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Purpose of the talk

introduction on various ways to stabilize DM from gauge symmetries and 

recent work: DM from the center of SU(N)

some of the many phenomenological implications this may induce 



DM stability

�DM > �U � 1018 sec
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⌧DM & 1026�28 sec
in most models not to produce

fluxes larger than observed
<latexit sha1_base64="itchmh1lz8mMmqqfd82k+kd6m9g="></latexit>

e+, p̄, �, ⌫, ...

                           could be due to simple discrete      or global          symmetry but likely
behind the stability of DM there is something more fundamental 
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Z2
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U(1)

example of the SM: 4 stable particles: 

- lightest    : Lorentz invariance<latexit sha1_base64="spJftn48YOYadU+s7JzcslkwGzc="></latexit>⌫
-    :  massless: due to               gauge symmetry
-      :  lightest particle charged under               gauge symmetry
-      :  accidental  baryon number conservation: due to SM gauge symmetries
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U(1)EM
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U(1)EM
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SU(3)c, ...

could DM be stable due to gauge symmetries too?



DM stability: UV or IR problem?? 
Visible or hidden sector dynamics?? 



DM stability: UV origin well motivated example: SO(10) GUT

<latexit sha1_base64="zsVOQ7USGZiKHVAM3fcKIaLLnnc="></latexit>

SO(10) 3 U(1)B�L ! Z
B�L
2

SSB by vev of 
  B-L even scalar field

stable DM if B-L even fermion or odd scalar

in SUSY context: 
  justification of R-parity in non-SUSY context

Mohapatra 86’, Martin 92’

Aulakh et al 98’,01’
                   Kadastik, Kannike, Raidal 09’

recent systematic determination of all DM possibilities along all SO(10) breaking paths:
<latexit sha1_base64="662+Z7fXhF38GS1QrWoEMwWrQfM="></latexit>
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Frigerio, TH 09’
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FIG. 2. Breaking paths of SO(10) along the Pati–Salam route. Each path corresponds to the VEV of an SO(10) scalar, for
example 210(15,1,3) denotes the VEV of the (15,1,3) PS subcomponent of a scalar SO(10) representation 210. The subgroups

G
D (G /D) conserve (violate) D parity [17–22]. The VEVs of 16(4,1,2), 126(10,1,3), and 144(4,1,2) can be used at any step to

break to the SM and are omitted for illustration’s sake, similar for the 210(15,1,3) which breaks any group to G3211.

the ones proceeding through the maximal Pati–Salam
(PS) group G422 = SU(4)c ⇥ SU(2)L ⇥ SU(2)R and/or
subgroups (Pati–Salam [27] paths); see Refs. [28–30] for
thorough discussions. This is shown in Figs. 1 and 2,
where the possible scalar representations up to 210 whose
vacuum expectation values (VEVs) are at the origin of
these breaking paths are also displayed. The Pati–Salam
paths can involve more intermediate subgroups than the
Georgi–Glashow ones. On top of the PS group G422, the
paths may involve one of the three subgroups of G422:

G421 = SU(4)c ⇥ SU(2)L ⇥ U(1)2R , (1)

G3221 = SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)3(B�L) , (2)

G3211 = SU(3)c ⇥ SU(2)L ⇥ U(1)2R ⇥ U(1)3(B�L) . (3)

Note that we have chosen a convenient normalization for
the U(1) generators in order to make the U(1) charges
integer. For scalar representations up to 210, this leads
to many possible paths, as shown in Fig. 2. Here we
have also taken D parity [17–22] into account, which cor-
responds to a discrete Z2 left–right exchange symmetry

with important implications when it comes to DM part-
ners. The last breaking step is of course to the SM gauge
group,

GSM ⌘ G321 = SU(3)c ⇥ SU(2)L ⇥ U(1)Y , (4)

for which we chose the usual hypercharge normalization
Y = Q�TL

3
, with electric charge Q and diagonal SU(2)L

generator TL
3
. Hypercharge can also be defined in terms

of SU(2)R ⇥ U(1)3(B�L) or U(1)2R ⇥ U(1)3(B�L) as

Y = TR

3
+

1

6
[3(B � L)] =

1

2
[2R] +

1

6
[3(B � L)] , (5)

with TR
3

being the diagonal SU(2)R generator, which be-
comes the U(1)R generator R.

The massive gauge bosons in the coset SO(10)/GSM

form representations under GSM (see Tab. I) and have
well-known couplings to SM fermions. We can calculate
the masses that arise from the various VEVs along the
PS path (Fig. 2) with the help of Susyno [24]:

2

the lightest neutrino which is stable by Lorentz invari-
ance, all other stable particles in the SM are stable in
such a direct (electron and photon) or indirect way (pro-
ton).
In the following, we will be interested in direct stability

for DM consisting of Weakly Interacting Massive Parti-
cles (WIMPs). Since direct stability requires an extra
gauge group, natural candidate models are grand uni-
fied theories (GUTs), in particular the ones based on
the group SO(10) [2, 3]. SO(10) contains the U(1)B�L

subgroup whose discrete subgroup Z3(B�L)

2
can stabilize

the DM particle [4–6]. This is the mechanism used to
stabilize the neutralino in the Minimal Supersymmetric
Standard Model (MSSM), as the R-symmetry assumed

in the MSSM can be traded for Z3(B�L)

2
[7–10]. More

recently this mechanism has been shown to also be oper-
ative for the non-supersymmetric case for a scalar [4, 5]
or fermion [6] DM candidate. The various DM candidates
that could emerge in the lowest dimensional SO(10) rep-
resentations have been determined [6] and specific candi-
dates have been considered in some details [11–13] (see
also Refs. [14–16]). So far most of these SO(10) DM sce-
narios have been discussed from the low-energy point of
view, basically independently of the way SO(10) is bro-
ken down to the SM, i.e. disregarding the scalar content.
However, as we will show in this article, the way

SO(10) is broken has a clear impact on the low-energy
phenomenology. If the breaking path is such that one or
several SO(10) subgroups larger than the SM group are
broken only around the TeV scale and/or at an intermedi-
ate scale, the DM phenomenology will drastically change.
These symmetries can not only predict low-energy gauge
bosons into or through which DM can (co)-annihilate but
can also predict the low energy presence of some DM
partners belonging to the same SO(10) multiplet. De-
pending on the breaking path, some of these partners
may show up at low scale, with a pattern of mass split-
tings and decays between these particles which greatly
a↵ects the DM phenomenology and the viability of the
DM scenario. In some cases, we will show that there
is no breaking path leading to a viable phenomenology
for some otherwise good candidates. Similarly some can-
didates, a priori excluded from the start from the low
energy perspective, turn out to be viable along specific
SO(10) breaking paths. Moreover some of these part-
ners could be produced and seen in a much easier way
by colliders than the DM particle itself, because they are
colored or charged.
In this work, adopting a list of simple minimality crite-

ria that a model must fulfill, we determine in a systematic
way the candidates that show up by explicitly considering
the various possible SO(10) breaking paths and discuss
the phenomenology deriving from these paths.
The plan of this article is as follows. We first recap the

possible SO(10) breaking chains and subgroups in Sec. II
and the SO(10) representations with DM candidates in
Sec. III. The potential DM partners for given SO(10)
multiplets and the rationale behind their mass splitting
with respect to the DM are discussed in Sec. IV. In Sec. V
we discuss the various constraints that we will impose on
DM candidates. In Sec. VI we list all the possible low-
scale DM scenarios for representations up to 2100. This

constitutes the core of our work. Having listed all the can-
didates, we discuss in Sec. VII how they can concretely
be realized through SO(10) breaking. For completeness
we discuss the possibility of accidental DM stability in
Sec. VIII. We summarize our main results and draw our
conclusions in Sec. IX. Appendix A gives an introduc-
tion to renormalization group evolution that is relevant
for radiative mass splittings within multiplets. In App. B
we discuss the condition of chemical equilibrium relevant
for co-annihilation processes. App. C provides tables of
tree-level mass splittings of relevant SO(10) multiplets
by scalars in representations 45, 54, and 210.

II. SO(10) BREAKING CHAINS AND
SUBGROUPS

As is well known, G10 ⌘ SO(10) [2, 3] can be broken
along various paths depending on the scalar representa-
tion content of the model and on the scalar potential of
these representations.1 These SO(10) breaking paths are
given in Figs. 1 and 2. There are two classes of paths, the
ones proceeding through the maximal subgroup G51 =
SU(5)⇥ U(1) and/or its G5 = SU(5)⇥ Z2 subgroup (to
which we refer as Georgi–Glashow (GG) [26] paths) and
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FIG. 1. Breaking paths of SO(10) along the Georgi–
Glashow route. Each path corresponds to the VEV of an
SO(10) scalar, for example 144(24,�5) denotes the VEV of
the (24,�5) SU(5)⇥ U(1) subcomponent of a scalar SO(10)
representation 144.

1 We will be following the representation naming conventions (bars
and primes) of LieART [23] and Susyno [24], which di↵er slightly
from e.g. Slansky [25], notably in the assignment 126 vs. 126.

