will discuss later, ¢ acquires a vacuum expectation
value and generates a mass for the electrons. The empirical value
of the electron mass gives a lower bound on A, y,v4v,/A ~ m,,
Wthh means that A/y, ~5x 10° TeV if v, ~ 10 TeV.

%As it is clear from the form of potential, 17 does not acquire a
VEYV, because its mass term is positive (+/4,7)

2 gty — 2 pmy o Adppg, — 2 phsy 5)
h Ahphy— &y ¢ Ahghy — &y

One of the most important consequences of the
SU(2)r x U(1)y and electroweak SSB is the inducement
of the scalar portal, that is, the m1x1ng between the neutral
CP-even component of the Higgs field and that of the ¢
field. As a result of this mixing, we have two scalars in the
mass basis that interact with both the SM sector and dark
sector as a function of the mixing angle a. That is

h Ca —=Sg\ [ H
-0 )G e

qo s(l c(l ¢
where h° and ¢° are the CP-even components of the Higgs
and ¢ doublet, respectively, and & and ¢ are the physical

fields in the mass basis. We have used ¢, = cosa and
s, = sina, with o being

The masses of the scalars are, therefore,

v1 )/ cos(2a),
vily)/ cos(2a),

mi = ’U%lllH + Uéi(/) - (1}5)14, -
m¢ = ’Uhlly + U;iqg -+ ( 35/1(]5 -
my = py + &y + (§¢v¢.

Similarly, we can find the masses of the dark gauge
bosons and the fermions:

IRV¢ _ Vs (7)

m = s m, = .
Wr \/E Xi \/E

One important difference between this symmetry breaking
and the EW symmetry breaking is that U(1) is global, and
thus does not affect the covariant derivative. Hence, the
masses of all three gauge bosons associated with SU(2),
(Wg) are the same.

In this article, we are interested in the phenomenology of
the dark matter candidates, and thus it is important to figure
out which dark sector particles are cosmologically stable.
Given that SU(2), x U(1)y is broken, we need to revisit
the conserved symmetries at low scales. Studying the
Lagrangian after the SSB, we can convince ourselves that
there is a residual U(1)p symmetry along with the original
Z, symmetry, which leads to the stability of at least two
particles in the dark sector. The charges of various particles
under the U(1), x Z, symmetry is shown in Table II,

*Since 7 does not acquire a VEV, there is no mixing between
the CP-even component of # and the other scalars.
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TABLE II. The charges of the newly introduced particles under
the U(1), x Z, symmetries which are the leftover symmetries
after the SSB. The lightest particles charged under either the
U(1)p or Z, symmetry are dark matter candidates.

Z, U(1)p
X2 - 2
X1 - 1
¢ + 1
Wi + +1
Wi + 0
n — 2

where the U(1),, charges are simply (I3)g + X, with X
being their charges under U(1)y.

As ¢ has electromagnetic charge, it is not a good dark
matter candidate. Therefore, we must assume”’ my >> My, .
Among the other particles listed in Table II, W3 is also not a
DM candidate because it is not charged under either of the
U(l)p x Z, symmetries. More specifically, as long as
my, > 2m, (which as we will show later, the collider
constraints require to be true), we can always have the
decay of W3 — ete™. The rest of the particles mentioned
in Table II are connected through the Feynman diagram
shown in Fig. 1. Depending on the masses of the dark
sector particles, they can decay into each other. For
simplicity, we will assume m,, is considerably larger than
the rest of them, so the true players in the DM phenom-
enology are y;, Wx and 7.

Collecting the relevant free parameters of our model, we
can categorize them into

Scales: vy, m,,y,, /N,

Couplings: gg.y,,. & &y
Mixing Angles: a.

Particles in the dark sector can interact with SM particles
via the scalar portal as well as the direct coupling of the right-
handed electrons to dark gauge bosons. In the following
section, we first identify the dark matter candidates in each
region of the parameter space and then find their relic
abundance. We also explain the constraints various experi-
ments impose on the parameter space. However, before
diving into the phenomenology, we first address the issue of
the gauge anomaly that is present in the model.

A. Anomaly

The gauged SU(2), symmetry we have introduced is
anomalous. Since gauge anomalies’ are dangerous, we
need to extend the model to cancel the anomalies.

