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1 Introduction

We study the possibility that Dark Matter (DM) originates from elementary scalar/gauge
dynamics. We consider one elementary scalar S that fills a representation under a gauge
group G with vectors Qﬁ‘ neutral under the SM gauge group. We write the most generic
renormalizable action, and study possible accidental symmetries related to group theory
that can lead to stable DM candidates. Gauge theories predict non-trivial dynamics, lead-
ing to DM candidates with non-minimal cosmological history and specific features that
depend on the gauge group.

The dark group G can become strongly interacting (‘confined phase’) and/or get spon-
taneously broken by vacuum expectation values of S (‘Higgsed phase’ breaking G to a sub-
group H that can confine at low energy). A surprising equivalence between the confined
and Higgsed phases holds for scalars S in the fundamental representation of the groups
G = {SUW),SO(N),Sp(N), G2} [1]. In these models S has a unique self-quartic, that
leads to a unique symmetry breaking pattern where the only surviving scalar is a Higgs-like
singlet. We here extend the analysis considering a scalar in those representations such that
G is asymptotically free for any N: the symmetric, the anti-symmetric and the adjoint.!

!Furthermore, these representations describe geometric configurations of N self-intersecting D-branes [2].



The possible patterns of symmetry breaking of SU and SO groups have been classified
in [3] (see also [4]) assuming renormalizable potentials. We will extend these classical works
by considering Coleman-Weinberg potentials, where running quartics lead to dynamical
symmetry breaking. Furthermore, we consider SU, SO and Sp groups, and symmetry
breaking patterns that connect them.

In these theories the scalar S has a mixed quartic coupling Apgs with the Higgs and two
different quartic self-couplings. This leads to two different patterns of symmetry breaking
and to extra scalars in the broken phases.?

In section 2 we discuss some common generic features: the breaking patterns; the pos-
sible accidental symmetries intrinsic of the SU, SO, Sp gauge groups; the possible equiva-
lence between the Higgs and confined phases. Furthermore, dynamical symmetry breaking
through scalars in adjoints leads to unbroken U(1) factors: in section 3 we summarize the
phenomenology of DM charged under a dark U(1). Dark monopoles become possible DM
candidates, as summarized in section 3.4.

We next discuss the concrete models: a symmetric of SU(N) in section 4, an anti-
symmetric of SU(N) in section 5, an adjoint of SU(N/) in section 6, a trace-less symmetric
of SO(N) in section 7, an anti-symmetric adjoint of SO(N') in section 8, a symmetric adjoint
of Sp(N) in section 9, a trace-less anti-symmetric of Sp(/N) in section 10. These cases need
to be discussed separately as each one has its specific features. In each case we discuss the
accidental symmetries, the renormalization group equations (RGE), the confined phase,
the Higgs phases (in particular we compute assuming dynamical symmetry breaking a la
Coleman-Weinberg [7]), and the DM candidates in each phase. We summarize our results
and the generic lessons in the conclusions, section 11.

2 Accidental symmetries

2.1 Gauge symmetry breaking patterns

Table 1 lists the breaking patterns produced by one scalar in one 1-index or 2-index repre-
sentation of SU, SO, Sp groups, such that the gauge beta function is asymptotically free for
any N. That would not be the case, for instance, for a 3-index representation (whose con-
tribution to the gauge beta function scales as N3) or for an SO spinor (scaling as ~ oN/ 2.
The SU and SO breaking patterns were classified in [3, 4, 8] that assumed a quartic renor-
malizable potential. The extension to Sp groups was recently considered in [2]. We also
consider scale-invariant potentials, where running quartics lead to dynamical symmetry
breaking a la Coleman-Weinberg.

In section 2.2 we discuss the possible group-theoretical accidental global symmetries
that can lead to a stable DM candidate. According to unknown qualitative aspects of

2The possibility that DM is a composite state made of elementary fermions in QCD-like theories was
explored in [5, 6]. As elementary scalars interact with the Higgs through a scalar quartic, while elementary
fermions can have Yukawa couplings, the phenomenology is different. In particular the elementary scalar
can be neutral under the SM gauge group, such that collider experiments can probe the dark strong sector
through precision Higgs measurements.



Unbroken group and its dimension

Representation SUN), N?—1 SOWN), N(N —1)/2 SpWN), N(N +1)/2
fundamental SUW -1) SO(WN —1) Sp(NV —2)
symmetric SUW —k)®SO(k) SO(WN —k)®SO(k) Sp(NV —2k)®@SU(k)®U(1)

anti-symmetric

SU(N —2k) @ Sp(2k)

SO(N —2k) @SU (k)@ U(1)

Sp(N —2k) ® Sp(2k)

adjoint

SUW —k)®SU(k)®@U(1)

see anti-symmetric

see symmetric

Table 1. Breaking patterns with one irreducible scalar representation of small size, such that the
gauge group confines for any A/. The symmetric of SO(N) is trace-less, with a similar condition on
the anti-symmetric of Sp(N). The values of k at the absolute minima of renormalizable potentials [2]
and of Coleman-Weinberg potentials are either minimal (k = 1) or maximal (k = N or N'—1). We
recall that SU(2) = SO(3) = Sp(2), SO(5) = Sp(4), SU(4) = SO(6), SO(4) = SU(2)2.

strong dynamics, some of these symmetries could be, in principle, broken by the formation
of scalars condensates, as we discuss in section 2.3.

2.2 Accidental symmetries

First, we need to know which representations are real and which are complex. With this
information, we can next write actions and identify their accidental symmetries.

Reality conditions. The generators T acting on real and pseudo-real representations
satisfy T* = —V 1TV where V is a symmetric matrix for real representations (e.g. V =1
for the N of SO(N)) and anti-symmetric for pseudo-real representations (e.g. V = ynr =
diag(e, ..., €) for the NV of Sp(N), with € = iog in terms of Pauli matrices). Then, a
scalar in the fundamental representation Sy transforms in the same way as (VS*);. A
non-trivial reality condition on Sz, i.e. § = V§*, can be then imposed only if VV* = 1,
i.e. for real groups but not for pseudo-real (or complex) ones. Instead, a reality condition
can be imposed on a 2-index representation Sy; (adjoint, symmetric, anti-symmetric or bi-
fundamental), i.e. S* = —V 1SV, for both real and pseudo-real groups, since VV* = £1.
To summarize, the elements of the fundamental of SU(N) and Sp(AN) and the symmetric
and the anti-symmetric of SU(N) need to be complex numbers.

Global U(1).
accidental global U(1) symmetry that acts as an overall rephasing of S. The lightest state

The renormalizable action of a complex scalar can be invariant under an

charged under this U(1) is a DM candidate (extra co-stable states are possible, depending
on the spectrum). When a SU (Sp) gauge interaction confines, the global U(1) results into
stable baryons (mesons).

Local U(1) and Z,.
U(1) or Zy sub-group of G that can imply DM stability. In the simplest case, a Zo arises

Some symmetry breaking patters G — H leave unbroken a gauged

when G = U(1) is broken by a scalar with charge 2. We will consider non-abelian groups
with scalars in two-index representations finding more examples of such Zy (see e.g. sec-
tion 10.3). We loosely include such Z5 among the accidental symmetries, despite that they
are gauge discrete symmetries.



Group parities P. The elements of the adjoint of SU(N) and all the 2-index represen-
tations of SO(N) and Sp(N) (including bi-fundamentals of two Sp groups) can be taken
to be real, so that there is no global U(1). These theories can be accidentally invariant
under an accidental “group parity” Zo discrete symmetry. Unlike usual Zo symmetries,
this symmetry acts on components of multiplets rather than on multiplets. It is analogous
to the usual space-parity, except that it acts in group space rather than in space.

Group parity can be an accidental symmetry for SU(N) and SO(N') groups because it
is broken only by terms involving the Levi-Civita e anti-symmetric tensor with N indices:
for A large enough, € does not appear in the renormalizable action. On the other hand, for
Sp(N) groups, possibile group parities are broken by terms involving the vz tensor (analo-
gous of the § tensor). As it has just two indices, the action contains terms odd under parity.

For SU(N), the theory is accidentally invariant under a reflection, which we dub U-
parity, of any of the A/ equivalent directions in group space. U-parity is obtained by flipping
the sign of any color, for example the 1st one. This flips the signs of those generators with
an 11 entry, preserving the SU(N) Lie algebra, such that U parity acts on components of
vectors in the adjoint and of other multiplets as

Gl Dy (—nfutiugl s Y (—ytus, Sy B (—)tutius,  (2)

having written the SU vectors g{, = QA(T A)g.

For SO(N), the theory is accidentally invariant under a reflection under any of the N
equivalent directions in group space: the resulting accidental Z, symmetry is O-parity [1, 9].
Representing O-parity by flipping the direction 1, its action is analogous to eq. (2.1),
dropping the distinction between indices in the fundamental and anti-fundamental:

Gry D% (~1)uthg, 8 TR (1)), Sy B8 (—1)tuS . (2.2)

When a SU or SO gauge group confines, dark baryons built contracting constituents with
one € tensor are odd under group parity. The lightest odd state can be a stable DM
candidate.

Group charge conjugations C. Theories with SU(N') gauge groups can be invariant
under a charge conjugation symmetry. Theories with SO(N') or Sp(N) gauge groups (with
N even) can be invariant under a charge conjugation symmetry that extends the one of
their U(N//2) subgroup. For SO this has been studied in [1]: the only invariant tensor that
can give rise to odd states is again €, so that it does not give rise to new stable states.

A similar situation is found for Sp(/N'), as we now discuss (although the discussion is
more complicated and will have no practical relevance). The symmetry, that we dub Cgp,
acts on the 2-index representations considered in this paper as

G/ = (-1)™g, & = (-)*s]. (2.3)

Let us now show that this is a symmetry of the action. That is trivially true for bilinears and
quartics; cubics 83, when present, respect the symmetry? because all indices are contracted,

3This crucially depends on the overall sign of the transformation of S chosen in (2.3). Notice that, as a
consequence, one has Sy = (Syn)rs = —(—=1)1+/ 8.



so they appear an even number of times. Then, one only needs to check the compatibility
with the Lie algebra of Sp(N). Let us denote by Tyym = {Treal; Lar/2/ VN} the symmetric
generators of U(N/2), and by Tasym = Timag the anti-symmetric ones. Among the Sp(N)
generators,* those of the form

Tasym ® 1o Tsym X o3 (2 5)
v2 o V2 '
are even under Cgp, (because the 2 x 2 blocks are diagonal), whereas
Tsym ® o1 Tsym ® o9 (26)

V2 V2
are odd (because the 2 x 2 blocks are off-diagonal). The Lie algebra is compatible with this
symmetry: the product of two blocks in the set {15, 03} stays in the set, so that [Teven, Teven]
is even; the product of two blocks in the set {01,092} is in {12, 03}, so that [Toad, Toad] is
even; the product of two blocks belonging to the two different sets is in {07, 02}, so that
[Tevena Todd] is odd.