                   TH, Heeck, Tytgat, 18’

specific phenomenologies
DM low scale partners 

       from the same multiplet, …
light      , …

<latexit sha1_base64="Z/PxQbeM2geRM+zQE3YfDRWIxZM="></latexit>

Z 0



DM stability: IR explanation from gauge symmetries under which
SM particles are charged: ’’visible sector models’’

- ‘’Minimal DM’’: a              fermion quintuplet on top of SM and nothing else
<latexit sha1_base64="zYMy1iDoqGszz2K+VGIPv90BoiI="></latexit>

SU(2)L

no renormalizable or dim-5 interactions destabilizing it
        quintuplet neutral component is a DM candidate

                   Cirelli, Fornengo, Strumia 07’, …

- Low                 breaking scale models
<latexit sha1_base64="dcB/QN3f0aVv/mnLiXmRQQbFTkg="></latexit>

U(1)B�L

- ……



DM stability from gauge symmetries under which SM particles are singlets

‘’hidden sector models’’



lightest fermion charged under an extra unbroken 

SM visible
sector

Hidden
sector

              a            structure: 
                       a          gauge symmetry

                             with DM the lightest particle 
                           charged under it: a fermion

U(1)0

e0

L 3  ̄0(i /D0 �m 0) 0

QED0

↵0 ⌘ e02

4⇡

Pospelov, Ritz, Voloshin 07’
Feldman, Kors, Nath 06’

mDM , ↵0, ✏3 parameters:

kinetic mixing portal

L ⇥� �

2
Fµ⇥
Y F �

µ⇥
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U(1)0

Prototype model of hidden sector fermion DM: secluded 
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lightest fermion charged under an extra broken 

SM visible
sector

Hidden
sector

             a massive            structure:
                       a           gauge sym. spontaneously

                  broken by a scalar field     with
                           with DM the lightest particle charged

under it: a fermion

U(1)0

e0

L 3  ̄0(i /D0 �m 0) 0

QED0

↵0 ⌘ e02

4⇡

Pospelov, Ritz, Voloshin 08’
Feldman, Kors, Nath 06’

kinetic mixing and Higgs 
portals

L ⇥� �

2
Fµ⇥
Y F �

µ⇥
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U(1)0
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 6 parameters:
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mDM , ↵0, ✏, v�, m�, �m

Prototype model of hidden sector fermion DM: secluded 
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huge phenomenology:

- relic density: secluded scenario: DM-SM interaction not necessarily large

5

heavier DM candidates are of course possible, as shown
in Fig. 5, for mDM = 100 GeV and m�0 = 10 GeV. More
to the point, the phase diagram, which shows contour
lines of constant DM relic density, has a distinct shape:
the ”mesa” has an extension toward much smaller value
of the  parameter, suggesting the shape of a “moor-
ing bollard”. These features, and the corresponding new
regimes, are, as we shall see, due to the possibility of dark
photon production of DM.
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FIG. 4. DM relic density obtained as a function of  and ↵0

for mDM = 3 GeV and m�0 = 1 GeV. This diagram displays
the various di↵erent production regimes which can lead to
the observed relic density without taking thermal e↵ects into
account. For this particular choice of masses one obtains 6
di↵erent production regimes along 4 dynamical ways: freeze-
in (Ia & Ib), sequential freeze-in (II), reannihilation (IIIa) and
freeze-out (Va & Vb).

The most generic sequence of regimes appearing along
the mooring bollard pattern is the one appearing in
Figs. 4 and 5, that is to say

Ia ! Ib ! II ! IIIa ! Va ! Vb (m�0 6= 0). (3.2)

This structure, on top of the regimes already existing in
the massless case (Ia, Va and Vb), involve 3 new regimes:
Ib, II and IIIa. The fourth new regime, IVa, as well
as the 2 other regimes already existing in the massless
case (IIIb and IVb), can appear for other choices of the
parameter and more generally for other models. The four
new regimes arise from the extra SM production of dark
photons. In all cases the mooring bollard shape of the
phase diagram is a generic signature.

The general set of Boltzmann equations that determine
the evolution of the DM and �

0 abundances (YDM,�0 =
nDM,�0/s, with s the entropy density and nDM = n�+n�̄)

as a function of time, and so that leads to the phase
diagram, takes the form2

zHs
dYDM

dz
= h�DM!SM vi

⇥
(neq

DM)2 � n
2
DM

⇤

+ h�D
DM!SMi

n
eq
Z

(neq
DM)2

⇥
(neq

DM)2 � n
2
DM

⇤

+ h��0!DMvin
2
�0 � h�DM!�0vin

2
DM, (3.3)

zHs
dY�0

dz
= h��0!SM vi n

eq
SM [neq

�0 � n�0 ]

+ h�DM!�0vin
2
DM � h��0!DMvin

2
�0 , (3.4)

where H is the Hubble parameter and z = mDM/T , with
T the temperature of the visible sector. The quantity �D

refers to the Z decay rate into a pair of DM particles. In
writing these Boltzmann equations, we assumed that the
dark photon is lighter than the dark matter (excluding for
instance the channel �

0
! ��̄). A sum over the di↵erent

SM $ DM and SM $ �
0 channels is implicit everywhere

in these equations. In the sequel, so as to avoid cluttering
of the equations, we will regroup the scattering and decay
terms involving SM particles into

�
eq
SM$DM = h�DM!SM vi(neq

DM)2 + h�D
SM!DMin

eq
SM (3.5)

and

�
eq
SM$�0 = h��0!SM vin

eq
SMn

eq
�0 . (3.6)

Although the Boltzmann equations contain many
terms, for most production regimes, only one or two of
these terms are relevant. As we will see too, these equa-
tions are not su�cient to correctly determine the amount
of DM produced in the reannihilation regimes, which are
characterized by a hidden and visible sectors with distinct
temperatures: in these cases, one also needs to evaluate
the energy that has been transferred from the SM to the
hidden sector particles.

To understand the distinction between the various pro-
duction regimes, it is useful to start by delimiting the re-
gions of parameter space depending on whether the vari-
ous connecting processes lead, or not, to thermalization.
To determine whether the DM particles thermalize with
the SM thermal bath, we take the simple criteria

�SM$DM

H

����
T⇠mDM

& 1 , (3.7)

with �SM$DM = �
eq
SM$DM/n

eq
DM(z). This leads to the

following condition on the millicharge parameter,

 & th ⌘ 3.8 ⇥ 10�7
⇣

mDM

GeV

⌘1/2
, (3.8)

2
Here and in subsequent Boltzmann equations, we have included

factors of 1/2, typical of Dirac DM particles, into the definitions

of the cross-sections [21].

mDM = 3 GeV, m�0 = 1 GeV

“Freeze-in”

“Reannihilation” “Freeze-out”

“Sequential
Freeze-in”

                                                                                         T.H., Tytgat, Vandecasteele, 
                                                                                                                Vanderheyden 19’

5 dynamical basic ways to account for the observed relic density

<latexit sha1_base64="xRSvrz9q4vMYJkQtrq8ePOs+9LE="></latexit>

+ “Secluded Freeze-out”

strength of the portal

 strength of the 
HS interaction

                                                                        Chu, TH, Tytgat,  11’

Prototype model of hidden sector fermion DM: secluded 
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huge phenomenology:

- endless phenomenology related to presence of massless or light dark photon 
- direct detection: boosted t-channel exchange of dark photon

huge enhancement

>

>>

>

N N

+
��

�

d⌅

dEr
=

1

E2
r

1

v2
2⇤⇥2Z2�2

mA
F 2
A(qrA)

Er � few KeV

      direct detection sensitive 
  to very small    values�

DM DM

�

�
��

4

m� (GeV)  (10�11) mDM (GeV) �DM,n (cm2) �DR �TR

15 3.0 10 5.6⇥ 10�46 16% 15%

70 3.1 15 1.1⇥ 10�46 23% 22%

200 5.2 20 5.9⇥ 10�47 22% 13%

500 8.2 22 5.3⇥ 10�47 26% 3%

TABLE I. Upper bounds on the mixing parameter  (2nd col-
umn) for three �masses (1st column), based on the correspon-
dence with WIMP exclusion limits (3rd and 4th columns).
The last two column give respectively the error on the di↵er-
ential rate �DR and total rate �TR.

low recoil energies ER < 10 keV corresponding to higher
expected event numbers. In this example, �DR ⇡ 25%
while over all the DM mass range we consider, �DR

never exceeds O(30%). The same minimization crite-
rion implies that the 70 GeV � particle and the 15 GeV
XENON1T DM candidate have very similar total num-
ber of events, in the present case

�TR =
N

�
70 � N

DM
15

N
DM
15

⇡ 20% (3.8)

where, say, N
�
70 is the total number of events (taking

into account acceptance) expected for the (m�, ) =�
70 GeV, 3.1 ⇥ 10�11

�
candidate. For reference, we give

in Table I such correspondences with XENON1T limits
for three distinct � masses. We emphasize that the er-
rors on the total rate are positive, meaning that the total
number of events is larger for the � particle than for the
corresponding DM particle with a massive mediator. Re-
ducing the error on the total number of events would thus
require decreasing the parameter  (at the expense of the
matching between the di↵erential rates). In that sense,
we deem our constraints on  to be conservative. Here we
focus on the fact that current data are testing the freeze-
in scenario for DM candidates in the multi-GeV range.
In the future, the FIMP scenario could also be tested in
the sub-GeV range and with very light mediators, using
scattering of the � particles on electrons instead of nuclei
and the expected yearly modulation of DM collisions to
tame the experimental background [22] or new technol-
ogy for detectors [23]. Notice that for the ”heavy” DM
candidates we consider, and for mediators in the MeV
range, the elastic cross-section on electrons is extremely
small, ��e ⇠ 10�50 cm2, way beyond the reach of current
experiments.

IV. FREEZE-IN VS DIRECT DETECTION

Scanning over the XENON1T exclusion limits, the
solid black line in Fig. 2 gives the upper limits on the
coupling  as a function of the DM mass m�. We em-
phasize that these limits only use the XENON1T con-
straints in the range 1 GeV . mDM . 50 GeV (see Table
I). This stems from the / 1/E

2
R behavior of the cross sec-

tion, leading to events in the low ER region, which for a

heavy mediator corresponds to relatively lighter DM can-
didates. In the same Fig. 2, the solid green line gives the
 corresponding to the observed DM abundance, along
the FI scenario depicted in section II (see [13]). In the
millicharged model, FI is set by annihilation of SM parti-
cles into DM pairs, ff̄/W

+
W

�
! � �̄, and by Z decay,

Z ! � �̄ [13, 24]. The dip at m� ' mZ/2 corresponds to
production of ��̄ from decay of on-shell Z bosons, which
is the dominant channel for 102 MeV . m�  mZ/2.
Above mZ/2, production is through both virtual dark
photon and Z exchange [13, 24].

Fig. 2 reveals that XENON1T is testing for the first
time a FI scenario, excluding millicharged FIMP candi-
dates within the mZ/2 < mDM < 100 GeV range. We
also show the limits from the 2017 PANDAXII results
[25], following the same procedure we used for recasting
XENON1T data. PANDAXII limits almost reach the
FI parameter range. Finally, we show the prospects for
XENON1T for 4 years of exposure and for the future
LZ experiment [26] (for 1000 days). XENON1T should
probe the millicharged FI scenario for m� from 45 GeV
up to ⇠ 400 GeV, whereas LZ could test it all the way
from mDM ⇠ 15 GeV to ⇠ 4 TeV, potentially also testing
freeze-in from Z decay.