*A mechanism for ¢’ mass generation is provided in Sec. IT A.

The anomaly in the global U(1)y, is not dangerous, because
the anomalies in global symmetries only lead to the appearance of
new vertices.

FIG. 1. Dark matter candidates (y;, W#,#) are connected to
each other through these diagrams.

(1) Among the triangle diagrams, SU(2)3 is also
anomaly free, due to the tracelessness of the
SU(2) symmetries.

(2) The triangle diagram with [SU(2)g]?U(1), is
anomaly free if and only if the sum of the chiral
fermion hypercharges going through the loop is 0
(e.g., > Y =0).

(3) Another triangle diagram that leads to a gauge
anomaly is [Y(1)y]?, which requires the sum of
the cube of hypercharges to vanish (e.g., >_ Y3 = 0).

From the points listed above, it is clear that only E leads
to gauge anomalies, because it is charged under both
SU(2)g and U(1),. The minimal way to cancel the
anomalies mentioned in 2) and 3) is to introduce another
a doublet of SU(2), that has hypercharge +1, which we
call ¥ = (y; w»)T, and w3 which is a singlet of SU(2),
with ¥ = —1.

We will have to assume that the masses of y; are large
enough that they would not interfere with our phenom-
enology, but not too large that they would decouple from
the theory and leave the model anomalous. To achieve this
goal, we will assume there are some vector-like fermions,
[, that can mix with the y;’s after ¢ acquires a VEV, and
thus give the y;’s some mass. Specifically, we will extend
our model to include the fermions mentioned in Table III.

The Lagrangian terms that lead to masses for y; and
¢ are

EVL ) ye’Eq;fe’ + yl//]lilj)fl + yx//ij¢f2 + yl//3J_c3¢l//3
+ ZMf,J}ifi’ (8)

where i = ¢/,1,2,3 in the last Lagrangian term. We take
M. to be on the order of v, so that e/, y; can acquire
masses at or below v, However, we will assume that
these masses are near m,, and thus larger than all of
our dark matter candidates. Furthermore, taking v, ~
0O(2-10 TeV), we can also be sure that the existence
of these particles is not threatened by the current search
for exotic particles with electromagnetic charge [80]. It is
also noteworthy to mention that we assume there are no
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TABLE III. The quantum numbers of the fermions we need to
include in our model to make sure the model is consistent. The g,
with k = ¥,y can be any arbitrary numbers, as long as g,, # 0.
The f;, with i = 1,2, 3, ¢’ fermions are vector-like fermions that
will mix with the mentioned chiral fermions after ¢ gets a VEV,
and lead to masses for chiral fermions.

Particles SU(2)x U(l)y U(l)y
Ex 2 1 1/2
V3 1 -1 Gy
fu 1 -1 1

f1 1 1 qy +1/2
/2 1 1 qy —1/2
f3 2 -1 qy + 1/2

vector-like fermions with quantum numbers (SU(2)g.,
U(l)y,U(1)y) = (1,—1,0) to avoid new contributions
to the electron mass.

Having gone over the issue of gauge anomalies, we can
now be confident that our theory is consistent. Hence, we
can study the phenomenology of DM candidates in the
subsequent section.

III. DARK MATTER CANDIDATES

To have a reliable DM model, the DM particles must be
long-lived and produce the correct relic density and satisfy
the limits of direct and indirect searches. In this section, we
examine each of these steps, starting with the identification
of the stable dark sector particles in various regions of the
parameter space.

Stability of the DM candidates:

The simplest way to ensure the stability of DM candi-
dates is to use the symmetries of the model. There is a
U(1)p x Z, symmetry that stays conserved after the SSB.
Therefore, the lightest particles charged under these sym-
metries are DM candidates. Taking e’ and m,,, to be heavier
than y,, Wy and 7, we have the following DM candidates:

(1) my, >m, +m,: nand y;

(2) my, >m, +my,.: Wgand y;;

(3) my, > my, +m,: nand Wg;

) |m, — m,7| < my, <m, +m;:n, Wg,and y,
where in the last line we have three DM candidates due
to the kinematics. The schematic figures of these conditions
are shown in Fig. 2. In the following subsection, we
calculate the relic abundance for each of these DM
candidates.