As anticipated above, this symmetry is nothing but charge conjugation C for the
U(N/2) subgroup of Sp(N): since U(N/2) = SO(N) N Sp(N), the U(N/2) sub-algebra
is given by the anti-symmetric generators, i.e. the first set in (2.5) and the second set in
(2.6); the imaginary (real) generators are even (odd) under charge conjugation of U(N/2),
and the same happens under the symmetry of Sp(N).

The only invariant tensor that gives rise to odd states is yy. If S is complex, Csp
implies stability of mesons which are already stable because of accidental U(1). If S is real
and a two-index representation, Cs, does not imply new stable bound states. Cs, could
give rise to new stable states for real 1-index &, such as the bi-fundamental arising in the
Higgs phases in section 10. However, the Cs}, of the subgroups appearing there are broken
in the full theory. To summarize, Cs, never gives rise to new stable states in the cases
discussed in this work, analogously to Cso.

2.3 Does scalar gauge dynamics break accidental symmetries?

Ref. [1] discussed the possible theories of scalars with gauge interactions such that the
confined phase is self-dual to the Higgs phase. In all those theories the scalar § is in
the fundamental representation of the gauge group G such that the breaking G — H is
univocally fixed by group theory. The conjectured duality is based on the matching between
the spectra and accidental symmetries in the two phases: each particle in the Higgs phase,
after condensation of the subgroup #, is associated to a corresponding operator invariant
under G, so that one expects that the Higgs and confined phases are smoothly connected
in the strong coupling limit g ~ 4.

*We remind the reader that the Sp(/N) generators can be written as
Tasym ® 12 Tsym X ok
V2o V2
where k = 1,2,3. In the notation of appendix A of [1], Tasym = Té? and Toym = {Té};), %TSJ}, with
a # B.

(2.4)



We here study theories with scalar content such that G can be perturbatively broken
to two different sub-groups, Hi or Hs.

At first sight, an apparently related result is the Frohlich-Morchio-Strocchi (FMS)
theorem [10]. Seeking a manifestly gauge covariant description of the Higgs phase, FMS
prove that for each state in the Higgs phase there is a corresponding operator in the
unbroken theory covariant under G.°> In some theories the corresponding operators are
invariant singlets, pointing to a relation between the confined and Higgs phases. But in
general, the corresponding operators are only covariant: their existence does not imply
a duality between the Higgs and confined phases. The formation of vacuum expectation
values and/or condensates, even when described by means of singlets of the original group
G (without referring to the sub-group ) is a dynamical phenomenon not controlled by the
group-theoretical FMS theorem.

Therefore, whether the Higgs and confined phases are dual is a non-trivial question. In
particular, dynamics could form complicated condensates that break the accidental sym-
metries of the theory and invalidate gauge/Higgs dualities. Let us consider, for example, a
confined phase where a baryon B is stable because of an accidental U(1). If the condensate
(B) forms in some region of the parameter space, it would violate the accidental symmetry,
destabilising the DM candidate stable thanks to baryon number, and giving instead rise
to a massless Goldstone boson. An analogous situation could arise in the Higgs phase,
when non-abelian factors of the unbroken sub-group H become strongly interacting and
generate condensates. If U(1)-breaking condensates form only in one of the two phases
(purely condensed, or Higgsed), their duality would be lost.

For a vector-like fermion-gauge theory, a Vafa-Witten (VW) theorem [11] guarantees
that massless Goldstone bosons of vector-like symmetries are not present in the spectrum,
and hence that baryon U(1)-violating condensates do not form. The VW theorem does not
hold in the presence of a topological term GG (as it makes the Euclidean path integral
not real) nor in the presence of non-gauge interactions, such as scalar self-interactions. A
trivial counter-example is usual spontaneous symmetry breaking in the limit of vanishing
gauge coupling. However, the dynamics behind the VW theorem suggests that strong gauge
interactions tend not to break global vector-like symmetries (somehow analogously to how
gauge interactions tend to maximise the unbroken symmetries in composite Higgs models).

While scalars have extra quartic interactions that can behave differently, we can heuris-
tically expect that strong gauge interactions play the dominant role, provided that the
numerical value of scalar quartics at confinement is not too large. One-loop RGE run-
ning tends to make quartics large and negative at lower energy, but in the Higgs phases
scalars avoid large quartics, being heavier than the scale where gauge couplings run non-
perturbative. If quartics do not alter significantly gauge dynamics, it seems plausible to

SHowever, we find that in some situations the gauge-covariant description of the Higgs phase cannot be
performed by means of finite polynomials of fields. Take for instance an SU(N') theory with a scalar S in
the symmetric that breaks it to SU(N — 1) and a fermion % in the fundamental. In the Higgs phase, the
fermion ) splits into a singlet 1o and a fundamental of SU(N — 1). According to the FMS theorem, the
fermion singlet 1o can be described by a singlet of SU(N). However, for even N, no finite polynomial field
operators are fermionic and singlet under SU(N).



assume that U(1)-violating condensates do not form at the condensation of the residual
gauge group H. The situation in the confined phase is more uncertain, because quartics of
massless scalars typically run to large values when approaching confinement.

Furthermore, the VW theorem relies on showing the absence of Goldstone modes in the
spectrum, so that it does not apply to discrete global symmetries such as those found in the
previous section 2.2. Discrete symmetries might be broken even by pure gauge dynamics.
More in general, several different confined phases could be present, corresponding to the
formation of different sets of condensates.

For most of the discussion below we will assume that accidental symmetries (discrete
or continuous) are not broken by the formation of condensates. The reader should keep in
mind that this could be true only in part of the parameter space.

3 Models with unbroken dark U(1)

Some of the theories considered in the following leave an unbroken dark gauged U(1)
under which (part of) DM is charged. Such physics is constrained by bounds on dark
radiation (as summarised in section 3.1), by dark Coulombian scatterings (section 3.2),
and by dark matter/dark radiation interactions (section 3.3), and still allowed in regions
of the parameter space where DM is heavy enough. See also [12].

Furthermore, whenever a dark U(1) factor remains in the unbroken gauge group, dark
monopoles are stable and contribute to the DM relic density (see e.g. [13-15]; see also [16]
for other possible topological states). This will be discussed in section 3.4.

3.1 Dark radiation

Cosmology provides information on the amount of energy density in relativistic species,
usually reported as an effective number of extra neutrino species. The Planck satellite
results imply [17]

ANeg <0.30 at 95 % C.L. (3.1)

at the CMB temperature. A dark photon with energy density pga.rk contributes as

8 (11" pgark
ANegg == — L 2
f 7<4) Py (3.2)

We will consider models (specified later) where a dark scalar S interacts with the SM as
Aus|H|?|S|?. At a scale w the dark scalar breaks a dark gauge group G to a U(1) times a
non-abelian subgroup that confines at a scale A.

If the dark photon gk decouples from the SM at a temperature Tye. < A low enough

that ygark is the only dark-sector particle, it contributes as gfgrk(TdeC) = 2 such that
4/3 4/3
8 4sgdark(TdeC)> ( 100 >
ANg = = <*5 =0.058 | =———— 3.3
¢ 7 SQ%\A(TdeC) gfév[(TdeC) ( )

which is allowed for Ty.. above the QCD or electroweak scale. We estimate Ty.. as follows.
The thermal interaction rate of dark photons is I' ~ A%, T° /M2 where M, is the mass



SU(3) with an adjoint scalar
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Figure 1. We consider a typical model with DM charged under dark photons: one Higgs phase of
gauged SU(3) with a scalar in the adjoint. The cosmological DM abundance is reproduced thermally
around the boundary between the green (DM under-density) and red (DM over-density) regions.
The regions in grey are excluded by the resulting dark radiation and Coloumbian scatterings among
DM particles. The confined phase of this model (in white) features no DM candidate.

of the dark Higgs. Imposing I' ~ H ~ T?/Mp gives Tyee ~ M4/3/M1/3 2/3 Our initial
assumption Tye. < A is satisfied for

1/3
i 2 (o) " (3.0
s A HSMPI

If instead dark photons decouple at Tyec > A when the dark sector contains dark gluons
A as extra degrees of freedom, the bound of eq. (3.1) is violated (for any SU(2) or bigger
confining group) if the extra energy ends up reheating dark photons rather than the SM.
This conclusion can only be avoided if the dark glue-balls mostly decay out of equilibrium
into SM particles rather than into dark photons.

Let us estimate the decay widths of dark glue-balls. Dark glue-balls can decay into
the dark photons only through dimension-8 operators

C1( AL (Vi) + Co (A7) (3.5)

with C; ~ 1/(47mw?)?2. The glue-ball decay widths are estimated as (omitting factors of

g~ 1) 2 A5 9
A oA A

Do ~ 8, Paark ~ =735

(4m)t M2 (47)4ws

where w is the vacuum expectation value that breaks the dark gauge group G. Assuming

(3.6)

that the dark-sector contribution to the Higgs squared mass is not unnaturally large, Ags <
v?/w?, we estimate that glue-balls dominantly decay into SM particles if A < v.
3.2 Coulombian scattering among DM particles

The massless dark photon 4., mediates Coulombian scattering among two DM particles.
We consider its phenomenology and bounds. The transfer cross section (cross section



weighted by fractional longitudinal momentum transfer) is given by [18§]
g,
M2t

where £ ~ tens is a logarithmic IR enhancement cut-offed by the small plasma mass acquired

(3.7)

Otran =

by massless vectors in a cosmological DM background. Various observations (the bullet
cluster, black hole accretion, tri-axiality of galaxies, etc) demand ogan/M < O(cm?/g) at
v ~ (30 — 1000) km/s [19-21], implying

M > (0.3 —3)TeV x g*/3, (3.8)

When such bound is nearly saturated, self-interacting DM can marginally improve the
potential core-vs-cusp and too-big-to-fail problems.