101 102 103

m� (GeV)

10�11

10�10

�
Freeze-in

XENON1T 2018

XENON1T4y

PANDAX II

LZ (1000 days)

FIG. 2. Exclusion limits from XENON1T (black), forecast
for XENON1T for 4 years (black, dashed), PANDAXII (red,
dashed) and forecast for LZ for 1000 days (blue, dashed). The
solid green line corresponds to the  needed to reproduce the
observed relic density through the FI mechanism.

We have so far neglected the mass of the dark pho-
ton, an approximation which is valid as long as m�0 .
p

2mNER ⇠ 40 MeV, taking ER to be around 5 keV
as typical recoil energy, see Fig. 1. Thus for a MeV dark
photon, our results still apply. As soon as m�0 & 40 MeV,
the collinear enhancement is lost, which results in less
stringent constraints on  and thus no direct detection

  T.H., M. Tytgat, 
     Vandecasteele,
     Vanderheyden, 

         arXiv:1807.05022

                       freeze-in scenario already probed 
by Xenon-1T for 45 GeV < mDM < 100 GeV

LZ will probe it for 15 GeV < mDM < 4 TeV

            Chu, TH, Tytgat 11’, 
Essig 11’

1

q2
! 1

mNEr

                       freeze-out, secluded freeze-out, 
                              reannihilation already largely probed

Prototype model of hidden sector fermion DM: secluded 
<latexit sha1_base64="d5pW8xnLwhQbqCEEfdxNE6SKYk0="></latexit>

U(1)

  Reannihilation



huge phenomenology:

- endless phenomenology related to presence of massless or light dark photon 

- boosted DM self interaction by dark photon induced Sommerfeld effect

- long range force effects for massless case: DM halo formation, galactic shielding, … 

- cosmological constraints

associated to the DM stabilization mechanism a lot of specific phenomenology!

small scale anomalies

Prototype model of hidden sector fermion DM: secluded 
<latexit sha1_base64="d5pW8xnLwhQbqCEEfdxNE6SKYk0="></latexit>

U(1)

  Agashe, Cyr-Racine, Randall, Scholtz 17’

  Ackerman, Buckley, Carroll, Kamionkowski 09’; Feng, Kaplinghat, Tu, Yu 09’; Feng, Tu, Yu 09’, …

- many more particle physics and astrophysical dark photon effects, …

Feng, Kaplinghat, Tu, Yu 09’; Feng, Tu, Yu 09’



Prototype model of hidden sector scalar DM: secluded 
<latexit sha1_base64="d5pW8xnLwhQbqCEEfdxNE6SKYk0="></latexit>

U(1)

lightest scalar charged under an extra unbroken 

SM visible
sector

Hidden
sector

                        a scalar            structure:
                      

QED0

<latexit sha1_base64="QmxSmJXBnttOFkir9EBdlEbNGPY="></latexit>

U(1)0

 6 parameters:

kinetic mixing and Higgs 
portals

L ⇥� �

2
Fµ⇥
Y F �

µ⇥
<latexit sha1_base64="xTpSe3iskxru0EU7b49Nls56UtQ="></latexit>

��mH
†
H�

†
�

<latexit sha1_base64="cK0pMhtqP0vBBpctNJadSbkXblM="></latexit>

mDM , ↵0, ✏,m�, ��, �m

  Feng, Kaplinghat, Tu, Yu 09’, …



Prototype model of hidden sector scalar DM: secluded 
<latexit sha1_base64="d5pW8xnLwhQbqCEEfdxNE6SKYk0="></latexit>

U(1)

lightest scalar charged under an extra broken 

SM visible
sector

Hidden
sector

                        a scalar            structure with
       2 charged scalars:

QED0

<latexit sha1_base64="QmxSmJXBnttOFkir9EBdlEbNGPY="></latexit>

U(1)0

 10 parameters:

kinetic mixing and Higgs 
portals

L ⇥� �

2
Fµ⇥
Y F �

µ⇥

                           example: SSB of         from
                              

<latexit sha1_base64="LVYVGJ2M4XR2rI6mNooahq81fII="></latexit>

�1

U(1)0

<latexit sha1_base64="2uJxzuFos09eiMrtyCTvBCfnFZc="></latexit>

�2                           +      with charge 1: stable
vev of      which has charge 2

<latexit sha1_base64="Nhn8GPRr4WYepdzcZcOGvnQfNrI="></latexit>

��m1H
†
H�

†
1�1

<latexit sha1_base64="o8Ht8g5wyZaWII5BCsk0lDRJUdo="></latexit>

��m2H
†
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†
2�2

<latexit sha1_base64="PRUDtmjvkOkNvgLwZF5PSFt49w8="></latexit>

mDM , ↵0, ✏, v�,m�2 , ��2 , �m1 , �m2 , �12, �0
12

 similar phenomenology + specific scalar phenomenology



Prototype model of hidden sector spin-1 DM

abelian? SM + a gauge           spontaneously broken by a single
charged scalar         perfectly viable spin-1      DM model

<latexit sha1_base64="O7QVQP6mTguG4tpjc2v9a1Fr+2c="></latexit>

Z 0

<latexit sha1_base64="QmxSmJXBnttOFkir9EBdlEbNGPY="></latexit>

U(1)0

but only if no                kinetic mixing
<latexit sha1_base64="JZcUkVDOTfwvhvYzRFUKshE2Zb4="></latexit>

F 0
µ⌫F

µ⌫
Y

requires an extra charge conjugation symmetry

non-abelian? no-kinetic mixing

minimal model:  ‘’Hidden vector DM’’

T.H. 08’, Lebedev, Lee, Mambrini 11’

  T.H. 08’



Hidden vector DM: DM from accidental custodial symmetry

a               gauge sym. + a scalar doublet
<latexit sha1_base64="zLnkmMLybntbM6TrB87Q83pl9LQ="></latexit>

SU(2)X
<latexit sha1_base64="7yaQefjSsiwCu7LyBTZgtV75RjI="></latexit>
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Fµ⇥aF a

µ⇥ + (Dµ⇤)†(Dµ⇤)� µ2
⇤⇤†⇤� �⇤(⇤†⇤)2
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� gets a vev

3 massive gauge bosons      + a real scalar <latexit sha1_base64="nhUKT5Gh1fsCKvxwPim5elsdxwg="></latexit>⌘
mV =

g�v�

2
m� =

�
2�⇥ v⇥

degenerate and stable due to residual accidental             custodial sym.
<latexit sha1_base64="5rA+E7xEg/S/gALDZ5yj3TI8tI0="></latexit>

SO(3)c
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Vi

<latexit sha1_base64="wctzjQqbVowgbNfTBMDRuVyjSA0="></latexit>

(V1, V2, V3) : triplet
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⌘ : singlet

+ communication with SM through Higgs portal
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L 3 ��mH
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with 4 parameters:
DM made of non-abelian gauge bosons with specific phenomenology
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mDM , gD, m⌘, �m
 DM mass and gauge sym. 
  breaking scale: same scale

  T.H. 08’



Hidden vector specific phenomenology

non-abelian gauge symmetry       DM semi-annihilations

Ai

Aj

Ak

Ak

η, h

Ai Ak

Aj

Aj η, h

Figure 3: Annilation processes with a DM particle in the final state.

case in left-right and SO(10) models, both ordinary and supersymmetric). Calculating
the asymmetry from Fig. 2 we obtain:

ε∆ = 2 · Γ(∆∗
L → l + l) − Γ(∆L → l̄ + l̄)

Γ(∆∗
L → l + l) + Γ(∆L → l̄ + l̄)

(8)

=
1
8π

∑

k

MNk

∑
il Im[(Y ∗

N )ki(Y ∗
N )kl(Y∆)ilµ∗]∑

ij |(Y∆)ij |2M2
∆ + |µ|2

log(1 + M2
∆/M2

Nk
) , (9)

while the triplet decay width to two leptons and two scalar doublets is given by:

Γ∆ =
1
8π

M∆

(∑

ij

|(Y∆)ij |2 +
|µ|2

M2
∆

)
. (10)

Note that there is such an asymmetry for each of the three components of the triplet. In
the case where the lighter right-handed neutrino and the triplet have approximately the
same mass and same order of magnitude couplings, all 3 types of asymmetries of Eqs. (5),
(6) and (9) can play an important role. In the following we will discuss the limiting cases
where one process dominates over the others. We will distinguish four such cases.

2.1 Case 1: MN1 << M∆ with a dominant contribution of the right-handed
neutrinos to the light neutrino masses

In the limit where the triplet couplings to two leptons are negligible with respect to
the leading right-handed neutrino Yukawa couplings, and with at least one right-handed
neutrino much lighter than the triplet, the triplet has a negligible effect for both the
neutrino masses and the leptogenesis. This is equivalent to the ordinary right-handed
neutrino scenario without the triplet. Only the 2 diagrams of Fig. 1.a and Fig. 1.b have
a non-negligible effect for leptogenesis. This case has been extensively studied in the
literature (see e.g. [1], [13]-[28]) and we have nothing to add here to it.

∆∗
L

H

H

Nk

li

ll

Figure 4: One-loop diagram contributing to the asymmetry from the ∆L decay.
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Note that there is such an asymmetry for each of the three components of the triplet. In
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(6) and (9) can play an important role. In the following we will discuss the limiting cases
where one process dominates over the others. We will distinguish four such cases.