A. Relic abundance

In thermal MCDM scenarios, each dark matter particle
starts out in thermal equilibrium with SM particles,
and once the temperature falls below the DM mass, DM
particles will only annihilate until they freeze out. The most

My, ; ; ; "
2CDM.:
X1,M i
3CDM:
My + W:; X157 i
- 2CDM: 2CDM:
ac =
WR » X1 WR A4
mn le

FIG. 2. The region of parameter space, where the DM candi-
dates are specified. We have assumed ¢’, y, are much heavier than
21> Wi, and 5 and can decay to lighter dark sector particles.

recent experimental value for the relic density (Qpyh®> =
0.119) was reported by Planck Collaboration [81]. To
calculate the DM relic abundance in our model, the coupled
Boltzmann equation is applied to study the evolution of the
DM particles [82]. Assuming a thermal relic, we can write

% +3Hn = —(ov)(n* — n3y), 9)

where n and n., denote the number density and equilibrium
density of the DM particles respectively and H is the
Hubble parameter, and the thermal average annihilation
cross section is shown by (ov). The annihilation Feynman
diagrams for all of the DM components are depicted in
Fig 3, where SM denotes W, Z bosons and the top quark.

For Eq. (9) to be valid, we need to make sure
I',, > mpy. In other words, we want y, to decay long
before the DM particles become nonrelativistic. Therefore,

s

T=mpym

R A A
e prige T =T M

where Mp, is the reduced Planck mass and g, represents the
relativistic d.o.f. at temperature 7. This constraint puts a

mild bound on (A'/y, ) < y/Mpm;,/(12zmpy). For

example, if we care about DM particles with O(TeV)
mass, so that we take m,, ~ 10 TeVandy, ~ O(1), we get
A <5 x 107 TeV. Furthermore, we need to assume that
any of the Wi, y,, or n that are not DM decay quickly
enough that they do not interfere with the relic abundance
of DM particles once DM becomes nonrelativistic. Hence,
if we show the decaying particle by DM’, we roughly get
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X1 V[/'i X1 hj/T] Xi
R /
hs hi w3
- -<
NN \\
3 W:F
X1 WR "Xy hk/ﬁ X1
Wi Wi owE hifn
) 7/
hi R4 Wy
-1 =
by
Y
W;F W}‘z W;F hi/n W;:
n n hi M
AN WJT * 4 ! ~
N Ry N b Nk
—-— >-< > =
Ve / ~ rd
Fd n o_* ~ Fd
n W hy 1

FIG. 3.

+ X1 Sl\/l X

WX,

X 1 Sl\/l X R . } 2
4 Xi X
; ,

W’L X1 hj

R

- SM W;: X, w* X1
hi
NN
WS
o+ Wi e o WF X,
X1 n hi M ~ . h;
\\ / ~ Y -
rd
h 4 T
PN ~
rd A S P ~
X n hj n* * h;

The annihilation Feynman diagrams of DM candidates: the Dirac fermion y; (first line), dark gauge boson Wy (second line)

and complex scalar # (third line). For notation, we have used #; = h, @, and SM = t, W*, and Z. For the places where both y, and y,

m,n

contribute, we have used y;, and for the places where any of the dark gauge bosons could contribute, we have used Wi™".

m3 o H - 1.66+/ . T?
A'2m§2167r2 B MPI

s

T=mpy

o(1)

where O(1) represents the couplings y,, and the other
couplings involved. Taking mpyy ~ 2 TeV, and using the
same benchmarks as before, we arrive at the slightly more
stringent bound A’ < 10° TeV. As long as this condition is
satisfied, we can be confident that the decays of heavier
dark sector particles do not play a role in the relic
abundance of DM candidates.

The only diagram that leads to semiannihilation between
DM candidates is the one shown in Fig. 1, which is roughly

2.2 2
<0'1J> ~ IRYy, DM
DM, DM, DM,z 70
32rN*m;,

where DM; = y;, W%, and 7, and we have assumed all of
them have roughly the same mass, mpy;. Using the usual
benchmark values gg ~y,, ~1,mpy~1TeV,m,, ~10TeV,
and taking6 A’ ~10* TeV, the semiannihilation cross
section is approximately 10737 ¢cm?, and thus is extremely
small. Therefore, we ignore the semiannihilation diagrams.
Consequently, the calculation of the relic abundance is
greatly simplified and the only important ingredient we
need is the annihilation cross sections of each of the DM
candidates. The analytical expressions of the annihilation
diagrams can be found in the Appendix [83,84].