3.3 Interactions of DM with the dark photon

Cosmological data are reproduced assuming that DM freely streams during structure for-
mation at T' S Teq ~ 0.74eV. However, interactions in the dark sector can lead to a
different fluid similar to the baryon/photon system. This effect is controlled by the dark
Thomson cross section between DM and dark photons, o7 = g*/6wrM?2. Dark photons
decouple very early from DM, when npyor < H. DM decouples from dark photons when
Ny 0T (T/M) S H (where the T'/M factor accounts for the needed energy transfer), at

gy o MGV M (3.9)
BT eal? T ¢ \100Tev '
Imposing Tt > Teq gives
M 2 g PMEPT2 ~ g% Gev (3.10)

which is weaker than eq. (3.8).

3.4 Dark monopoles

When the dark gauge group is broken to a subgroup that contains an unbroken U(1) factor,
dark magnetic monopoles exist with magnetic charge gmae = 47/g and mass Mpyag ~
My /apc.

Their abundance is negligible (one per Hubble volume at 7' ~ M) if symmetry
breaking occurs through a first order phase transition (as in the Coleman-Weinberg case).
The monopole abundance can instead be significant

Munag (30 Top\ 757 =172 oqg Tu
Tev \ Mp, 1932 %107 GeV

Qmagh® ~ 1.5 x 10° (3.11)
if a second order phase transition takes place with critical temperature T, ~ My [13-15].
If the critical exponent has the ‘classical’ value ¥ = 1/2 and the gauge group is strongly
coupled, g ~ 4w at M ~ 100 TeV, both W and dark magnetic monopoles have abundances
comparable to the DM cosmological abundances. Monopoles become unstable if the U(1)
is spontaneously broken at low-energy.

5Qur result differs even parametrically from the previous result in [22].



4 A symmetric of SU(N)

We now consider a scalar Sy in the symmetric complex representation of SU(N). The
dimension-less Lagrangian for generic N # 2, 4 accidentally conserves a U(1) dark baryon

number and is 1
L = Lon — zgfygf‘w + Tr(D,S)(D*S) — Vs (4.1)

with
Vs = M2 Tr(S'S) + As(TrSSH? + N Tr(SSTSST) — Aps|H|? TrSSH. (4.2)

The cases N = 2,3,4 are special because detS (invariant for any A) gives an extra
renormalizable term that breaks the U(1) global symmetry. For ' = 2 it is a mass term
and a reality condition can be imposed, reducing the components to 3, such that only a
quartic exists and no U(1) symmetry arises. Indeed the symmetric of SU(2) is the adjoint
(or fundamental of SO(3)). For N' = 3 the theory admits the extra complex cubic det S.
For N = 4 the theory admits the extra complex quartic

A// 1 7!/ 1T’
Vextra = AN det S = 4—"96”1(]:6[ TEL S8 7Sk SLL - (4.3)

It breaks dark baryon number, and it is thereby not generated by RGE. Ignoring it, the
RGE for N > 3 are

dg 21N — 2

2 _ 3

(4m) Ay : g (4.4a)
d\ 24 N2 N =2

(47T)2dln$u =g (9 + /\/2> — 12;;2A5T + (4.4b)

F6AG + 8(N + 1)AsNs +2 (8 + N + N?) A%

/ ) .
(47T)2CM—5 = 3g* <N _, 4> - 1292)\gw +2X2(2N +5)  (4.4¢)

dlnp N N
+24AsNs.
4.1 A symmetric of SU(N): confined phase

We define dark baryon number such that S has charge 2/N. In the SU(N)-condensed
phase the following hadrons charged under baryon number form:

e for N' = 2n even the baryon

B = ¢ivinin (gﬂlVl)fllskljl Tt (gunun)knsknjn (4'5)

For SU(2) = SO(3) the symmetric Sr; equals the fundamental of SO(3), and the
baryon reduces to the odd-ball of [1]: €//(G,,)ESk, = SAQ/’?V = eABCSAngC.

e for any N the di-baryon

BB = Il ING Sy (4.6)

For odd N the di-baryon is stable, as no baryon exists. For even N it might be co-stable,
depending on its binding energy.
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4.2 A symmetric of SU(N): dynamical symmetry breaking

The most generic vacuum expectation value can be written as (S) = diag(wi,...,wy)
with w; > 0. Dynamical symmetry breaking is induced by loop corrections, such that we
must take into account the one-loop potential, given by

1 2 2

M, M
Vi=-—— [3TrM{In =Y + TrMdin —2 (4.7
A(4m)? VR S )

in terms of generic scalar and vector mass matrices. If S is written as a vector with
real components with gauge generators T, the vector mass matrix is (M‘%)AB = QQ%ST .
{T4,TB} - S. In the limit of small quartics the one-loop potential is dominated by gauge
corrections.

We only need to consider the one-loop correction along the flat direction V' = 0 that
arises at special values of the couplings. The tree-level quartic potential of S satisfies V> 0
when the quartic couplings satisfy A\s + aXg > 0 for @ = 1 and for a = 1/N, which are
the extremal values of o = Tr(SSTSST)/ Tr(SST)2.” Thereby the two possible breaking

patterns are:

e (S) = diag(0,...,w) which breaks SU(N) — SU(N — 1). The symmetry breaking
boundary is As + Ag = 0.

e (S) = diag(w,...,w), which breaks SUN) ® U(1) — SO(N). The symmetry break-
ing boundary is As + XNg/N = 0.

Figure 2 shows that RGE running can cross either boundaries, so that both symmetry
breaking patterns can be realised dynamically. Along the special RGE trajectory where
both quartics simultaneously cross 0 we find the breaking SU(N) — SO(N). Dynamical
symmetry breaking with a scalar in the symmetric had been studied in [23, 24].

4.3 A symmetric that breaks SU(N) — SUN — 1)

We here consider the range of potential parameters such that the scalar acquires vacuum
expectation value w as

S o Sinaa 0
Sinv-1 - Snvoin-t 0
o - 0 w+s5/v2

which breaks the gauge group SU(N) — SU(N — 1). This is the same breaking produced
by a scalar in the fundamental, so it is useful to consider the differences with respect to
the model studied in [1]. As in the model with S in the fundamental a global accidental

"Adding the Higgs H, the condition V > 0 implies the extra conditions Az > 0 and 4\ g (As + aXs) >
s,

- 11 -



SU(4) with anti—symmetric
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Figure 2. Coleman-Weinberg symmetry-breaking patterns for a SU(N) gauge theory with a scalar
in the symmetric (left) and anti-symmetric (right): the RGE flow towards low energy of its quartics
As and A can intersect the instability conditions in both their branches, leading to the two different
breaking patterns discussed in the text.

symmetry remains unbroken, corresponding to the generator A diag(1,...,1,0)/(N —1).
Writing the gauge bosons as

v (A VR N1 (W 1)
T%—(W;/uﬂ Ho ) Z, 2N< 0 1), (4.9)

the perturbative spectrum is:

e N (N — 2) massless vectors A in the adjoint of SUN — 1);

(N —1) complex vectors W in the fundamental of SU(N — 1) and with dark baryon
number +1 that acquire tree-level mass MI%V = g>w? by ‘eating’ the corresponding
Goldstones scalars with squared mass m? = 2(As + Ng)w? (massless at the symmetry
breaking point);

e 1 vector Z neutral under A and under dark baryon number that acquires tree-level
mass M2 = 4g’w?(1 — 1/N) by ‘eating’ the corresponding Goldstone scalar with

squared mass m? = 2(\s + Ng)w? (massless at the symmetry breaking point);

e the scalon s with loop-level mass M (its tree-level squared mass M2 = 3m? vanishes
at the symmetry breaking point);

e the new particle (not present in models where S fills a fundamental) is N’ (N — 1)/2
scalars with squared mass Mé = 2w?\s that fill a symmetric S under SUWN — 1),

- 12 —



with dark baryon number 2 and gauge interactions

- 2ig 121 s PN =1) 5 _,
Tt|D,S|* = Tr (DM—ZM>S +2(9u8)P + 25222 1 (4.10)
V2N (N -1) 2 N H

2 ~ ~
+V2gERe (S Wi W) + S Wi Wi+ Wi WiuSaSy (4.11)
in terms of § = s + V2w and of the H-covariant D derivative.

At the symmetry breaking boundary As + N = 0 the Goldstones and the scalon s become
massless, and other scalars acquire positive squared masses. The tree-level potential equals
V = (Ag+\s)s?/4 along the scalon (its second derivative equals M?2); thereby at loop level
the scalon acquires squared mass

2w? 348—16N+7N2+N3
(4m)2 |°? N2

The same result is obtained using the one-loop effective potential [23]. M2/M32, is twice

M? =20 (Brg + By,) = +AL2N? —2N)|.  (4.12)

higher than what obtained from a scalar in the fundamental [1]. Apart from the different
masses, the new feature is the presence of S.

W is a stable DM candidate, and S is stable too if Mg < 2Myy. The Z decays at
tree-level to SS* and thereby to SM particles.

For N > 2 condensation of SU(N — 1) forms dark baryons

WNTL W AS, WV (UAS)?, L (4.13)
as well as dark di-baryons
eeSN_l, GESN_2W2, eeSN_3W4, e (4.14)

The DM candidate(s) changes depending on Mg/Myy. At the constituent level, if Mg >
2M,yy the lightest baryon is WN-1 and the lightest di-baryon is W2WNV=1). the di-baryon
might be stable if its binding energy is large enough. If Mg < 2Myy, the lightest di-baryon is
SN ~1. for even A\ the lightest baryon is WSN/ 2=1 heavier than half of the mass of SN 1 so
that they are both stable. Instead, for odd N the lightest baryon is S WV=1)/2 and the stabil-
ity of the di-baryon depends again on the binding energies. Two baryons can merge into one
di-baryon: their relative abundance is usually given by thermal equilibrium at decoupling.