2.1 Case 1: MN1 << M∆ with a dominant contribution of the right-handed
neutrinos to the light neutrino masses

In the limit where the triplet couplings to two leptons are negligible with respect to
the leading right-handed neutrino Yukawa couplings, and with at least one right-handed
neutrino much lighter than the triplet, the triplet has a negligible effect for both the
neutrino masses and the leptogenesis. This is equivalent to the ordinary right-handed
neutrino scenario without the triplet. Only the 2 diagrams of Fig. 1.a and Fig. 1.b have
a non-negligible effect for leptogenesis. This case has been extensively studied in the
literature (see e.g. [1], [13]-[28]) and we have nothing to add here to it.
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today’s semi-annih. of DM in the galactic center :
mono-chromatic flux of boosted DM:  a ‘’DM-line’’ 
search in    telescopes<latexit sha1_base64="qeMnKzu6PHkD/W0tFvaNcn4fyyA="></latexit>⌫

so far only a SuperK specific search
  SuperKamiokande 18’

  T.H. 08’, T.H, Tytgat 09’, Arina,TH,Ibarra,Weniger 10’

  D’Eramo, Thaler 10’

  Agashe,Cui,,Necib, Thaler 14’



Hidden vector specific phenomenology

DM stable from accidental custodial symmetry:  could be destabilized in the UV
as for the proton protected by accidental baryon number conservation

but spin-1 DM:
<latexit sha1_base64="5rA+E7xEg/S/gALDZ5yj3TI8tI0="></latexit>

SO(3)c

only dim-6 operator:  give a DM lifetime of order experimental
sensitivity if                     and <latexit sha1_base64="1fp5dZNswXIE3srXntZcZqUNnqo="></latexit>

mDM ⇠ TeV
<latexit sha1_base64="A8zRpFTrOgn4VZVtKhokNM764iY="></latexit>

⇤UV ⇠ MGUT
<latexit sha1_base64="Zjhod8irxhv/pisG6b69VV0O0uE="></latexit>

1

⇤2
UV

Dµ�
†D⌫�F

µ⌫
Y

<latexit sha1_base64="gwB/8Pu29NLimF2kHZUBX9FOkYY="></latexit>

1

⇤2
UV

�†F a
µ⌫

⌧a
2
�Fµ⌫

Y

no destabilizing             breaking dim-5 operator

2-body decay to a photon + X

intense   -lines<latexit sha1_base64="FTKKsvCuR+xvnwFrjS8W8vGKV08="></latexit>�
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Figure 4: Like Fig. 1, but for case C, benchmark 4, with ⌅DM = 1.6 � 1027 s (� =

1.2� 1016 GeV).

Benchmark Z⇥ Zh �⇥ W+W� ⇤⇤̄ e+e� uū dd̄

1 0.01 0.005 0.04 0.02 0.09 0.39 0.29 0.15

2 0.019 0.004 0.036 0.014 0.072 0.35 0.39 0.12

3 0.22 0.0002 0.73 0.0005 0.003 0.016 0.018 0.005

Table 4: Branching Ratios for Case D.

Discussion. It is intriguing that the production of a �-ray line is a generic prediction

for all possible operators that may mediate the decay of the SU(2)HS dark matter gauge

bosons. For values of the custodial symmetry breaking scale near to the Grand Unification

scale, and for dark matter masses around 400GeV and below, this line could be in reach of

sensitivity of the Fermi LAT gamma-ray line searches. On the other hand, a production of

an observable amount of electrons and positrons or anti-protons is very model dependent.

In most cases electrons and positrons are produced in the fragmentation of scalar or

vector bosons and lead to a very flat spectrum. An interesting exception occurs for

the operator case D which features two-body decay modes into lepton pairs. In this

case the produced positron spectrum can rise more steeply, but, when also taking other

observations into account, still not enough to explain the PAMELA observations alone.
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Figure 5: Like Fig. 1, but for case D, benchmark 2, with ⇤DM = 6.7 ⇥ 1026 s (� =

1.5 ⇥ 1016 GeV).

4 E�ects of the annihilation processes with one dark

matter particle in the final state

The model considered above has the interesting and rather peculiar property that it

allows annihilation processes with one dark matter particle in the final state, i.e. AiAj ⌅
Ak� annihilations via an intermediate Ak, Fig. 2 of [1]. In ordinary models based on a Z2

symmetry such processes are strictly forbidden, they would be equivalent to Z2 breaking

at the renormalizable level and therefore to fast DM decay. The non-abelian character

of the custodial symmetry responsible for the stability of the hidden vectors allows these

processes through the trilinear coupling L ⌃� 1
4F

µ⇥Fµ⇥ ⌃ �1
2g⇤⌅ijkA

µ
jA

⇥
k(�µAi⇥ ��⇥Aiµ).

As pointed out in Refs.[1, 2] these “trilinear” processes do not bring nevertheless any

new radical change in the freeze-out mechanism. In the Boltzmann equations (where

n = n1 + n2 + n3 is the density of A states)

dn

dt
+ 3Hn = ��⇥iiv 

3

�
n2 � n2

Eq

⇥
� �⇥ijv 

3
n(n � nEq) , (4.1)

these terms, parametrized by ⇥ij, behave linearly in n�nEq, whereas the ordinary anni-

hilations, parametrized by ⇥ii, behave linearly in n2�n2
Eq. Since n

2�n2
Eq ⇤ 2n(n�nEQ)

near freeze-out, the relic abundance behaves as usual ⇥DM ⇧ 1/Max(⇥ij, 2⇥ii). However

these “trilinear” processes contribute with a rate expected to be similar to the one of

18

mDM = 600GeVmDM = 1.5TeV � = 1.2 · 1016 GeV

  Arina,TH,Ibarra,Weniger 10’



Stable DM in non-abelian confined frameworks

a minimal model with gauge-scalar dynamics:

<latexit sha1_base64="zLnkmMLybntbM6TrB87Q83pl9LQ="></latexit>

SU(2)Xif no SSB:                confines at       scale 
<latexit sha1_base64="0kveFoREXgrPhFWiEqMPoBYDEmc="></latexit>

⇤X

but accidental custodial sym. remains exact

<latexit sha1_base64="zLnkmMLybntbM6TrB87Q83pl9LQ="></latexit>

SU(2)X

the lightest boundstate transforming non trivially under             is stable 
<latexit sha1_base64="5rA+E7xEg/S/gALDZ5yj3TI8tI0="></latexit>

SO(3)c

confined phase - SSB phase duality:

SSB spectrum of 
elementary states         

spectrum of confined
bound states 

<latexit sha1_base64="wctzjQqbVowgbNfTBMDRuVyjSA0="></latexit>

(V1, V2, V3) : triplet
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⌘ : singlet
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S ⌘ �†� : singlet
<latexit sha1_base64="8u8AL1+eA9LT/dfUrR+Zy+cEgek="></latexit>

V ⌘ �†Dµ� : triplet

DM spin-1triplet DM spin-1triplet

  t’Hooft 98’

   T.H, Tytgat 09’

(multi-TeV)

hidden vector                model in its confined phase

  Fradkin, Shenker 79’



Stable DM in non-abelian confined frameworks

a minimal model with pure gauge dynamics:  hidden sector glueball DM

   Soni, Zhang 16’
   Faraggi, Pospelov 00’

- relic density from           processes <latexit sha1_base64="qlPp0xyuQfZnkd6NUadzIVvy1M0="></latexit>

3 ! 2

- truly hidden sector DM: communication with the SM only
through gravity or higher dim. operators

- DM self-interactions

- …



Gauge-scalar dynamics DM models: generalization to higher

   model with a real scalar triplet instead of doublet:

representations, higher groups, more multiplets,… 

<latexit sha1_base64="zLnkmMLybntbM6TrB87Q83pl9LQ="></latexit>

SU(2)X

   : a dark photon + 2 stable massive gauge bosons
<latexit sha1_base64="62kk87cN3GRahrr5OCCiZt0x3M0="></latexit>

SU(2)X ! U(1)TX
3

charged under conserved
<latexit sha1_base64="1iPt/nQSQzQrUKV5toOBDF6n3bg="></latexit>

TX
3

no custodial sym.

<latexit sha1_base64="k6WZSedRSHupvQ5sVmuPCTg13hs="></latexit>

SU(3)X   with 2 scalar fundamental representations

   with a single scalar 1 or 2 index representation  
<latexit sha1_base64="wrgFhwn5SmYEPgY1/THGPlqLhVs="></latexit>

SU(N)X , SO(N)X , Sp(N)X

  2 general messages:  - stable particles come out of many of these cases, sometimes viable for DM

   - in many case a gauge U(1) remains unbroken: charged DM with extra radiation

   Gross, Lebedev, Mambrini 15’

   Baek, Ko,Park 13’

   Arcadi et al 16’

   Buttazzo, Di Luzio, Landini, Strumia, Teresi 19’
   Buttazzo, et al 20’

   from remnant gauge or accidental global symmetries



A very recent non-abelian setup:

 DM from the center of 
<latexit sha1_base64="jross3/XzLBsQINTOSryt1Mz6nM="></latexit>

SU(N)

   Frigerio, Grimbaum-Yamamoto, TH, arXiv:2212.11918



DM from the center of           : basic simple idea 

   has a center subgroup:   

<latexit sha1_base64="jross3/XzLBsQINTOSryt1Mz6nM="></latexit>

SU(N)

<latexit sha1_base64="NGszYwC3lIGaPYaQuMUb/4zvibs="></latexit>

SU(N)
<latexit sha1_base64="Bu3V/ZXhHutd6XL41sUhRZrnOEQ="></latexit>

ZN    ‘’N-ality’’

   each irreducible representation with n upper and m lower indices has        charge equal to 
<latexit sha1_base64="Bu3V/ZXhHutd6XL41sUhRZrnOEQ="></latexit>

ZN
<latexit sha1_base64="K/DU7R4ThysaHahx2fOTocmY34k="></latexit>n�m

<latexit sha1_base64="Q0oZXujmVblnveQjgCVEm3eYVFc="></latexit>

(mod N)
<latexit sha1_base64="LSq/n6/atLdQsjCfrADWl3xkuz8="></latexit>

SU(2)

<latexit sha1_base64="Zyw6mB7aXuv5f2AE8snzX0xyUfg="></latexit>

adjoint: 3 : �i
j (i, j = 1, 2) : Z2 charge 0 : �i

j ! �i
j

<latexit sha1_base64="qW7dYzF7lkH+t1qTcT2YpusCo78="></latexit>

fundamental: 2 : �i (i = 1, 2) : Z2 charge 1 : �i ! ei⇡ · �i

<latexit sha1_base64="YxNyUqX4YXtF+l321lP17fWCshg="></latexit>

adjoint: 8 : �i
j (i, j = 1, 2, 3) : Z3 charge 0 : �i

j ! �i
j

<latexit sha1_base64="sIEIIppqCzEWUyV/8+gpzScjnbM="></latexit>

anti-fundamental: 3̄ : �i (i = 1, 2, 3) : Z3 charge -1 : �i ! e�i2⇡/3 · �i

<latexit sha1_base64="TS5aZICZ9OQGBdRtMD7fqSl5wwU="></latexit>

fundamental: 3 : �i (i = 1, 2, 3) : Z3 charge 1 : �i ! ei2⇡/3 · �i

<latexit sha1_base64="VqIjVIhYy5WNn3Shb/5kqZuNX5w="></latexit>

2-index symmetric: 6 : �ij (i, j = 1, 2, 3) : Z3 charge 2 : �ij ! ei4⇡/3 · �ij

<latexit sha1_base64="l4ARoM2eClvW4GGejZMUaT6MuR4="></latexit>

SU(3)

   if             broken by a scalar      singlet representation, the lightest component of any 
non singlet representation will be stable