®In Sec. III D, where we discuss neutrino mass generation, we
find that A’ should preferably be bigger than 10* TeV.

To get a better understanding of the relative sizes of these
annihilation processes with respect to each other, Fig. 4
shows the cross sections of various diagrams where we
have fixed gp = 0.65,y, =&, =&, =0.3, and 5, = 0.1.
We have also fixed my = vy and m,, = 10 TeV. The left
panel of Fig. 4, shows the annihilation of yy to various final
states. The red line is yy — egeg through W3, and as we
can see it has a very significant rate. yy — SM SM, where
SM = t, W*,Z, h is shown in green. The blue line is the
cross section of yy — ny times a factor of 10'°, where we
have taken m, = 3 TeV. This channel opens up for m, >

3 TeV and the rate is very small (~5 x 10737 ¢cm?). With
the parameters chosen, m, is smaller than my,, and m,
[Eq. (7)], and thus the annihilation of yy — WixWg, ¢h, p¢
does not happen. The middle panel of Fig. 4 shows the
annihilation of WyWp to various final states, where we
have again taken m, =3 TeV. The annihilation of
WgrWpg — egegr is p-wave and thus it is comparatively
smaller than yy — egeg. The annihilation of Wy’s to SM
particles and 7, however, benefits from a higher coupling
(g9r > y,) and thus it is relatively bigger. Furthermore, the
annihilation of W to a pair of y’s is also kinematically
possible and has a fairly large rate.” Finally, the right

In the region where both Wy and y; are DM candidates, the
Boltzmann equation becomes coupled due to the annihilation of
WrWgr — yix1, and needs a more careful treatment. However,
due to the much smaller rate of this channel compared with
WrWpr — SM SM, and the mass difference between Wy and y,
we noticed that the annihilation of Wp to y; does not play a
significant role.
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xx annihilation

WrWpg annihilation

nn annihilation

1x10% " 10 w
o " SM SM SM
-25 1077
_ Cpe 10
g & » XX 1072
O 5xi0® 0
/g\ SM SM 0 Cre 5 107"
~ x40 ) >
5.x107 00, |0 N
' 010) 7 ( X105
10% N 10—35
1.x10°7 . - - . . . . . , .
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000 50 1000 1500 _ 2000 2500
my (GeV) mw, (GeV) my(GeV)

FIG. 4. The annihilation of DM candidates to various final states, where we have fixed gz = 0.65,y, = &, =&, = 0.3, 5, = 0.1,
mg = g, and m,, = 10 TeV. The left panel is the annihilation of yy, taking m, = 3 TeV; the middle panel shows the cross section rates
of W Wy, annihilations, where we have again taken m, = 3 TeV; and finally the right panel illustrates the annihilation of #7, where my,
is fixed to 2 TeV. The red line is the annihilation to a pair of right-handed electrons through s-channel W3 mediation. The green line
indicates the annihilation to SM particles = ¢, W*, Z, h. The magenta line is the annihilation of DM candidates to yy, the orange line is
the annihilation to a pair of Wy’s and the blue line is when the DM particle annihilates to #7. Because the annihilations to ## are very
small, their cross sections were multiplied by 10'° (left panel) and 10° (middle panel).

panel of Fig. 4 illustrates # annihilation, where we have
fixed my, =2 TeV. The resonance at around 2 TeV is
due to ¢ becoming on shell in s-channel annihilations
of . The yellow line is the annihilation of 7y — ¢h which
opens up for 2m,, > my, + my,. Other than ny — SM SM, the
rest of the channels suffer from low rates.

Having determined the important processes that set the
relic abundance of DM, we move to current constraints
on the model parameters. In the following two subsec-
tions, we study the direct-detection, indirect-detection and
collider constraints. We show that if we insist on using
O(1) couplings, the allowed parameter space can be
probed with the next generation of experiments.