4.4 A symmetric that breaks SU(N) — SO(N)

We consider again the model of eq. (4.1). An interesting feature is that dark baryon
number is spontaneously broken, but some particles are kept stable by an accidental Zs
symmetry, that arises from charge conjugation as follows. To define a charge conjugation
symmetry of the Lagrangian that acts on a scalar as S — S* one needs to also transform
the SU(N) gauge-covariant derivative D, = 0, + ig;?TA as D, — Dj. In the usual

Gell-Mann basis, some SU(N) generators associated to some vectors G“

o o1 are real and

symmetric (for example, oy 3 for SU(2)) and the remaining generators associated to vectors
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Qibmag are purely imaginary and anti-symmetric (for example, o9 for SU(2)). The needed
transformation thereby is

glt"leal - _glfleal’ gibmag - gibmag' (415)

This is an automorphism of the gauge group® (it is the outer automorphism of SU(N) for
N > 2) and thus a symmetry of the full Lagrangian of eq. (4.1). This charge conjugation
symmetry remains unbroken when the symmetric S acquires vacuum expectation value w as

5 .
S=|(w+——)diag(1,...,1) + (8° +ia")TC,, | e/ VNv 4.16
(w0 o ) dins 1) G i) | (4.10

b &b are canonically normalized fields.

where s, a, 8%, a

After symmetry breaking, the SU(N) vectors G decompose into A and W as follows.
The imaginary generators give rise to massless vectors in the adjoint (anti-symmetric) of
SO(N), A* = Gf ..~ The real generators give rise to massive vectors (eating the a®) in the
trace-less symmetric of SO(N), WP = Gt .

Even after symmetry breaking, the Lagrangian respects the charge conjugation Zs
symmetry, under which the massive vectors W and the scalar a are odd, and all other

fields are even:
sSs, 555 aS-a,  ASA WS -ow (4.17)
At tree level the spectrum is:

e N(N —1)/2 massless vectors A% in the adjoint of SO(N);

o N(N +1)/2 — 1 vectors W? in the traceless symmetric of SO(N) that acquire mass
M3, = 4g°w? by “eating” the N'(N +1)/2 — 1 scalar Goldstones a’;

e the Goldstone of global accidental U(1), a, with squared mass m? = 2(N s + Ng)w?;

e N(N +1)/2 — 1 scalars §° in the traceless symmetric of SO(N) with squared mass
M2 =2(NAs + 3\g)w?;

e a scalar scalon s with squared mass M2 = 3m?.

At the symmetry breaking boundary As + Ng/AN = 0 the Goldstones and the scalon s
become massless, and other scalars have positive squared masses. The tree-level potential
equals V = (\g + Ng/N)s?/4 along the scalon (its second derivative is M2): thereby at
loop level the scalon acquires squared mass

B

N2+ N =2
N S VR

M2 = 2N w? (ms + V2

) = 2Nw? [12 FAEUN? + AN - 8)|.  (4.18)

8The SU(N) structure constants vanish, fsp. = 0, when a corresponds to a real generator, and b, c to
imaginary generators.
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The a is a Goldstone of global accidental U(1): it remains massless if U(1) is an exact
symmetry.? Expanding the Lagrangian, it acquires the following schematic form

2
& ~ (DA)? + (DW)? + (D3)? + (9s)* + ((?:2) [(w + )% + 5% + g@®W(w + 5+ 5)* +
—i—g%(w +5+5)5W + (Mg + No)[(w + 5)% + 5] + Ngws® (4.19)

where order one factors have been omitted (including them the mass term of s cancels out)
and where D = 0 + igA is here the SO(N') covariant derivative. The lightest among the
C-odd states W and a is stable.

Let us assume that a is massless or very light. Then s decays into aa; § into AA (at
loop level thanks to the )\’Sw§3 interaction); W decays into as or a.4.A, depending on the
mass hierarchies.'”

At lower energy the pure gauge SO(N) confines, without affecting the neutral state a.
SO gauge dynamics respects O-parity [1] which, as discussed in section 2.2, extends to U-
parity in the full SU(N) theory. The vacuum expectation values of S;; preserves U-parity.
Thereby:

e For A even the odd glue-ball B ~ A% ... AiN—liNeil...W is stable thanks to U-parity
(B is U-parity odd, so it cannot decay into a’s which are U-parity even) This DM
candidate has power-suppressed interactions to SM particles and is accompanied by
dark radiation a.

e For N odd one can form glue-balls AA, which can decay into SM particles as well as
into aa, as they have the same C-parity and U-parity.

This just means that the heavier SU(AN) dynamics gives no qualitatively new effect beyond
pure SO(N) gauge dynamics apart from leaving the massless scalar a.

After confinement of SO(N), for even N the stable state are a, odd under C, and the U-
ball eAN/2, odd under U-parity. Bound states made with W, e.g. Tr(AWA), decay into a
and possibly the U-ball. For odd NV, no U-odd state exists, so that the only stable state is a.

The massless Goldstone a can become a massive pseudo-Goldstone DM candidate if
extra interactions break the spontaneously broken accidental global U(1) symmetry while
preserving the C-parity. An interesting possibility arises for N' = 3,4: the potential admits
an extra cubic or quartic coupling A det S that breaks U(1). The phase of S can always be
redefined such that the extra coupling is real, respecting the C-parity. The stable pseudo-

N—2

Goldstone boson a acquires a squared mass m?2 ~ Ngw . The spin-independent cross

%In the presence of extra massive fermions charged under the group G and carrying a global U(1)
charge anomalous under G, a behaves as an axion in the dark sector. By introducing extra fermions also
charged under QCD, one can arrange for a QCD axion with accidental Peccei-Quinn symmetry protected
up to effective operators of canonical dimension A [25], corresponding to detS. For w = 10'® GeV, this
mechanism provides a solution of the so-called Peccei-Quinn quality problem [26-28] as long as N 2 10.

1°Tf Myy > M; this happens at tree level via the vertex g(da/w)wsW. Otherwise, the decay proceeds at
one-loop, e.g. W — a(§ — A?), or via a kinetic mixing beween da and W due to the operator g(da/w)s*W.
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section for direct detection of a dark matter is suppressed by its possibly small mass,'!

i o ooy (AL LY (4.20)
O8I 4rvw? sty ]\412 M22 ’

where f ~ 0.3, v is the mixing angle that diagonalises the Higgs-scalon mass matrix, M;
are the resulting mass eigenvalues. If a becomes very massive, DM is the C-odd state
Tr(AWA) if N is odd, while for even A both the state Tr(AW.A), odd under C, and the
U-ball eAN/2, odd under U-parity, are stable.

If the gauge group SU(N) is extended to U(N), as in D-brane models, the massless
Goldstone a is ‘eaten’ by a massive Z vector.

4.5 Dualities between the confined /Higgs phases?

Some theories (among which SU(N) with a scalar in the fundamental) exhibit a non-trivial
feature [1]: the confined phase and the Higgs phase give rise to the same asymptotic states.

We now search for possible dualities between the purely confined phase and the two
Higgs phases. We find that for A even the confined phase could be dual to the SUN) —
SU(N — 1) Higgs phase, since there is a map between the spectra and the accidental sym-
metries in the two phases, while for N odd such correspondence is not possible, and hence
there should be a phase transition when going to strong coupling g ~ 4. Analogously, we
find a different spectrum in the SU(N) — SO(N') Higgs phase.

It should be noted that there could be in principle multiple, physically inequivalent,
confined phases, where the various accidental symmetries are unbroken or not. Analogously,
when the residual gauge group in the Higgs phases confines, several sub-phases are possible
if condensates breaking the residual global symmetries form. Lattice studies could help in
clarifying these issues. As discussed in section 2.3, we assume here that condensates that
break the accidental symmetries do not form.

Let us now consider in turn the various cases:

SU(N) — SU(N —1) with A even. Baryons in the confined phase are built with the
building block (GS);y. After decomposing I = {i, N'}, with i spanning over SUN — 1),
(GS)1 contains the two-index combinations (AS);, (28)i;, (WW);; and the one-index
combinations (AW);, (ZW);, Wi, (sW);: within each set all operators have the same charge
under the global U(1) symmetry, and the combination of two one-index operator has the
same U(1) charge as the two-index ones. Therefore, after mapping the two accidental U(1)’s
(in the broken and unbroken phase) into each other, the baryon of the confined phase maps
into a single physical state with the same charge as in the Higgs phase. For instance, the
baryon e(QS)N corresponds to the operators eWN =1, eWN —3(AS), etc., all with the same
quantum numbers. To see this, notice that the N-dimensional e forces exactly one index
to be the last one (I = N): (GS)ns maps into W; (or other one-index combinations); and
(GS);s map into the two-index combinations. All operators obtained in this way have the
same quantum numbers. The same argument holds true for di-baryons, with building block

"The direct detection cross section for massive pseudo-Goldstone boson DM vanishes at tree level [29]
for a quadratic U(1) breaking term. This does not happen for the case considered here.
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S17, that contains w, s, S’ij, W; and the charge matches again the number of indices. For N’
even the map proceeds also in the opposite direction: when the vacuum expectation value
gets smaller and smaller there is no distinction between the different operators interpolating
the baryon; in particular the one that contains only one one-index operator, say €;.. W; - - -,
maps into ex...(GS)ni -« - -

SUWN) — SUW — 1) with A/ odd. For N odd the map does not exist: in the
Higgs phase there are baryons, but not in the confined phase.'? Therefore, the Higgs phase
cannot be dual to the confined one.

SU(N) — SO(N). For even N, the baryons in the confined phase are built with the
building-block (GS);s. In the Higgs phase (GS);; contains, among other combinations,
the unbroken gauge vectors A;; (when the (S) part of S is taken) and the combination
(AW);; (when the Goldstone part of S is taken). These two combinations have different
quantum numbers under charge conjugation C defined in eq. (4.17). So baryons with
different C-parity quantum numbers can be built in the Higgs phase, namely eAN/2 and
e(AW)AN/21 | respectively even and odd under C. Thereby the baryon ¢(GS)V/? in the
confined phase would correspond to two distinct baryons in the Higgs phase. For odd
N, the di-baryon eeSY in the confined phase is stable (protected by the accidental U(1)),
whereas the di-baryons in the Higgs phase (eeAN ceWN ecsN .) are not (since they are
not protected by the residual U-parity, relic of the accidental U(1)), and the two phases
cannot be dual to each other.