<latexit sha1_base64="V/+3I8AaWdFOvGx2a4IfMrn01SA="></latexit>

SU(N)
<latexit sha1_base64="Bu3V/ZXhHutd6XL41sUhRZrnOEQ="></latexit>

ZN

<latexit sha1_base64="vOdGBOsyn4vtayo/M4brrmHxcbs="></latexit>

3-index symmetric: 10 : �ijk (i, j, k = 1, 2, 3) : Z3 charge 0 : �ijk ! �ijk



2 minimal implementations:

   implementation: broken by the adjoint                         unbroken
<latexit sha1_base64="OMDclwRPN6IeeHSDlzeu9hW/G7w="></latexit>

SU(2)
<latexit sha1_base64="WsmjIEdHMoDCERurtaBpvDvW/RA="></latexit>

3

   + a fundamental scalar           : DM<latexit sha1_base64="cgFZfa+4hclFLdTierq6CO93lR8="></latexit>

2

   implementation: broken by the                              unbroken
   + a fundamental scalar            : DM

<latexit sha1_base64="l4ARoM2eClvW4GGejZMUaT6MuR4="></latexit>

SU(3)

<latexit sha1_base64="k26XJouwP+kAeIJjmuBt7vFTHvI="></latexit>

⌘ �i

<latexit sha1_base64="Bf2uIPxxxgwhD3f5zixvr9LD1zI="></latexit>

⌘ �i
j

<latexit sha1_base64="02QgIPjwvbhAcM6Z3cRVLnUnbUk="></latexit>

10 ⌘ �i,j,k

<latexit sha1_base64="qik7CwOGO0/0MI+x3OI6lS3Js5k="></latexit>

3 ⌘ �i

<latexit sha1_base64="BsKLUdZ3bpJSXwQLnsGKJVFeSyU="></latexit>

Z2

<latexit sha1_base64="D9roIqM8MSYRhNtXXbdjaCqU5Bk="></latexit>

Z3



DM from the center of 

   implementation: broken by the adjoint                         unbroken
<latexit sha1_base64="OMDclwRPN6IeeHSDlzeu9hW/G7w="></latexit>

SU(2)
<latexit sha1_base64="WsmjIEdHMoDCERurtaBpvDvW/RA="></latexit>

3

   + a fundamental scalar           : DM<latexit sha1_base64="cgFZfa+4hclFLdTierq6CO93lR8="></latexit>

2
<latexit sha1_base64="k26XJouwP+kAeIJjmuBt7vFTHvI="></latexit>

⌘ �i

<latexit sha1_base64="Bf2uIPxxxgwhD3f5zixvr9LD1zI="></latexit>

⌘ �i
j

<latexit sha1_base64="fxrrnsb3xkBtDLR/Iy0SKDOJwtI="></latexit>

SU(2)

<latexit sha1_base64="BsKLUdZ3bpJSXwQLnsGKJVFeSyU="></latexit>
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Let us now introduce a Z2-odd scalar multiplet, that will provide a candidate for DM. The
simplest possibility is a scalar �i in the fundamental representation of SU(2)D, with potential

V (�) = µ2
��

i�̃i + ��(�
i�̃i)

2 , (3)

where we defined �̃i ⌘ (�i)⇤. Here too we adopt the usual convention to lower and raise tensor
indices, i.e. �i ⌘ ✏ij�j and �̃j ⌘ ✏jk�̃k. The most general couplings between �i and a real adjoint
scalar �ij read

V (�,�) =
1

2
(1�

i�ij�
j + h.c.)� 2�

i�ij�̃
j +

1

2
���(�

ij�ji)(�
i�̃i) . (4)

Since there are no couplings linear in �, a vanishing VEV h�i = 0 is automatically an extremum
of the potential. In a large portion of the parameter space, h�i = 0 is also a minimum. As a
consequence, the Z2 symmetry � ! �� is unbroken and protects its stability.1 In this region
of parameters the VEV of � is determined by V (�) only, according to the discussion above. A
recent paper [16] considered a dark sector with the same gauge symmetry and scalar multiplets,
but focusing on the region where also � acquires a VEV, so the DM candidate and the symmetry
responsible for its stability are di↵erent from ours.

Let us further understand the symmetries of the model. In the limit where the couplings 1,2
are neglected, the potential is separately invariant under a global SU(2)D� acting on � only, and a
global SU(2)D� acting on � only. Actually, similarly to what happens in the SM, � enjoys a larger,
custodial symmetry, SU(2)D�⇥SU(2)�, acting on the 2⇥2 matrix X ⌘ (�̃ �) as X ! UD�X(U�)†:
indeed �i�̃i = tr(X†X)/2. To understand the impact of 1,2 on these global symmetries, it is worth
considering a redefinition of the � field, according to

�0 ⌘ cos ✓�+ sin ✓�̃ , cos 2✓ =
2p

21 + 22
, sin 2✓ =

1p
21 + 22

, (5)

where we chose 1 real by appropriately rephasing the � field, with no loss of generality. In
components,

�0 ⌘
✓

�+

��

◆
=

✓
cos ✓ �1 + sin ✓ �2⇤

cos ✓ �2 � sin ✓ �1⇤

◆
. (6)

Then, the potential (4) becomes (dropping the prime from �0 for notational convenience)

V (�,�) = ��i�ij�̃
j +

1

2
���(�

ij�ji)(�
i�̃i) , (7)

where  ⌘
p
21 + 22 is positive definite. Firstly, this shows that there is only one physical cubic

coupling . Secondly,  breaks SU(2)D� ⇥ SU(2)D� to a single SU(2)D, corresponding to the
gauged group we started from. Thirdly,  also breaks SU(2)� to the subgroup generated by ⌧3,
which simply acts as � ! ei↵3/2�, �̃ ! e�i↵3/2�̃. Thus, the model has an accidental U(1)� global
symmetry, which contains the Z2 duality as a subgroup. Note that SSB by h�i 6= 0 leaves U(1)�
unbroken.

Finally the dark-sector scalars can communicate with the SM sector through the usual Higgs
portal interactions,

Vportal =

✓
��H�i�̃i +

1

2
��H�ij�ji

◆
H†H . (8)

1In this paper we are focusing on scalar (spin-zero) DM candidates. We note in passing that vector (spin-one)
DM is also possible in a dark sector with SU(2)D symmetry. Indeed, this is the case in minimal models with a single
scalar multiplet: when SU(2)D is broken by one fundamental scalar �i, the custodial triplet of gauge bosons W a

D is
degenerate and stable [4]; when SU(2)D is instead broken by one adjoint scalar �ij , DM can be constituted by the
complex gauge boson W±

D
charged under the residual U(1)D symmetry [15].
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   Phenomenological main consequences:

is T (�) = (2N)!/[2(N + 1)!(N � 1)!]. We do not need to confront with these complications, since
the DM phenonomenology is very rich already for the cases N = 2 and N = 3.

It is worth remarking that analogous SU(N) DM models could be built by changing the repre-
sentation of � and/or �, provided the former carries a non-trivial N -ality while the latter does not.
For example, one can (partially) break SU(N) by the VEV of an adjoint scalar �i

j
. For N = 2, the

adjoint coincides with the two-index symmetric, and we will study this model in details below. For
N > 2, the adjoint scenario is qualitatively di↵erent, and it allows an easier extrapolation to large
N , in comparison to the case of � in the N -index symmetric. However, the role of N -ality is not
manifest in the adjoint scenario, as there is no coupling of � to N copies of �. The coupling �⇤

i
�i

j
�j

leads to a more traditional DM phenomenology, thus we will not further consider this possibility in
this paper.

3 Spontaneous symmetry breaking in the dark sector

We are interested in a gauge group GD = SU(N)D with a set of scalar fields in specific representa-
tions. The most general SU(N)D-invariant, degree-four polynomial in the scalar fields defines the
renormalisable scalar potential V of the dark sector. Its minimisation determines the SSB pattern of
the gauge symmetry, the mass spectrum of scalar and vector bosons, as well as the set of unbroken
global symmetries.

3.1 The dark SU(2) model

In the case of a dark SU(2)D with charge gD, let us consider a real scalar triplet 'a where a = 1, 2, 3
is an index in the adjoint representation. The latter is equivalent to the two-index symmetric
representation, as one can define a 2⇥ 2 symmetric matrix � with components

�ij ⌘
p
2'a(⌧a)i

k
✏kj , (1)

where ⌧a ⌘ �a/2 are the SU(2) generators and our convention for the Levi-Civita tensor is
✏12 = �✏12 = 1. Notice that the reality condition reads (�ij)⇤ = �ij ⌘ ✏ik�kl✏lj , and the nor-
malisation is chosen such that �ij�ji = 'a'a. The isospin eigenstates are given by (�+,�0,��) =
[('1 � i'2)/

p
2,'3, ('1 + i'2)/

p
2] = (��11,

p
2�12,�22).

The most general renormalisable Lagrangian can be written as

L(�) = 1

2
Dµ�

ijDµ�ij � V (�) , V (�) = �µ2

2
�ij�ji +

�

4
(�ij�ji)

2 . (2)

The case of a SU(2) gauge symmetry broken by a real scalar triplet is well known. For µ2 > 0 and
� > 0, the SSB pattern is SU(2)D ! U(1)D, driven by a VEV h�ij�jii = µ2/� ⌘ v2

D
. One can

choose the VEV in the ⌧3 direction without loss of generality, and thus write '3 = vD + ⇢. The
radial mode ⇢ acquires mass m2

⇢ = 2µ2, the gauge boson W±
D

charged under U(1)D receives mass
m2

WD
= g2

D
µ2/�, while the neutral gauge boson AD remains massless.