B. Direct detection

Since, in MCDM models, each DM particle shares some
portion of the total relic abundance, we expect the anni-
hilation rate of thermal MCDM to be larger than that for
single-component DM ~ 2.2 x 10726 ¢cm?/s:

Qpy, + Qpm, + -+ Qpy, = Q

= Qpy, < Qpm,, = (60)py, > 22 x 1072 cm?/s.

Dthal

Naively, there is a concern that with such large interac-
tion rates of DM with SM particles, it must have been
detected at DM experiments, by now. One of the most
important constraints on DM models comes from direct
detection (DD). In our model, DM can scatter with the
nucleon through Higgs or ¢ exchange, leading to poten-
tial constraints from DD. Since Higgs portal interactions
care about the mass of particles, the interaction of DM

with the nucleon is suppressed. In other words, Higgs
portal scenarios are efficient in producing the right relic
abundance through the annihilation of DM to heavy SM
particles, but have a suppressed scattering cross section in
DD experiments. This particular reason is common to all
Higgs portal DM, and it is one of the benefits of the Higgs
portal over generic Z’' models.

Furthermore, in calculating the relic abundance of y; and
W5 DM, their annihilation to a pair of electrons through a
W3 mediator is dominant, especially for large values of gg.
However, this process contributes to DD only at loop level
and thus is negligible. This is the second reason that we can
have efficient annihilation of y; and Wz DM while being
safe from DD bounds.

Since the mediator is a CP-even scalar, the bounds
on our model come from spin-independent DD. Higgs
portal DD constraints have been studied in multiple
studies, and it is well known that if DM is a Dirac
fermion, y, then its scattering cross section with the SM

is [85]
1 1)\2
2 (—-—) ¢ 10
mred<m% m(z/}) ng’ ( )

yzsin?2a
6, N =F—
(L 4r

where gpy; is the coupling of the DM particle with the
scalar mediator, m,.q = m,mpy/(m, 4+ mpy), and gy, is
the effective coupling of the Higgs with a proton [86]:

m 2
ng_U_:[ 3 fg”)+§<1— 3 fﬁ,’”)] ~1.3 %1072,

q=u,d,s q=u,d,s
(11)
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The allowed parameter space for various benchmarks. The solid black, dashed green, and dashed red contours represent the

production of all, 50%, and 30% of the relic abundance of DM, respectively. The shaded gray region is when we overproduce DM. The
shaded purple is excluded from DD experiments [37], and the shaded orange part is excluded by LEP [80]. The pink region is when the
indicated particle is no longer DM and decays. The green region is when g > 1 which violates perturbativity. The star is chosen as an
example to show how much of DM each particle constitutes. Finally, the solid red line is the region that can explain the DAMPE

excess [52].

In the case that the dark matter is a gauge boson, its
scattering cross section with nucleons is® [46]

2 in2 2
_ ggsin“2a , (1 1
OW,-N _Tmred (m_%_m_é 9%.1[,, (12)

and finally for a stable scalar it is [87]

2 2
”lp 2 fhca §¢sa 7
N = m + . 13
OyN ] 2 "Pred m%l m?,a ng ( )

To recast the DD bounds on our model, it is important
to realize that each component of DM constitutes only a
percentage of DM. Assuming that their ratio in the early
Universe is the same as the one in the vicinity of Earth,
we get

Q Q
_ X1 Wr n
ODM-N = O -N X 57 = + oy,N X o +0o,N X o
DM DM DM

(14)

In Fig. 5, the DD constraints as well as some other
constraints are shown. The purple region is excluded from

8As shown in Eq. (10), and Eq. (12), there is a destructive
interference between the two scalar mediations in DD bounds for
the case of Dirac fermion and gauge boson DM which is another
reason that DD cannot bound Higgs portal DM models very well.

the DD experiments [37]. The LEP experiment puts a
stringent constraint on any particle that interacts with
electrons [80]. Since right-handed electrons are charged
under SU(2), the dark gauge bosons can directly interact
with them. The strongest constraint of LEP comes from the
Drell-Yan production of a pair of electrons through an
exchange of W3, which excludes my, <2 TeV. This is
shown in orange in Fig. 5. The red shaded region is when
the indicated particle is no longer a DM candidate because
it is not stable. The green region is when g > 1, which
threatens perturbativity. Finally, the gray region is when the
relic abundance of all DM candidates combined is too large
and they overclose the Universe. The green and red dotted
lines indicate that the DM introduced in this paper is
respectively 50% and 30% of the total DM. The star in the
left plot of Fig. 5 is a benchmark, where 55% of the DM is
due to the relic abundance of y and 45% is from 7.
Similarly, the star in the right plot of Fig. 5, indicates a
sample point, where y, n and Wy are respectively 52%,
38% and 10% of the total DM. Due to the large cross
section of Wy to electrons and ¢, its relic abundance is
usually low.