5 An anti-symmetric of SU(N)

We now consider a scalar Syy in the anti-symmetric representation of SU(N), that is
generically complex. For N' > 5 the Lagrangian is analogous to eq. (4.1)

1 1
L = Lou — Zg,ngAW + Tr(D,S)(D*S)' — Vs (5.1)

with Vs as in eq. (4.2) respecting a global accidental U(1). For N' = 2 the anti-symmetric
is equivalent to a singlet, and a reality condition can be imposed. For N/ = 3 the anti-
symmetric is equivalent to an anti-fundamental, reducing to the model with a single quartic
already studied in [1]. The extra Pfaffian invariant Pf S = v/det S is renormalizable for
N = {4,6,8} and breaks the global U(1). For N/ =4 it is a mass term and one can impose
a self-duality reality condition, obtaining a real 6 of SO(6) = SU(4) already studied in [1].
For N = 6 it gives the extra cubic coupling e/1/112213538; ; S 5 S;_ ;.. For N = 8 it gives
the extra quartic coupling elt/1l22lsslada g S) 5 Sy .S, 7,

5.1 An anti-symmetric of SU(N): confined phase

The discussion is the same as for the symmetric of SU(N) (section 4.1): an accidental U(1)
baryon number is conserved, and baryons must be formed using constituents with two

12More precisely, it is possible to write a composite operator transforming as a fundamental of SU(N),
therefore not corresponding to a physical state in the confined phase: in the Higgsed phase, when S takes
a vev, one component of this operator transforms as a singlet of SU(N — 1) and corresponds to the baryon.
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indices. The only difference is that, with an anti-symmetric, extra gluons are not needed
to avoid vanishing index contractions: the baryon is now

for N/ = 2n even. For N odd an extra derivative or gluon is needed to avoid the vanishing
due to det S = 0 for the di-baryons.

5.2 An anti-symmetric of SU(N): dynamical symmetry breaking

The most general vacuum expectation value of one anti-symmetric can be written in terms
of € (the 2 x 2 anti-symmetric tensor) as

(5.3)

(S) = diag(wie, . .., wie) for N' = 2n even
diag(wse, ..., wge,0) for N =2n+ 1 odd

with w; > 0.

The most generic breaking patterns can be described as follows. If all w; are non-
vanishing and different the breaking pattern is SU(N) — SU(2)". If one w vanishes and N
is odd, the corresponding SU(2) extends to SU(3). If two w vanish, their SU(2)? extends
to SU(4) for N even (to SU(5) for AV is odd). If two w are equal their SU(2)? extends to
Sp(4). If k of the w’s are equal and the remaining w are vanishing, the unbroken gauge
group is SU(N — 2k) ® Sp(2k), as written in table 1.

We next describe the vacuum expectation values realised in renormalizable quantum
field theories. A quartic potential, depending on the value of its couplings, has minima
corresponding to [3]:

1) to minimal & = 1, namely only one non-vanishing w # 0. The unbroken gauge group
is SUN —2) ® SU(2), with SU(2) = Sp(2).

2) to maximal k, namely all w are equal. The unbroken gauge group is Sp(N) where

N =N for N even, and N =N — 1 for N odd.

These same two possibilities are realised with Coleman-Weinberg symmetry breaking, be-
cause they are encountered at the positivity border of the tree-level quartic potential of S.
The condition V' > 0 implies As + aXg > 0 for o = 1/2 (a single w non-vanishing) and for
a=1/N (all w equal). Figure 2b shows that both these conditions can be crossed by the
RGE flow, given for N' > 5 by

dA 9 3 2

+960G +128(N — 1)AsNs +32 (N2 =N +8) \g
dx, 3N 3 3 2 5
208 gt (S ) —12¢P N (V1= = |+ 6aN2 (N =2 4
+384\5\s.

(4m) dlnp

We next study the physics that occurs in the two possible breakings.
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5.3 An anti-symmetric that breaks SU(N) to Sp(N)
In section 5.3.1 we study even N = N; in section 5.3.2 we study odd N’ = N + 1.

5.3.1 Even N, SUWN) — Sp(N)

Loosely speaking, SO is the real part of SU and Sp is its imaginary part. While the SO
invariant tensor is the unit matrix (giving rise to simple expressions), Sp is the group of
rotations U = exp(i04T4) that leave vy = Ty/2 @ € invariant, UTynU = . So the
Sp Hermitian generators T satisfy T4* = —*yNTAfyxfl. The Sp fundamental is pseudo-
real with A/ complex components: YA AN* transforms as the fundamental N'. The adjoint
is the real symmetric with dimension N (N + 1)/2. The anti-symmetric § has dimension
NN —1)/2 — 1, as it satisfies a reality condition

§ =W 5w (5.5)

and a ‘trace-less’ condition Tr(svy,-) = 0 with the Sp invariant tensor .

For even N’ = A the vectors G of SU(N) form a massless adjoint (symmetric) A° of
Sp(N) and a massive W in the ‘trace-less’ anti-symmetric of Sp(N'). The complex anti-
symmetric scalar S of SU(N) (N(N — 1) real components) decomposes in two singlets s
and a and two anti-symmetric § and a@ under Sp(N) (a gets eaten by the W vectors). The
embedding of Sp(N') in SU(N) is non-trivial and can be performed as follows. The SU(N)
generators T4 that are Sp(N) generators T are those such that yyT“ is symmetric,
while the broken generators are those such that ya T is anti-symmetric. Such traceless
Hermitian matrices T satisfy the ‘SU — Sp’ condition

T = —yn - Ty (5.6)

One of such matrices is 17, the others satisfy the trace-lessness condition Tr(fa) =0.13
The anti-symmetric S of SU(N) is expanded in Sp(AN) multiplets as

S= [(M+W) N+2Z a0 T | e/ VN2 (5.8)

such that s and a are singlets and § and a form two different real anti-symmetric ‘trace-less’
irreducible representations of Sp(/N) (as they independently satisfy the reality condition of
eq. (5.5), by virtue of T- W = (- f)*, the ordering is important).

The accidental global U(1) is broken by the vacuum expectation value and not present
in the low energy Sp dynamics.

13For A even, an explicit orthonormal basis for the SU/Sp coset matrices T% is given by

1 1

E(Tasym(ggk), ﬁ

where Tasym = Timag and Toym = {Treal, Laj2/V N} are respectively the antisymmetric and symmetric
generators of U(N/2). The basis for A/ odd is obtained by including the matrices in eq. (5.7) restricted to
the A/ — 1 subspace plus those belonging to the SU(N)/SU(N — 1) coset.

(Tom ® 1), (5.7)

~19 —



The perturbative spectrum in the broken phase is:
e N(N +1)/2 massless vectors A in the adjoint of Sp(N).

o N(N —1)/2 — 1 vectors W in the real ‘trace-less’ anti-symmetric of Sp(N) that
acquire mass Mﬁv = g?w? by ‘eating’ the a with Coleman-Weinberg squared mass
M2 = 8w?(N s + Xs) that vanishes at the symmetry-breaking boundary.

e The scalon s. With Coleman-Weinberg SU(N) — Sp(N) breaking its tree-level
squared mass M2 = 3M(12 vanishes at the breaking boundary.

e The massless Goldstone boson a (unless the global U(1) symmetry is explicitly broken,
for example for N' = 6,8 by the extra renormalizable term P{S).

e N(N—1)/2—1 scalars §° that fill a real ‘trace-less’ anti-symmetric of Sp(N). Assum-
ing Coleman-Weinberg breaking its tree-level squared mass equals M§2 = Sw? (/\7 As+
3Ns).

The vacuum expectation value (S) respects the charge conjugation symmetry S — S*,
D,, — Dj, of SUW). Its action in terms of the Sp—Ncovariant fields is more transparent in
terms of Hermitian matrix fields s = §*7%, a = a®T'* that transform as the gauge vectors
under Sp(N). Since charge conjugation is equivalent to Syn — (Svyar)*, one has

s 5 5, a LA —a, § A —YNEYN, G LA wayn, A LA —NAN, W LN ANWAN -
(5.9)
The invariant tensor v, appears because C raises/lowers indices in U(N)-covariant nota-
tion.

Expanding the Lagrangian, it acquires the same schematic form as the Lagrangian
obtained in the case of SU(N) broken to SO(N) by a symmetric, eq. (4.19), except that
D = 0+ igA is now the Sp(N) covariant derivative. Its terms indeed respect the C-parity
of eq. (5.9).1 Thereby at the perturbative level (i.e. before considering confinement), the
lightest among W and a is stable, and other particles decay as in the SU — SO case: if a
is massless or very light s decays into aa, § into AA, W into as or aAA.

A big difference arises at non-perturbative level: while SO baryons are stable because
odd under O-parity, Sp baryons decay into mesons because the € tensor can be decomposed
as €N = 7}'\1/2 - -”yj\’}/_lw + permutations [9]. Mesons Tr(WW) and glue-balls Tr(.AA),
Tr(AAA) are even under C-parity and decay. Tr(W.A) is identically zero. Tr(W.AA) and
a are odd under C-parity: thereby the lighter state is a stable DM candidate.

If a acquires a small mass, it can be pseudo-Goldstone DM with dominant derivative
interactions. Similarly to the SU — SO case, for N’ = 6,8 the potential admits an extra
cubic or quartic coupling, Pf S (with real coefficient) that breaks U(1) giving mass to a
while respecting C-parity. If a becomes very massive, DM is the C-odd meson containing
one W. If the gauge group SU(N) is extended to U(N), as in D-brane models, the massless
Goldstone a becomes a massive Z vector.

The cubic 5* vanishes for ' = 4 but this is a special case: SU(4) ~ SO(6) broken by a 6 to Sp(4) ~
SO(5).
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5.3.2 0Odd N, SUWN) — Sp(N — 1)

For odd N' = N + 1 the perturbative spectrum in the broken phase!® is as in section 5.3.1
plus

e One singlet vector Z with mass M % = g?w?/N. It acquires mass by ‘eating’ the
massless Goldstone a.

e 2N vectors X in the fundamental of Sp(N) with mass M3 = g?w?/4. They acquire
mass by ‘eating’ 2 scalars ¢ in the fundamental of Sp(N') with tree-level Coleman-
Weinberg mass Mf = 8w?(2\s + Xs) that vanishes at the symmetry breaking point.

The charge conjugation symmetry is again unbroken by the vacuum, with the extra states
transforming as
r— -, X =X, 25 —Z. (5.10)

Then, as long as binding energies are not so big as to compensate the difference in con-
stituents mass, the C-odd meson Tr(W.AA) can decay into Z, which is a stable DM can-
didate. The massless Goldstone has become a massive Z.