Let us remark that the unbroken symmetry U(1)D is an accident due to the choice of a minimal
scalar sector. It is conceivable that additional scalar multiplets may also acquire a VEV and
complete the SSB of SU(2)D, by making AD massive as well. Still, if only scalars with an even
number of SU(2)D indices acquire a VEV, the Z2 duality symmetry remains unbroken. For example
one could consider a scalar sector formed by two real adjoints �ij

1,2, or by a four-index-symmetric

representation �ijkl, a real quintuplet.
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Since there are no couplings linear in �, a vanishing VEV h�i = 0 is automatically an extremum
of the potential. In a large portion of the parameter space, h�i = 0 is also a minimum. As a
consequence, the Z2 symmetry � ! �� is unbroken and protects its stability.1 In this region
of parameters the VEV of � is determined by V (�) only, according to the discussion above. A
recent paper [16] considered a dark sector with the same gauge symmetry and scalar multiplets,
but focusing on the region where also � acquires a VEV, so the DM candidate and the symmetry
responsible for its stability are di↵erent from ours.
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Then, the potential (4) becomes (dropping the prime from �0 for notational convenience)

V (�,�) = ��i�ij�̃
j +

1

2
���(�

ij�ji)(�
i�̃i) , (7)

where  ⌘
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21 + 22 is positive definite. Firstly, this shows that there is only one physical cubic

coupling . Secondly,  breaks SU(2)D� ⇥ SU(2)D� to a single SU(2)D, corresponding to the
gauged group we started from. Thirdly,  also breaks SU(2)� to the subgroup generated by ⌧3,
which simply acts as � ! ei↵3/2�, �̃ ! e�i↵3/2�̃. Thus, the model has an accidental U(1)� global
symmetry, which contains the Z2 duality as a subgroup. Note that SSB by h�i 6= 0 leaves U(1)�
unbroken.

Finally the dark-sector scalars can communicate with the SM sector through the usual Higgs
portal interactions,
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✓
��H�i�̃i +

1

2
��H�ij�ji

◆
H†H . (8)

1In this paper we are focusing on scalar (spin-zero) DM candidates. We note in passing that vector (spin-one)
DM is also possible in a dark sector with SU(2)D symmetry. Indeed, this is the case in minimal models with a single
scalar multiplet: when SU(2)D is broken by one fundamental scalar �i, the custodial triplet of gauge bosons W a
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(m�+ > m��)

   multicomponent DM:

In summary, the masses mWD
, m⇢, m�+ , m�� , and mh depend on di↵erent couplings, and

therefore they are independent, with the only constraint m�+ � m�� .
Having derived the dark-sector mass spectrum, let us discuss the stability of the dark states.

The massless dark photon AD is obviously stable, but not a DM candidate. The massive gauge
boson W+

D
carries unit charge with respect to U(1)D, while it is neutral with respect to U(1)�. As

a consequence, its only possible decay channel is W+
D

! �+�⇤
�..., where dots stand for a set of

particles which is neutral under U(1)D ⇥ U(1)�. Therefore, WD is stable for mWD
 m�+ +m�� .

Coming to scalars, the radial mode ⇢ is neutral with respect to all unbroken symmetries, and
it has linear couplings both to other dark particles and to the Higgs boson. In particular, ⇢ can
always decay into SM particles through the Higgs portal.

Finally, let us discuss the stability of �±, which are the states odd under the SU(2)D duality
Z2. They carry opposite U(1)D charge but the same U(1)� charge, according to Eq. (20). These
symmetries highly restrict their couplings. In particular, one can check that the scalar potential
only involves the combinations �±�⇤

±.
5 The combination �+�⇤

� only appears in the cubic coupling
to W�

D
,

L � ip
2
gD(�

⇤
�@

µ�+ � �+@
µ�⇤

�)W
�
Dµ

+ h.c. . (23)

Since all decays should preserve U(1)D⇥U(1)�, the lightest state �� is always stable, and therefore
a good DM candidate. Indeed, this was guaranteed from the start, since �� is the lightest odd
particle under the Z2 duality. In addition, it is easy to check that any �+ decay must necessarily
contain W+

D
�� in the final state. However, such a transition is not kinematically allowed if the

WD mass is larger than the � mass splitting, mWD
� m�+ �m�� . Even a virtual WD would have

nowhere to go, therefore �+ becomes an additional DM candidate in this case.
In summary, there are three possibilities for DM:

• DM content A: �� and �+, for m�+ +m�� < mWD
;

• DM content B: ��, �+ and WD, for m�+ �m��  mWD
 m�+ +m�� ;

• DM content C: �� and WD, for mWD
< m�+ �m�� .

This simple mechanism to have three di↵erent DM contents is a distinctive feature of the model.
In this paper we will concentrate on the phenomenology of the scenario A, i.e. two scalar DM
components, assuming the gauge boson is heavy enough to promptly decay.

Before concluding, we would like to stress that the Z2 duality is su�cient by itself to guarantee
the � stability, and therefore a suitable DM candidate. As already explained, to preserve Z2 is
su�cient to sit in the ‘half’ of the potential parameter space where h�i = 0. The additional
unbroken symmetries U(1)D⇥U(1)� are due to the minimality of the model. Firstly, they would also
be broken if Z2 were broken by h�i 6= 0. Secondly, they can be broken in less minimal models, which
still preserve Z2. As already mentioned in section 3, U(1)D can be broken spontaneously by the
VEV of additional Z2-even scalar multiplets, �0. The �0 couplings may also break explicitly U(1)�.
Alternatively, the accidental symmetry U(1)� might be broken by introducing higher-dimensional
operators, induced by some UV physics.

In the case when the only unbroken symmetry is Z2, all gauge bosons as well as � and �0

components are massive and Z2-even, therefore unstable. In contrast, the four real components of
� are Z2-odd and have generically di↵erent masses: the lightest one, �D, is a stable DM candidate.
The limit where �D is much lighter than all other dark-sector particles correspond to the well-known
SM-singlet scalar DM model [19–21]. Our gauged dark sector provides a rationale for the Z2 parity,
and predicts additional dark particles beside �D.

5The combination �+�
⇤
� is not invariant with respect to U(1)D, while �+�� is not invariant with respect to U(1)�.
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   Phenomenological main consequences:

   3) many ways to account for the DM relic density

Figure 2: Values of ↵D leading to the observed DM relic density, in the dark photon annihilation
regime, as a function of m�� , for various values of the ratio m�+/m�� . The regions forbidden by
the unitarity, extra radiation, and ellipticity constraints are also shown, see text.

expansion of the cross section is dominated by the S-wave, Eq. (44), the relevant bound is obtained
taking J = 0 and v2 = 3x�1

f
/2 ' (0.3)2 for xf ' 20 [27]. When applied to Eq. (44), unitarity

gives a bound on the coupling strength driving the annihilation, ↵D . 7.3. Together with the
relic density constraint this results in an upper bound on the mass of the heaviest DM component,
m�+ . 100 TeV.

On the other hand, the dark photons should decouple from the SM at a temperature large enough
to satisfy the extra radiation constraint �Neff < 0.135, see section 5.1. Since the decoupling occurs
when the �� decouples, at T dec = m��/x

�
f

with x�
f
⇠ 20, the lower bound is m�� > T decx�

f
. We

thus obtain an absolute lower bound m�� & 6 GeV, see Fig. 2 in the case m�+/m�� = 1. For a
larger mass ratio the lower bound is slightly larger, as xf slowly grows. Note that, in the figure,
the �Neff bound applies only assuming the observed relic density is reproduced, i.e. only along the
solid line for each given mass ratio.

Note finally that the long range force driven by ↵D may a↵ect the formation of structures, in
particular galactic scale structures. The ellipticity constraint [28–30] gives an upper bound on the
strength of the long range force, ↵D . 0.8

p
10�11(mDM/GeV)3 [29, 30]. If one assumes that the

freeze-out process is dominated by the annihilation into dark photons, Eq.(44), this bound leads to
m�� & 600 GeV, or an even stronger bound when m�+ > m�� , see the dashed line in Fig. 2. A
relaxation of this delicate ellipticity constraint by a factor of 3 for ↵D results in a milder bound,
m�� & 60 GeV, see the dotted line in Fig. 2.9

9One should indeed be careful with this bound. As noted by the authors of [29], the assumption that the DM
velocity distribution (from which one infers the energy transfer rate) matches the density distribution (from which one
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Figure 3: Values of ���vD/m�+ leading to the observed DM relic density in the annihilation into
⇢ regime, as a function of m�� , for various values of the ratio m�+/m�� . The regions forbidden by
the unitarity and extra radiation constraints are also shown.

states, in this case, are a pair of Higgs bosons, hh, or a pair of SM particles through h exchange,
see the third to sixth diagrams in Fig. 1 (dropping all ⇢ particles in these diagrams). This regime
is comparable to ordinary Higgs portal DM setups (see for instance Fig. 1 of Ref. [36] for the relic
density constraint on various Higgs portal couplings), except that, in our SU(2)D model, there
are two complex DM scalars �±, both contributing to the relic density. Specifically, both states
communicate to the SM through the same Higgs portal interaction ��H .

The analytical form of the cross sections for the various SM final states can be found e.g. in
Eqs. (B.13)-(B.16) of [37].13 In the high energy regime, m�± � mh, the cross sections scale as
1/m2

�± . Therefore, the DM relic density is dominated by the �+ component, similarly to what

happens in the �D and ⇢ annihilation scenarios discussed above, with ⌦�+/⌦�� ' m2
�+

/m2
�� . In

contrast, in the low energy regime, m�± ⌧ mh, the dominant cross section, is into two SM fermions
f and scales as m2

f
/m4

h
. As a result, the lightest � component will tend to dominate the relic density

because, it tends to annihilate to lighter fermions and thus has a smaller annihilation cross section
at freeze-out. The left panel of Fig. 4 shows, for an example value of the mass ratio m�+/m�� = 10,
how the transition from dominant ⌦�� to dominant ⌦�+ occurs.