C. Indirect detection

Another way to constrain our parameter space is by
using indirect-detection (ID) results. The main annihilation
channels of our DM candidates are the production of a pair
of electrons or heavy particles. Heavy particles eventually
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decay to stable particles, some of which can be detected
here on Earth. Furthermore, any particle in this process that
is electromagnetically charged will radiate photons which
can also be detected through various experiments (e.g.,
Fermi-LAT [88]). However, due to the large uncertainty of
the background, ID bounds are usually mild. Even con-
sidering the strongest bounds of Fermi-LAT, which is a
100% branching ratio to bb, ID can constrain DM only up
to a few hundreds of GeV, which is smaller than the
benchmarks we are considering.

Recently, the DAMPE experiment [52], which is a
satellite-borne, high-energy particle and gamma-ray detec-
tor, published their measurement of the electron plus
positron spectrum. Their result indicates a tentative narrow
peak around ~1.4 TeV. The local significance of this
excess is about 3.7¢ assuming a broken power-law back-
ground [89,90], and its global significance has been
measured to about 2.3¢ [72,90-94]. Such a narrow peak
could be a result of a DM with mass 1.4 TeV annihilating to
a pair of right-handed electrons. The interaction of DM
with left-handed electrons should be suppressed, due to the
results published by IceCube, which reported no excess in
the neutrino experiment [95]. This is the reason we
considered only right-handed electrons that are charged
under the SU(2).

According to the DAMPE experiment, the annihilation
rate to an electron-positron pair is estimated to be much
more than the annihilation rate for a single-component DM,
which further motivates our setup for multicomponent DM.
However, it is important to make sure the annihilation to an
electron pair is s-wave.

Among the DM candidates in our setup, W5 and y,
strongly interact with right-handed electrons. The annihi-
lation of W,% to eTe”, however, is p-wave:

(ov) b = iﬁ (15)
VeWkme e T 16mm},,

Even though this process could play a significant role in
setting the abundance of W in the early Universe, its rate
right now should be negligible. That is because the ambient
velocity of DM is estimated to be wvpy ~ 0.001. The
annihilation of y,y; = ete™, on the other hand, is s-wave
and thus can have a significant contribution to ID at the
current time:

4.2
Sng)m

N 64r(m3, —4m? )*’

(16)

<O'l)>){m —ete”

Therefore, in the region where y; is a DM particle, its
annihilation to a pair of electrons could justify the obser-
vation of the narrow peak by the DAMPE experiment. The
red line in the left panel of Fig. 5, shows the benchmark that
could explain the DAMPE observation. It is worth men-
tioning that even though the main motivation behind

n
P
s
/ M\
vy L X% X2 l Ve
- ——
L by
| | . 1
H 6 ¢ H

FIG. 6. The radiative generation of neutrino mass through
nonrenormalizable operators.

charging the right-handed electrons under SU(2), was
to explain the DAMPE observation, the annihilation of DM
particles to a pair of electrons contributes significantly in
setting the relic abundance of DM candidates. In the
scenario where right-handed electrons did not interact
directly with the dark sector, DM particles had to be about
a factor of 5 lighter to not overclose the Universe. However,
that region of the parameter space is strongly constrained
by DD experiments.

D. Neutrino mass

An added bonus of the nonminimal structure in the dark
sector is that we can attack another problem of the SM. In
this part, we comment on how the neutrino mass can be
radiatively generated using the particles in the dark sector.
To do so, we will employ the following terms:

Y TCIr* * y v i r7 o v 1
ﬁ(L H*)(n*xk) +ﬁ(f1XR¢)(HTL) + Vo Xrrh.