In addition, there is also an unbroken global U(1) symmetry, with generator
diag(0,...,0,1). At the perturbative level, the only charged state is X. Then, after
confinement of Sp(A — 1), the meson X7+ X 1s stable too.

5.4 An anti-symmetric that breaks SU(N) — SUN — 2) ® SU(2)

After dropping the scalars ‘eaten’ by massive vectors, the scalar anti-symmetric can be
expanded in components as

0 S2 - Sin2| 0 0
~S2 0 32,]\/—2
S:(s 0 >: E B : : : (5.11)
0 e(w+ ) —Sin—2 - —San—2 O 0
0 0 0 0 w+ 6
0 0 0 |—w—s5 0

such that the Sij and s are canonically normalized. Writing the gauge bosons as

Taga:< A, ywﬁ)_ z, (—21/\/—2 0 ) (512)
o\ wivel o, 2,/ NN —2) 0 |W-21,) '

the perturbative spectrum in the broken phase is:
e (N —1)(N — 3) massless vectors A in the adjoint of SUN — 2);

e 3 massless vectors A’ in the adjoint of SU(2);

S\ = 5 is potentially special because Sp(4) = SO(5). However the SU(5) — Sp(4) discussed here
corresponds to a different embedding (such that 24 = 10 ® 5 ® 2 x 4 ® 1) than the SU(5) — SO(5) (such
that 24 = 10 & 14) discussed in section 4.4.
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4(N — 2) massive vectors W in bi-fundamental (N — 2,2) & (N — 2,2) of SUWN —
2) ® SU(2) with mass M3, = g>w?/4;

e 1 massive vector Z with mass M2 = g?w?(N —2)/N corresponding to the generator

diag(2,...,2,—(N —2), —=(N = 2))/2/ NN —2).

e The scalon s.

(N = 2)(N — 3) scalars that fill an anti-symmetric S of SU(N — 2) with mass M; =
16w?)s.

There is an unbroken conserved global U(1l) with generator proportional to
diag(1,...,1,0,0). under which W has charge 1, S has charge 2 and all other fields are
neutral. So W and S are possible DM candidates. Gauge interactions give rise to WW < S
processes:

2

i 92(/\/— 2) .o

(8#5)2 + TS Zﬁ +

~ 219 )~

D,———2Z,|S

( NNV =2
2

2 2
g ~ Gk g * ~ g * S O
+7 €apiRe (S,;jWﬁLWfM) + ZWﬁW{;‘LﬁQ + ZWZ»;W;‘“SmSjk (5.13)

1 , 1 1
ZTI"D#S‘ = ZTI" 5

where § = s+w; D is the SU(N —2)-covariant derivative; i,j = 1,..., N —2 are SUN —2)
indices; a, f = 1,2 are SU(2) indices.

Assuming that massive particles have masses comparable to My, both unbroken
groups SU(N —2) and SU(2) confine at Agy(a—2) > Agu(z), where

11 22
> ; bsuw—2) = g(N’— 2), bsu(z) = 3 (5.14)

2

A; = My exp (_b’aDC
7

SU(2) interactions respect a custodial symmetry, which is however broken by SU(N — 2)
interactions. After the double confinement the non-perturbative spectrum contains:

e Glue-balls of SU(N — 2) and of SU(2) that decay to SM particles.
e The unstable Z and s.
e Baryons made of W only:

— If NV is odd, SU(N — 2) confinement cannot form SU(2) singlets. Confinements
give rise to bi-baryons made of W2N=2) and to their anti-bi-baryons made of
W2WN=2) " Extra bi-baryons made of WV "2WN=2 decay to glue-balls through
WW annihilations.

— If NV is even, SU(N — 2) confinement can form SU(2) singlets. Confinements
give rise to baryons made of W~ =2 and to their anti-baryons made of WN 2.

e Baryons with a WW;W; pair replaced by one SU The mass difference is 2Myy — Mg +
O(Asu(2))-
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SU(5) with adjoint
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Figure 3. Coleman-Weinberg symmetry-breaking patterns for a SU(N) gauge theory with a scalar
in the adjoint: the RGE flow towards low energy of its quartics As and Mg can intersect the
instability conditions in both their branches, leading to the two different breaking patterns discussed
in the text.

6 A trace-less adjoint of SU(N)

Being a real representation, an adjoint S* carries no dark baryon number. Writing it as
an Hermitian matrix S{ = S4(T4){ using the generators in the fundamental, such that
TrS? = (84)2/2, the Lagrangian is

1
L = Lon — Zg;‘ygAW + Te(D,S)(D"S) — Vs (6.1)
with
Vs = M2Tr(S?) + ATr(S3) 4+ As Tr(S8%)% 4+ N Tr(S?) — Ags|H|* TrS? (6.2)

for N > 4, while X is redundant for N' = 3. Because of the cubic, the theory is not
accidentally invariant under the § — —& symmetry, so that there are no stable DM
candidates in the perturbative spectrum. One can consider a dimension-less theory where
masses arise dynamically as a fermion condensate in a different sector (e.g. section 5.1
of [30]) such that the renormalizable Lagrangian has an accidental S — —S symmetry and
S only acquires a mass term through gravitational loops.

6.1 An adjoint of SU(N): confined phase

In the presence of the S? cubic term there is no stable state. One S decays into two gluons
via a loop of S (the S — G*G® amplitude is proportional to the non-vanishing group-theory
factor (daij + % faij) fikvfike)- In addition, bound states cannot be stabilized by U-parity
(or some other analogous Zs symmetry acting non-trivially on the different components),
because singlets made with G and S necessarily involve indices appearing in pairs: there
are no baryons.
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If cubic terms are absent, the state Tr(SG) becomes stable, with phenomenology sim-
ilar to the 1-ball of SO(N) [1]. The SU(2) case was computed on the lattice [31].

6.2 An adjoint of SU(N): dynamical symmetry breaking

The RGE for the dimension-less couplings for N' > 3 are

(47)? difﬂ = —7;\/93 (6.3a)

(4”)25112 = 9g" —12Ng°\s + <6+/i[82> XE+8 (/\/— ;\[> AsXs  (6.3b)
+2(T+N?) A%

(477)26;{1151 = 3Ng' — 12V g N5 +42% <N—j\)f> + 245 N (6.3¢)

The RGE for As for ' = 3 is obtained replacing 9 with 27/2 and setting X = 0.

The tree-level quartic potential of S satisfies V' > 0 when the quartic couplings satisfy
As +aXg > 0, where « are the extremal values of o = Tr(SSTSST)/ Tr(SST)2. The maxi-
mal value is @ = (N2 — 3N + 3)/N(N — 1) corresponding to (S) o< diag(w, ..., w, —(N —
1)w), which breaks SUWN) — SUWN — 1) ® U(1). For N' = 2k even the minimal value

is a = 1/N corresponding to (S) o diag(w,...,w,—w,...,—w), which breaks SUN) —
SU(k)®@SU(k) @ U(1). For N = 2k +1 odd the minimal value is o = (N2 +3) /N (N? — 1)
corresponding to (S) o diag(kw,...,kw, kw, —(k + 1w, ...,—(k + 1)w), which breaks

SUN) — SU(k+1)®SU(k) ® U(1). Thereby the possible unbroken gauge groups selected
by the Coleman-Weinberg mechanism up to e.g. N’ = 6 are'¢

SU(2) — U(1),

SU(3) — SU(2) @ U(1),

SU(4) — SU(3) ® U(1), SU(2) ® SU(2) ® U(1), (6.4)
SU(5) — SU(4) ® U(1), SU(3) ® SU(2) ® U(1),

SU(6) — SU(5) ® U(1), SU(3) ® SU(3) @ U(1),

and so on for N' > 6. In general SU(N;) ® SU(N2) @ U(1) contains a U(1) factor, such that
the lightest charged state is a stable DM candidate; dark photons vga;x are massless; as
discussed in section 3.4 dark magnetic monopoles exist with magnetic charge gmag = 47/g
and mass Muyag ~ My /apc.

16The case N = 3 is special since o = 1/2 identically. Therefore the quartic scalar potential contains a
unique invariant Tr(S?)?, such that there is an O(8) accidental global symmetry, spontaneously broken to
O(7). This yields 7 Goldstone bosons, of which 4 are eaten by the massive vectors of the local SU(3) —
SU(2) ® U(1) breaking and 3 remains in the physical spectrum. At tree level they are massless, but gauge
interactions, which do not respect the accidental O(8) symmetry of the scalar potential, will lift them to
Map ~ g*w/4n.
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6.3 An adjoint that breaks SUN) — SUWN — 1) ® U(1)

After dropping the scalars ‘eaten’ by massive vectors, the scalar adjoint can be expanded
in block form as

S|o
S=(w+s)TV' 14 (6.5)
010
where TN?~1 = diag(1,---,1,1 = N)/y/2N (N — 1). Writing the gauge bosons as
A Wt
’ ( > + YTV, (6.6)
w— 0

the perturbative spectrum in the broken phase is:
e (N —1)? — 1 massless vectors A in the adjoint of SUN — 1).

e 1 massless vector yqari corresponding to the unbroken U(1), with generator propor-
tional to (S).

e N — 1 complex massive vector W¥ in the fundamental of SU(N — 1) with mass
M3, = g°w?Q? and with charge @ = £,/N/2(N — 1) under the unbroken U(1)
gauge group.

The scalon s with loop-level mass M.

(N —1)2 — 1 scalars S that fill an adjoint of SUN — 1) with squared mass ME =
w?(As + 3Ns/(N(N —1))) and neutral under the U(1) gauge group.

At perturbative level W* is a stable DM candidate, while S decays into .AA through
loops involving the wSWW?* gauge coupling. At non-perturbative level, condensation of
SU(N — 1) gives stable dark baryons eV =1 charged under U(1).