In the right panel of Fig. 4 we show the values of ��H one needs to account for the relic density.
For the sake of comparison, we also show the curve for the case where DM is an SM-singlet real
scalar s, with portal Lportal = �(�sH/2)s2H†H. For fixed, large value of m�� , due to the scaling of

13These equations hold for a real scalar DM candidate. For a complex scalar DM particle such as �+ or ��, the
combinatorial factors di↵er, which implies that the cross sections are obtained from the ones of [37] by replacing the
� Higgs portal coupling of [37] by ��H/2.

18

Figure 5: Constraints holding on the DM annihilation through the Higgs portal, for three values
of the mass ratio m�+/m�� = 1 (upper panel), 10 (lower left), and 100 (lower right): Higgs-boson
invisible width [38] (excluding the dark blue shaded region), DM direct detection [39, 40] (light and
dark brown, for Xenon and LZ respectively), perturbativity (purple), and �Neff (green), see text.
In each panel, the solid curve (already shown in Fig. 4) indicates the values of ��H which reproduce
the observed DM relic density. For the sake of comparison we also show the coupling needed when
DM is an SM-singlet real scalar (solid grey line) and the corresponding direct detection constraint
[40] (dashed grey line).
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   Complex interesting vacuum structure

Note that the VEVs of � and H, v2
D
⌘ h�ij�jii and v2 ⌘ 2hH†Hi, are shifted by the coupling ��H ,

but the VEV directions are not a↵ected, therefore the pattern of SSB remains the same.

3.2 The dark SU(3) model

In the case of a dark SU(3) gauge symmetry, let us consider a scalar �ijk in the three-index
symmetric representation 10. Here i, j, k = 1, 2, 3 are indices in the fundamental representation of
SU(3)D. The conjugate �⇤

ijk
transforms in the 10, with indices in the anti-fundamental.2 Since the

10 is invariant with respect to the centre of SU(3)D, its VEV always preserves the triality Z3.
The possible SU(3)-invariant polynomials are obtained by contracting indices with the invariant

tensors �i
j
, ✏ijk and ✏ijk. The resulting, most general, renormalisable potential reads

V (�) = �µ2�⇤
ijk

�ijk + �
⇣
�⇤
ijk

�ijk

⌘2
+ ��i1j1k1�⇤

i1j1k2
�i2j2k2�⇤

i2j2k1

+
⇣
⌘ ✏i1i2i3✏j1j2j3�

i1j1k1�i2j2k2�i3j3k3�⇤
k1k2k3

+ h.c.
⌘

+
⇣
� ✏i1j2k3✏i4j1k2✏i3j4k1✏i2j3k4�

i1j1k1�i2j2k2�i3j3k3�i4j4k4 + h.c.
⌘
.

(9)

The terms on the first line are also invariant under an overall U(1), � ! ei↵�: if such U(1)D
symmetry is also gauged, the quartic couplings ⌘ and � are forbidden. Let us first focus on the
limit ⌘,� ! 0, and note that in this case the potential can be rewritten as

V (�) = �µ2Ai

i + �
�
Ai

i

�2
+ �Ai

jA
j

i
, Ai

j ⌘ �ikl�⇤
jkl

, (10)

where a sum over repeated indices is always understood. The traceless part of Ai

j
transforms in

the adjoint of SU(3)D, while Ai

i
is a singlet. Such potential for a 10 representation of SU(3) was

considered in [17], where a few remarkable properties were pointed out, in connection with the
residual discrete symmetries after SSB. Here we present a more systematic analysis of the potential
minimisation.

Note that the SU(3)D invariance allows to choose a basis where the matrix A is diagonal,
A = diag(D1, D2, D3), with Di ⌘

P
kl
|�ikl|2 � 0. This basis choice amounts to non-trivial relations

among the ten independent components of �, that is, A1
2 = A1

3 = A2
3 = 0. With this trick, it becomes

relatively straightforward to analyse SSB. Firstly, the potential V is bounded from below if and
only if the quadratic form �(

P
i
Di)2 + �

P
i
D2

i
is copositive-definite, that is, positive for all values

Di > 0. This occurs for
�+ � > 0 and 3�+ � > 0 . (11)

The extrema of the potential must satisfy the equation @V (�)/@�⇤
abc

= 0, for all a, b, c. By carefully
accounting for the multiplicity of the � components (e.g. �112, �121 and �211 are one and the same
field), one can derive the extremality condition,

0 = �abc


�µ2 + 2�(D1 +D2 +D3) +

2

3
�(Da +Db +Dc)

�
, for all a, b, c , (12)

where we adopted the basis with A diagonal.
For µ2 < 0 there is only one extremum at the origin, �abc = 0, which is of course a global

minimum with SU(3)D ⇥ U(1)D unbroken. In this case the SU(3)D confines at low energy, and
possible DM candidates can be found among the lightest bound states. We do not investigate this

2This SU(3) representation is reminiscent of the flavour ten-plet of baryons in QCD, formed by the ten symmetrised
combinations of the u, d and s quarks.
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  3)  Semi-annihilations:

satisfied for all abc 6= 123. For abc = 123, the extremality condition reads

0 = 6�123
⇥
�µ2 + 2|�123|2(6�+ 2� + 8�⇤e�4i↵ + ⌘e2i↵ + 3⌘⇤e�2i↵)

⇤
, (14)

where ↵ is the VEV phase, �123 = |�123|ei↵, and the couplings � and ⌘ are complex in general. Let
us assume for simplicity both � and ⌘ to be real, and |⌘| > |2�|. In this region Eq. (14) has four
solutions for the VEV of �123 (in addition to the trivial solution h�123i = 0):

R : h�123i = ±

s
µ2

4(3�+ � + 4� + 2⌘)
, I : h�123i = ±i

s
µ2

4(3�+ � + 4� � 2⌘)
. (15)

The sign ambiguity corresponds to a residual Z2 symmetry of the potential, � ! ��, which implies
that extrema come in degenerate pairs. In contrast, the solutions R and I are not degenerate, and
they are related by the transformation ⌘ ! �⌘ and � ! i�.

Next, let us prove that a VEV for �123 not only provides an extremum, but also a minimum.
The SSB pattern is SU(3) ! U(1)3⇥U(1)8, therefore there are 6 massive gauge bosons and, in the
limit ⌘,� ! 0, 7 real scalars with positive mass and 7 massless ones. When one introduces ⌘ 6= 0,
one can show that in the extremum R the 7 massless scalars acquire a positive mass for ⌘ < 0 (when
⌘ > 0, these states have positive masses at the extremum I instead). At the same time, the other
7 scalars retain a positive mass, as long as |⌘| is not too large w.r.t. � and �. By continuity, all
masses will remain positive also when � 6= 0 is introduced, as long as the latter is su�ciently small.
Therefore, either the extremum R or I is a minimum of the potential, in an appropriate interval
of the parameters. For definiteness, we will study the phenomenology for ⌘ < 0, corresponding to
a minimum in the extremum R, and we define v2

D
⌘ 12|h�123i|2.4 The case with ⌘ > 0 and the

minimum in the extremum I is physically equivalent.
We just proved that a scalar � in the 10 representation of SU(3)D may break the latter to

U(1)3 ⇥ U(1)8. We will see in section 4.2 that the two massless gauge bosons form a doublet with
respect to a residual discrete symmetry, and in section 5.1 that such ‘dark photon’ is compatible
with cosmological constraints. Alternatively, one can conceive adding additional scalar multiplets
to complete the SU(3)D SSB. In order to preserve the Z3 triality, they should transform in repre-
sentations �̂i1...in

ji...jm
with n � m = 0 mod 3. The simplest examples are a second 10, or an adjoint

8. The DM phenomenology is considerably di↵erent with and without massless dark photons, as it
will be apparent by our detailed analysis of the minimal model with a single 10 representation.

Let us now introduce a DM candidate protected by the triality Z3. The simplest possibility
is to consider a multiplet in the fundamental representation, �i ⇠ 3. The latter has potential
V (�) = µ2

��
i�⇤

i
+ ��(�i�⇤

i
)2, where �⇤

i
⇠ 3̄ is simply the hermitian conjugate of �i. The most

general �� � couplings read

V (�,�) = (�ijk�⇤
i�

⇤
j�

⇤
k
+ h.c.) + ���(�

ijk�⇤
ijk

)(�i�⇤
i ) + �0

�� �⇤
i�

ijk�⇤
jkl

�l . (16)

In an appropriate, large region of the potential parameters, � does not acquire VEV, and the VEV
of � determined above is not perturbed by the interactions with �. There is no ��� mass mixing,
the VEV of � preserves the triality Z3, the � stability is protected by its Z3 charge, and � is a good
DM candidate.

All � interactions preserve �-number, that is, they involve the same power of � and �⇤ fields,
except for the quartic coupling , which involves three powers of �. Replacing � by its VEV, this
corresponds to a DM cubic self-interaction �3. In the limit where �ijk masses are heavier than m�,

4The normalisation �123 = (vD + ⇢+ i✓)/
p
12 guarantees that the real scalars ⇢ and ✓ are canonically normalised,

given the kinetic term Lkin ⌘ (Dµ�
⇤
ijk)(D

µ�ijk).
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prediction of a ‘’DM-line’’ from GC with predicted intensity and energy

It is interesting to note that, in the SU(3)D model, there is a regime where the semi-annihilation
process can largely dominate the freeze-out process (this was not the case, for example, in the original
semi-annihilation model [4] but can happen in other semi-annihilating frameworks [47]). This can
occur in particular if all couplings are small with respect to the semi-annihilation coupling  in
Eq. (16). This situation is interesting because it would not only maximise the flux of boosted DM
particles for direct detection in neutrino telescopes, but it also leads to a definite prediction for
the value of this flux. To discuss this possibility let us consider the simple case where DM semi-
annihilates only into a Higgs boson. This applies when DM consists exclusively of the � triplet,
with all other massive dark-sector particles heavier, and when gD is su�ciently small to suppress
semi-annihilations into �D during the freeze-out.16 In this case the flux of boosted DM consists of a
monochromatic flux of DM particles with energy E� = (5m2

��m2
h
)/(4m�). The energy of this ‘DM

line’ is therefore fixed by the values of the DM and Higgs boson masses. Furthermore, successful
freeze-out through semi-annihilation requires a semi-annihilating cross section equal to twice the
usual thermal freez-eout value, i.e. h���!�hvi ' 6 · 10�26 cm3/s [5].17 Thus in such regime the
flux of boosted DM particles crossing the Earth is equal, for instance, to the flux of monochromatic
neutrinos one obtains in scenarios where DM annihilates into a pair of neutrinos (see e.g. [48, 49] for
a calculation of this flux). The observation of such predicted flux intensity would definitely point
toward a semi-annihilation origin. Moreover, in this scenario the DM and Higgs fluxes are equal, so
that a characteristic correlated flux of cosmic rays from the Higgs particles is expected. The energy
of the Higgs bosons produced is monochromatic and predicted to be Eh = (3m2

� + m2
h
)/(4m�).