(17)

We can think of the A”’s as vector-like fermions, one
with charge (SU(2),,U(1)y,U(1)y,2Z,) =(2,-1/2,2,-)
and another with charge (SU(2),,U(1)y,U(1)y.2Z;) =
(1,0,2,—). To avoid the contribution of the Weinberg
operator in giving neutrinos a mass, we will assume there
are no Majorana or triplet states of SU(2)y, in the UV
theory.9 The diagram leading to neutrino mass is shown
in Fig. 6.

Given that the neutrino mass is expected to be smaller
than a few 0.1 eV [96,97] we can roughly estimate the value
of A" assuming y, and y, are O(1):

Even though the Weinberg operator respects the symmetries
of the model, since it violates lepton number, it requires a new
d.o.f. in the UV to generate the term. In other words, we cannot
generate the Weinberg operator with the d.o.f. present at low
scales. Thereby, we can ignore the effect of the Weinberg operator
by requiring there to be no d.o.f. in the UV that can generate such
a term. It is noteworthy to mention that we cannot impose the
lepton number, U(1),, as a symmetry of the model, because one
of the higher-dimensional operators we used to generate the
neutrino mass term violates U(1), .
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2,2 2
LA

W <0.1eV. (18)
Assuming benchmark values of v, ~10TeV, m,, ~10TeV,
and n ~3 TeV we get A’ > 2 x 10* TeV. This constraint
combined with the bound we need to satisfy to make sure the
decaying particles decay before DM candidates become
nonrelativistic requires A’ to be roughly in the range
of 10*~10°Te V.

IV. CONCLUSIONS

In this work, we studied a scenario of the dark sector that
contains two or three DM candidates. We proposed extend-
ing the SM symmetries by a gauge SU(2), and a global
U(1)x x Z,, where the continuous symmetries are sponta-
neously broken to a global U(1),. We considered a case
where the dark sector contained some Dirac fermions and
complex scalars to investigate a dynamic dark sector. To see
if our proposed scenario could explain the recent observation
by DAMPE, we also charged right-handed electrons under
SU(2)g. We assumed O(1) couplings, to consider a more
natural scenario. Other than the Higgs portal, which connects
the dark sector to the SM, the annihilation of W and y; to a
pair of electrons happens to play a significant role in the relic
abundance of DM particles.

The phenomenology of DM candidates was studied, and
the region of the parameter space where they can produce
the right relic abundance while being safe from various DM
detection experiments was identified. We noticed that only
a small region of parameter space survives the constraint
and this region could be probed with the next generations of

experiments. Additionally, we commented on how neutri-
nos can gain mass through nonrenormalizable interactions
with the dark sector. An important advantage of our
scenario over the Weinberg operator is that our cutoff
scale is O(10* TeV), which is much lower than the cutoff
scale suggested by the Weinberg operator.

In conclusion, we emphasize that in the era where single
DM thermal relics are highly constrained, it is important to
consider multispecies DM. In the most simplistic paradigm,
where DM particles are thermal relics, multicomponent
DM suggests strong couplings between DM particles and
the SM. As a result, leptophilic DM or Higgs portal models
are preferred.
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APPENDIX: THE CROSS SECTION
OF DM CANDIDATES

In this appendix, we show the analytical expressions
that we have calculated using FEYNCALC [98]. The first
subsection contains the potential annihilation cross
sections of y, the second one belongs to Wy and the last
one shows the annihilation cross sections of 7. These
processes set the relic abundance of DM if 1) they are
kinematically allowed, and 2) the indicated initial state is
indeed a DM candidate.

1. x DM
(ov) = 89§m§
AL ERCR 6477,'(47’)1)2{ - m%VR)2 ’
9}’:)’ (m%méf(mz m3)y/4m2 — m}
(0V) i = IC%S%: v,
" 8 my (mj, — 4m3)* (my — 4my)?
(o) yf(czsz( ,2—m¢) (3m, —|—4m 4m2m )1/4m m2,
U 2
OVl ww = 8 v} I(mh - 4mx) (m¢ - 4ml)
o) y§c2s2( i = my)?(3m? 4 dmy — Amzm?)\ [4my — m?
V-2 = "o vim,(mj —4m2)? (m¢ —4m2)? ’
Y;%Sg 2 4202 232
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647rm
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2
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+ 4yZs2vi(4mZ — m3)(4m — mé)],
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