Glueball decays. The glueballs can decay into dark photons through the dimension-8 in-
teractions of eq. (3.5) where the coefficients Cy o ~ (N —2)/(47w?)?, yielding a decay width

I ~ aﬁark(/\/‘ — 2)2 f]%GM%G
DG-?’Ydark"/dark ~ 87{' (MW)S ’

(6.7)

where fpg = M]%G is a form factor. This has to be compared with the decay into SM
particles, which proceeds through the Higgs-scalon portal. From

Odar a 5
Lsaa = ;ﬂ_ka(-A;w)QE7 (6'8)

where byy = —7/2 is the contribution of a loop of W’s to the SU(N — 1) beta function,
one has

O£2 f2 b2 )\2
T ~ _dark/DG7W HS ) )
DG—SM 51275 Mo M) (6.9)
Dark glueball decay predominantly into SM particles if
Mpc \* +aBy.\ 2 — V(N — 1)\ 2 2 _
pa )" (s ) (SN 2N 1) <1, with a = N =SSN 43 (6.10)
My abywAgs N N(N — 1)

These results have been used in figure 1.
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6.4 An adjoint that breaks SU(N) — SU(WN7) ® SUN2) ® U(1)

After dropping the scalars ‘eaten’ by massive vectors, the scalar adjoint can be expanded

Nal 0 S 0
s=_wrs (FN + (7 (6.11)
2NN 0 —Mily, 0 &

and the gauge vectors as

+ 1
g (M) p e (Mo 0 (6.12)
W~ Ay 2NN 0 —Miln,

The perturbative spectrum is:

in block form as

e 1 massless vector vgak corresponding to the unbroken U(1).

e N? — 1 massless vectors A; in the adjoint of SU(N]), and N — 1 massless vectors
As in the adjoint of SU(N3).

e N1N3 complex massive vectors W¥ in the bi-fundamental of SU(N7) ® SU(N3) with
squared mass M3, = g?w?Q? and with charge Q = ++/A/2N1 A under the unbroken
U(1) gauge group.

e The scalon s, singlet under the unbroken gauge group.

e N? — 1 neutral real scalars S in the adjoint of SU(N;) with squared mass Mél =

w?(\s + 3NsN2/NIN), and NZ — 1 neutral real scalars S, in the adjoint of SU(MN2)
with squared mass M§2 = w?(As + 3NN /N2N).

The dark scalars 3172 in adjoints of SU(Nj2) decay into their gauge bosons in view of
their 5’{’2 cubic couplings. The massive vectors in the bi-fundamental I/Vijlti2 are stable, for
example because they are the lightest state with U(1) charge.

The group with larger A7 > N confines earlier, forming dark baryons W1 in various
representations of SU(N3) with Ns-ality A7 — Na. The smallest representation containing
the lightest states can be a singlet if N1 = kA, with integer k, a fundamental if they differ
by 1, an anti-symmetric if they differ by 2, etc. At lower energy SU(N2) confines forming
baryons of baryons. The lightest DM candidate is charged under U(1), with charge equal
to the number of constituents in this matryoshka. The abundance of dark photons can be

estimated as in the previous section.

7 A trace-less symmetric of SO(N)

We now consider a scalar Sy in the trace-less symmetric real representation of SO(N).
The Lagrangian is

1 1
L = Lo — Zg,j;‘ugf‘lw + 5 Te(D,S)(D"S) — Vs (7.1)
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with

M2
Vs = 75 Tr(S?) + As(TrS?)? + ATr(S?) + Ns Tr(S*) — Aps|H|? Tr(S?). (7.2)

The only special case is N’ = 3: the N5 quartic can be removed using Tr(S*) = Tr(852)?/2;
the possible extra cubic detS equals Tr(S?)/3. For N' = 4 the possible extra quartic
coupling det S can be rewritten in terms of A\s and Ny as detS = Tr(S%)/4 — Tr(S5?)?/8.

The action is invariant under O-parity, that can be written as'”

Gy 28 (—1)t0ug,  and  Spy B9 (—1)tOS,, (7.3)

7.1 A symmetric of SO(N): confined phase

We consider the phase where SO(N) confines. Baryons are odd under O-parity, so that
the lightest baryon is a stable DM candidate.

For even N baryons exist, made with the constituents G;; and (GS);;. As long as
Ms is non negligible compared to the confinement scale, the lightest baryon is the 0-ball
eGN/2, o0dd under O-parity. The detailed structure of S (a symmetric or a fundamental)
does not impact DM phenomenology.

For odd AV no baryon exists. Differently from the analogous SU(N') model, di-baryons
€eS are unstable, because even under O-parity. Indeed, for SO(N') the product of two
€’s can be expressed as the sum of products of N' Kronecker ¢’s [9]. So there is no DM
candidate.

7.2 A symmetric of SO(N): dynamical symmetry breaking

The tree-level quartic potential of S satisfies V' > 0 when the quartic couplings satisfy
As + aNg > 0 where « are the minimal and maximal values of a = Tr(S%)/ Tr(S?)%. The
maximal value is « = 1 — 3/N — 1/(N — 1) corresponding to S « diag(1,...,1,N — 1),
which breaks SO(N) — SO(N — 1). For N' = 2k even the minimal value is o = 1/N
corresponding to S oc diag(l,...,1,—1,...,—1), which breaks SO(N) — SO(k)2. For
N = 2k + 1 odd the minimal value is a = (3 + N?)/(N?3 — N') which corresponds to the
SO(N) — SO(k 4+ 1) ® SO(k) breaking. For A/ = 3 the minimal and maximal values of «
coincide, corresponding to the unique breaking SO(3) — SO(2).
The RGE for N > 4 are

dg 21N — 46
4m)? = - ! 4
4 P (7.4a)
2 dAs 4 2
(4m) d1n = 18¢~ — 24g°N)s + (7.4b)
6 2N% + 3N -6
+12 (1 - N2) NG + 8+T)\3Ag +4(14+N+N?) AL
d\, 2N? + 9N — 36
Mﬂzﬁ = 6Ng" — 24N g°Ns +4 N NN A2+ 96N AsNs. (7.4c)

" The cubic term TrS? respects O-parity because each S has two indices. This differs from the model
where S if a fundamental where O-parity was a symmetry because a cubic term was forbidden by gauge
invariance.
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Figure 4. Coleman-Weinberg symmetry-breaking patterns for a SO(N') gauge theory. The RGE
flow towards low energy of its quartics As and X5 can enter both instability conditions, leading to
the two different breaking patterns discussed in the text.

Figure 4a shows that, again, the RGE flow can cross both stability conditions depending
on the values of the couplings.

7.3 A symmetric that breaks SO(N) — SO(N — 1)

The trace-less symmetric scalar can be expanded as
Ty 0 SO
S—_ wts [Nt 4 (7.5)
NN -1) 0 —(NVN-1) 00

and the gauge vectors as
A W
g = - . (7.6)
-W* 0

O-parity is preserved in this vacuum, since it can be realised as a reflection along any of
the unbroken A — 1 directions [1]. The perturbative spectrum is:

e The scalon s, singlet under SO(N — 1) and O-parity even.
o (N —1)(W —2)/2 massless vectors A in the adjoint of SO(N —1).

e N —1 vectors W with squared mass M, = 2N'g?w?/(N — 1) in the fundamental of
SO — 1).

e N(N —1)/2 — 1 scalars in the trace-less symmetric S of SO(N — 1) with squared
mass Mg = 4w?(\s + 3\s/ /NN —1)).

S and s decay into AA through loops involving the wSWW and wsWW gauge couplings.
The W is stable: being the only field with one index it is the only field odd under a
diag(—1,...,—1,1) O(N) reflection, respected by the vacuum expectation values.
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DM phenomenology remains as in the model where SO(N) is broken to SO(N — 1)
by a scalar in the fundamental [1], because S is the only extra state. SO(N — 1) confines
at a scale A forming baryons odd under O-parity and other states. The lightest baryon
is a stable DM candidate. The baryon constituents are A;;, W;. For N even the lightest
baryon is the 1-ball WAW=2)/2_ For A odd the lightest baryon is the 0-ball AW=1)/2,

7.4 A symmetric that breaks SO(N) — SO(k) ® SO(N — k)

The trace-less symmetric scalar can be expanded as

_ Nk (e 0 S0
S=y\wr Wt )(o —IlNkk/(/\/—k:)> " (0 S’) .7

and the gauge vectors as
A W
g={ 7" . (7.8)
-W* Ay

Symmetry breaking selects k = N/2 for N even and k = (N —1)/2 for N odd.
O-parity splits into two independent O-parities O1 and O. This is because reflections

acting in the two subspaces are not equivalent under the unbroken gauge group. For even
N there is also a twin symmetry that exchanges the two SO(N/2).
The perturbative spectrum is:

e The scalon s, singlet under the unbroken gauge group and even under O-parities.

o k(k —1)/2 massless vectors A; in the adjoint of SO(k).

(N — k)N — k — 1)/2 massless vectors Ay in the adjoint of SO(N — k).

k(N — k) vectors W in the bi-fundamental of SO(k) ® SO(N — k) with squared mass
M3, = 2g*w? N /(N — k).

k(k+1)/2—1 real scalars S; in the trace-less symmetric of SO(k) with squared mass
Mgl = dw?(\s + 3Ns(N — k) /kN).

o (N = k)N —k+1)/2 — 1 real scalars S in the trace-less symmetric of SO(N — k)
with squared mass Mgg = 4w?(As + 3Nsk/N(N — k)).

31,2 decay into A; 2.4; 2 through loops involving the wSLgWW gauge couplings. The W
is stable being the only field odd under the O(N) reflection diag(—1, 1n—), which is an
unbroken symmetry of the action.

When the two SO groups confine they can form baryons odd under the two independent
O-parities. We need to distinguish 3 cases:

1. NV even, N'/2 even, for example SO(8) — SO(4)2. In this case the two independently
stable 0-balls By ~ eA’f/ 2, By ~ GAI;/ % are DM candidates. They are degenerate
because the entries of their 2 X 2 mass matrix is related by the permutation symmetry,
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and because its off-diagonal elements vanish. The two O-parities are independent: in
the full theory the unbroken SO(N') O-parity forbids operators of the form B B2 and
as a consequence there are no B; <> By oscillations.

2. N even, k = N'/2 odd, for example SO(6) — SO(3)2. Baryons do not exists. How-
ever, the bi-baryon eeWAgk_l)/ QAék_l)/ ? is stable since it is odd under both O-parities
and no separately odd states exist.

3. N odd, for example SO(7) — SO(4) ® SO(3). Without loss of generality, we take
k= (N £1)/2 even, N — k odd. The 0-ball eA’f/Q exists and is stable, being odd
under Ojp-parity. No Og-parity odd baryons exist (even states decay) and neither
bi-baryons, odd under both O-parities. While the DM phenomenology is analogous
to a SO(k) model, its cosmological abundance can be affected by the extra states.

The case N =4 and A/ = 5 are special.