Its observation would allow to determine that the semi-annihilations proceed into a Higgs boson,
allowing for an additional determination of the DM mass. Finally, note that the model allows for
multiple DM lines if the semi-annihilation does not occur only into a Higgs boson, but also into
other dark-sector particles Xi with energies Ei

� = (5m2
� �m2

Xi
)/(4m�). The relative intensities of

these lines depend on the mass spectrum and strength of the associated interactions. At least in
principle, these multiple signatures may provide a great deal of information on the dark sector.

Besides semi-annihilations, the SU(3)D model also predicts other processes involving an odd
number of DM particles, such as 2-to-3 or 3-to-2 processes: for example, a �4�⇤ vertex with strength
⇠ ���vD/m2

⇢ is induced by integrating out the � component ⇢. These annihilation channels could
be relevant for the relic density in specific regions of parameters, see for instance [50, 51]. In
a somewhat di↵erent vein, the inverse semi-annihilations �X ! �� could lead to exponential
production of DM particles [52].

Finally, note that both the SU(3)D and SU(2)D models are suitable to possibly induce a large,
non-perturbative DM self-interaction rate, �� ! ��, as a result of Sommerfeld enhancement by
multi-exchange of massless dark photons and/or light ⇢ bosons. This could be relevant for the small
(galactic) scale anomalies, in particular for the core-vs-cusp, too-big-to-fail and diversity problems,
see e.g. [53–57]. The possibility that Sommerfeld enhancement would result from the exchange of
massless mediators, rather than from massive light mediators, is a matter of debate, see e.g. [29].

6 Summary

We considered the simple, yet novel possibility that DM stability relies on the centre of a dark SU(N)
gauge symmetry. When the centre ZN is not broken spontaneously, the lightest state carrying a ZN

charge is automatically stable and a DM candidate. We studied the two simplest possibilities, where

16The semi-annihilation into a dark photon is not expected to lead to any sizeable boosted DM flux today, because
its S-wave amplitude vanishes from conservation of spin.

17Therefore, similarly to ordinary annihilations, semi-annihilations lead to the observed relic density if the associated
coupling (i.e.  here) is of order unity for a DM mass around the TeV scale.
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production of DM particles [52].

Finally, note that both the SU(3)D and SU(2)D models are suitable to possibly induce a large,
non-perturbative DM self-interaction rate, �� ! ��, as a result of Sommerfeld enhancement by
multi-exchange of massless dark photons and/or light ⇢ bosons. This could be relevant for the small
(galactic) scale anomalies, in particular for the core-vs-cusp, too-big-to-fail and diversity problems,
see e.g. [53–57]. The possibility that Sommerfeld enhancement would result from the exchange of
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gauge symmetry. When the centre ZN is not broken spontaneously, the lightest state carrying a ZN

charge is automatically stable and a DM candidate. We studied the two simplest possibilities, where
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possible observation in neutrino telescopes
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   3 phenomenological consequences:

  3)  Semi-annihilations:
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values of     leading to the observed relic density through semi-annihilations:
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that a characteristic correlated flux of cosmic rays from the Higgs particles is expected. The energy
of the Higgs bosons produced is monochromatic and predicted to be Eh = (3m2
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Its observation would allow to determine that the semi-annihilations proceed into a Higgs boson,
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these lines depend on the mass spectrum and strength of the associated interactions. At least in
principle, these multiple signatures may provide a great deal of information on the dark sector.

Besides semi-annihilations, the SU(3)D model also predicts other processes involving an odd
number of DM particles, such as 2-to-3 or 3-to-2 processes: for example, a �4�⇤ vertex with strength
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⇢ is induced by integrating out the � component ⇢. These annihilation channels could
be relevant for the relic density in specific regions of parameters, see for instance [50, 51]. In
a somewhat di↵erent vein, the inverse semi-annihilations �X ! �� could lead to exponential
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Finally, note that both the SU(3)D and SU(2)D models are suitable to possibly induce a large,
non-perturbative DM self-interaction rate, �� ! ��, as a result of Sommerfeld enhancement by
multi-exchange of massless dark photons and/or light ⇢ bosons. This could be relevant for the small
(galactic) scale anomalies, in particular for the core-vs-cusp, too-big-to-fail and diversity problems,
see e.g. [53–57]. The possibility that Sommerfeld enhancement would result from the exchange of
massless mediators, rather than from massive light mediators, is a matter of debate, see e.g. [29].

6 Summary

We considered the simple, yet novel possibility that DM stability relies on the centre of a dark SU(N)
gauge symmetry. When the centre ZN is not broken spontaneously, the lightest state carrying a ZN

charge is automatically stable and a DM candidate. We studied the two simplest possibilities, where

16The semi-annihilation into a dark photon is not expected to lead to any sizeable boosted DM flux today, because
its S-wave amplitude vanishes from conservation of spin.
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a calculation of this flux). The observation of such predicted flux intensity would definitely point
toward a semi-annihilation origin. Moreover, in this scenario the DM and Higgs fluxes are equal, so
that a characteristic correlated flux of cosmic rays from the Higgs particles is expected. The energy
of the Higgs bosons produced is monochromatic and predicted to be Eh = (3m2
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Its observation would allow to determine that the semi-annihilations proceed into a Higgs boson,
allowing for an additional determination of the DM mass. Finally, note that the model allows for
multiple DM lines if the semi-annihilation does not occur only into a Higgs boson, but also into
other dark-sector particles Xi with energies Ei

� = (5m2
� �m2

Xi
)/(4m�). The relative intensities of

these lines depend on the mass spectrum and strength of the associated interactions. At least in
principle, these multiple signatures may provide a great deal of information on the dark sector.

Besides semi-annihilations, the SU(3)D model also predicts other processes involving an odd
number of DM particles, such as 2-to-3 or 3-to-2 processes: for example, a �4�⇤ vertex with strength
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⇢ is induced by integrating out the � component ⇢. These annihilation channels could
be relevant for the relic density in specific regions of parameters, see for instance [50, 51]. In
a somewhat di↵erent vein, the inverse semi-annihilations �X ! �� could lead to exponential
production of DM particles [52].

Finally, note that both the SU(3)D and SU(2)D models are suitable to possibly induce a large,
non-perturbative DM self-interaction rate, �� ! ��, as a result of Sommerfeld enhancement by
multi-exchange of massless dark photons and/or light ⇢ bosons. This could be relevant for the small
(galactic) scale anomalies, in particular for the core-vs-cusp, too-big-to-fail and diversity problems,
see e.g. [53–57]. The possibility that Sommerfeld enhancement would result from the exchange of
massless mediators, rather than from massive light mediators, is a matter of debate, see e.g. [29].
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charge is automatically stable and a DM candidate. We studied the two simplest possibilities, where
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its S-wave amplitude vanishes from conservation of spin.
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Figure 6: Left panel: Values of the trilinear coupling  leading to the observed DM relic density,
in the regime where the semi-annihilations �� ! �⇤h are dominant, as a function of m� and for
di↵erent values of the h� ⇢ mixing angle ✓m. Right panel: The solid (dotted, dashed) curves show
the energy of the � (blue) and X (green) monochromatic lines as a function of m�, for X = h with
mh = 125 GeV (X = AD with mAD

= 0, X = ⇢ with m⇢ = 1 TeV).

definitely point toward a semi-annihilation origin. Moreover, in this scenario the DM and Higgs
fluxes are equal, so that a characteristic correlated flux of cosmic rays from the Higgs particles
is expected. The energy of the Higgs bosons produced is monochromatic and predicted to be
Eh = (3m2

� + m2
h
)/(4m�). Its observation would allow to determine that the semi-annihilations

proceed into a Higgs boson, allowing for an additional determination of the DM mass.
In Fig. 6 we show the value of the trilinear coupling  which leads to the observed relic density, in

the regime described above where the semi-annihilations proceed into a Higgs boson and dominate
the freeze-out process, for di↵erent values of the h�⇢ mixing angle, sin ✓m ' ��H(vDv/m2

⇢), induced
by the Higgs portal interaction ��H .18 Indeed, in this regime the semi-annihilations into a Higgs
boson are determined by the e↵ective interaction Leff �

p
3 sin ✓m(�1�2�3 + �⇤

1�
⇤
2�

⇤
3)h. The

corresponding semi-annihilation cross section is
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, (46)

where we retained only the s-wave contribution, which dominates for m� well above mh. Summing
over the six possible semi-annihilation channels of DM (with particles or antiparticles in the initial
state) the Boltzmann equation determining the DM number density is

zH(z)

s

dYDM

dz
= �1

6
h�ijvi(Y 2

DM � YDMY eq

DM
) , (47)

where YDM ⌘ nDM/s =
P

i=1,2,3(n�i
+ n�̄i

)/s, with s the entropy density and z ⌘ m�/T . Note
the factor of 1/6 arising from the fact that there are 6 scalar DM states and 6 semi-annihilation

combinatorial factor arising from the requirement to reproduce the DM relic density.
18See the discussion at the beginning of section 4.1, which is qualitatively valid for the SU(3)D model as well.
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Outline
A large variety of simple stabilization mechanisms exist based on new gauge symmetries
Very rich and diverse associated specific phenomenology 

- several associated basic DM production regimes
- associated dark radiation

- semi-annihilations:  ‘’DM-line’’
- DM slow decay indirect detection phenomenology  (intense    -line)

- residual accidental global symmetries (continuous or discrete), especially in 

- multi-component DM

- DM direct detection (boosted signal)
- generic DM self-interactions
- low scale DM partners from same multiplet

non-abelian case

- confined non-abelian structures
- Monopoles

- …
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