For N' = 4 the breaking pattern is SO(4) — SO(2); ® SO(2)2. The particles are a
massive W charged under both the two SO(2) = U(1), the unstable scalon s, degenerate
massive scalars S; with charge Q;(S;) = 2Q;(W) under U(1);. The DM candidate is
W, accompanied by S; it M G < 2Myy. As all interactions are perturbative, the DM
abundance is reproduced for DM masses that can conflict with the bounds of section 3.2.

For N = 5 the breaking pattern is SO(5) — SO(3)®S0O(2). The perturbative spectrum
contains the following massive particles: the scalon s, vectors W+ in the 3 of SO(3) charged
under U(1), a neutral scalar S in the symmetric traceless of SO(3) a singlet ST+ with
U(1) charge Q(ST) = 2Q(W*). Even assuming that its decay ST+ — WHW* is not
kinematically forbidden, confinement of SO(3) gives various potentially (co)stable DM
candidates, thanks to conservation of dark U(1) charge and of O-parity: the baryons B* =
Wt A and BTt = eWFWHWE | the meson M*T+ = WEWE,

8 An anti-symmetric adjoint of SO(N)

We consider a scalar Sy in the anti-symmetric representation of SO(N), with N(N —1)/2
real components. The Lagrangian is

1 , 1
L = Lont — Zgg‘,,gf‘ﬂ = 5 Te(DuS)(DHS) = Vs (8.1)
with )
M
Vs = _TS Tr(S?) + As(TrS?)? + N Tr(S81) — Ags|H|? Tr(S?). (8.2)

The cubic Tr(S3) identically vanishes, and detS vanishes for N' odd. For N' = 2
SO(2) = U(1) and the anti-symmetric of SO(2) is the neutral adjoint of U(1). For N' =3
SO(3) = SU(2) and the anti-symmetric of SO(3) is the adjoint of SU(2); furthermore
Tr(S*) = Tr(S%)2/2 so that the potential contains only one independent quartic. For
N =4 80(4) = SU(2)? and the anti-symmetric splits into two irreducible representations
Sr; = Fe17k1Sk1/2 which are the adjoints of SU(2)2. For N' = 6 SO(6) = SU(4) and
the anti-symmetric of SO(6) is the adjoint of SU(4): its extra cubic invariant is written
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in SO language as PfS. For N' = 8 there is an extra real quartic invariant N$PfS. The
Pfaffian is proportional to the square root of the determinant of an anti-symmetric matrix
with even dimension. So for N # 6 the theory has an accidental S — —S§ symmetry.

8.1 An anti-symmetric of SO(N): confined phase

The discussion is the same as for the symmetric (section 7.1), with in this case baryon
constituents Gr; and Sy.

8.2 An anti-symmetric of SO(N): dynamical symmetry breaking

As the anti-symmetric is the adjoint, the unbroken group contains a U(1) factor. In order
to understand the unbroken group, we consider the most generic vacuum expectation value
of the form of eq. (5.3) with generic non-vanishing w; = w. As explained below, we can
assume that k w; are equal and that the remaining ones vanish. The breaking pattern is
SO(N) = SO(N —2k) ® SU(k) ® U(1). Indeed, blocks with vanishing vacuum expectation
value leave an SO(N — 2k) factor unbroken. Blocks with equal w = w; form a Sop = 1% ®e,
giving rise to a SU(k) x U(1) as follows. Let us consider generators of the form S*® e and
iAb® 15, where S® and A® are, respectively, k x k symmetric and anti-symmetric matrices.
They commute with the vacuum expectation value Soy; are generators of SO(2k) C SO(N);
close the SU(k) x U(1) algebra.

Minima of renormalizable potentials [3] and of Coleman-Weinberg potentials (discussed
below) give rise to vacuum expectation values of the form considered above with special
values of k = 1 or k = [N/2], depending on the numerical values of the quartics.

The tree-level quartic potential of S satisfies V' > 0 when the quartic couplings satisfy
As + aXg > 0 where « are the minimal and maximal values of o = Tr(8%)/ Tr(5?)%. The
maximal value is & = 1/2 corresponding to S « diag(0,...,0,¢€), which breaks SO(N) —
SOWN —2) ® U(1). For N' = 2k even the minimal value is @ = 1/N corresponding to
S « diag(e, ..., €) = 1; @€, which breaks SO(N) — SU(k)®@U(1). For N = 2k+1 odd the
minimal value is & = 1/(N — 1) corresponding to S o< diag(e, ..., €,0) which corresponds
to the SO(N) — SU(k) ® U(1) breaking. For /' = 3 the minimal and maximal values of «
coincide, corresponding to the unique breaking SO(3) — U(1).

The RGE for N > 4 are

(4m)2 dffu — 72— N)g? (8.32)
(4m)? ddliia = 394—2492(/\/ —2)As+ (8.3b)

+48NE +32(2N — 1) AsNs +16 (16 — NV +N?) A%
2 s
dlnp

(47) = (;/\/—12> g' —24(N —2) g Ns +16 (2N — 1) NG +384N AsNs.  (8.3¢)

Figure 4b shows that, again, the RGE flow can cross both stability conditions depending
on the values of the couplings.
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8.3 An anti-symmetric that breaks SO(N) — SO(N — 2)® U(1)

After dropping the scalars ‘eaten’ by massive vectors, the scalar anti-symmetric can be
expanded in components as

0 Sig - Sl,N—z
~Si2 0 o Syna| 0 0
S:<S 0 ): ~: : ~". : : : (8.4)
0 e(w +5) —Sin—2 - —Son—2 O 0 0
0 0 0 0 w+ 5
0 0 0 —w—s5 0

such that the S'Z-j and s are canonically normalized. Writing the gauge bosons as

A W
g - <—WT O) + 'YdarkTN(Nil)/Qy (85)

the perturbative spectrum in the broken phase is:

e The scalon s with loop-level mass Mj.

e (N —2)(N — 3)/2 massless vectors A, in the adjoint of SO(N — 2).

1 massless vector yqark corresponding to the unbroken U(1) generator TNWN=1/2 that
performs rotations of the two latter directions.

(N — 2) complex vectors WZL with squared mass Myy = g?w?Q? in the real funda-
mental of SO(N — 2) and with charge @ = +1 under the U(1) gauge group.

(N = 2)(NV — 3)/2 real scalars that fill an anti-symmetric S of SO(N — 2) with mass
MSg = 16w?\s neutral under U(1).

The W is stable because charged under unbroken gauge U(1), while S decays into AA
through loops involving the wSWW?* gauge coupling.

We expect that confinement of SO(N —2) at A does not break the U(1). Indeed in the
limit My > A the heavy W form condensates suppressed by their mass (in analogy with
heavy quarks, see e.g. [32]). Strong interactions do not discriminate between the neutral
condensate W;'W;™ and the charged condensates WW:"; weak U(1) interactions favour
the neutral condensate W)W~ such that U(1) remains unbroken. Then U(1) as well as
O-parity can lead to stable bound states. The non-perturbative spectrum contains

e Unstable states, such as glue-balls and mesons neutral under the U(1), M°? =
Wiw;.

e Mesons possibly stable because charged under the U(1), M** = Wfo
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e Baryons odd under O-parity of SO(N — 2) (not broken by the vacuum expectation
value) and with different U(1) charges:

B = eAN-2/2 BEE = ewEWEAW-D/2 for N even
Bt = WEAW2 pEEE = W EWEWEAND/2 for N odd

The stable states are as follows:

e For even )V, the lightest baryon B° and the lightest charged state, BT+ or M** (they
are co-stable if both their decay channels B+ — BOM*+ and M**+ — BIBEE are
kinematically closed; higher-charge baryons could also be co-stable).

e For odd N, the lightest baryon B*. Likely, M*¥ is co-stable and B*** decays into
BT M*E,
8.4 An anti-symmetric that breaks SO(N) — SU(k) ® U(1)
8.4.1 For even N, k = N /2, SON) — SUN/2) ® U(1)

After dropping the scalars ‘eaten’ by massive vectors, the scalar in the anti-symmetric
adjoint can be expanded in block form as

1 -
S = \/;(w +5) 1 ® iog + 1S TSy (8.7)
where a = 1,--- k> — 1 and T, §y are the SU(k) generators explicitly given by
\/i(TSU)asym & 127 \/§(TSU)sym ® 09. (88)
The perturbative spectrum in the broken phase is:

e 1 massless vector 7gax corresponding to the unbroken U(1) with generator
(1 ® 02)/Vk proportional to (S).

e k? — 1 massless vectors A in the adjoint of SU(k) corresponding to the generators of
eq. (8.8).

e k(k — 1)/2 complex massive vectors Wf;i with mass MJ, = g?w?Q}, that fill an
anti-symmetric of SU(k) and with charge @)y = +2/vk under the U(1) gauge group.
They correspond to the combinations W*+ ~ (TsU)asym ® (03 £i01).

e the scalon s with loop-level mass Mj.

e k? — 1 scalars S neutral under U(1) that fill an adjoint of SU(k) with mass Mg =
8w?(2\s + 3Ng/k).

Analogously to section 8.3, the W is stable because charged under unbroken gauge U(1),
while S decays into AA through loops involving the wSWW?* gauge coupling.

At non-perturbative level SU confinement acts as in section 5.1, forming charged
baryons eWN/4 for A'/2 even, or di-baryons for A'/2 odd.
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8.4.2 For odd N, k= (N —1)/2, SOWN) — SU((N —1)/2) @ U(1)

After dropping the scalars ‘eaten’ by massive vectors, the scalar in the anti-symmetric
adjoint can be expanded in block form as

S’ = diag (S,0) (8.9)

where S is given by eq. (8.7). The perturbative spectrum in the broken phase is as in the
previous section, with an extra state:

e 1 massless vector Ygark corresponding to the unbroken U(1).
e k% — 1 massless vectors A in the adjoint of SU(k).

e k(k — 1)/2 complex vectors Wij;i with squared mass Mgv = gQw2Q12/V that fill an
anti-symmetric of SU(k) and with charge Qyy = +2/v/k under the U(1).

e the scalon s with loop-level mass Mj.

e k2 — 1 scalars S that fill an adjoint of SU(k) neutral under the U(1) with mass
MZ = 8w?(2)s + 3X\s/k).

e k extra complex massive vectors Xii with mass M2 = g?w?Q% that fill a fundamental
of SU(k) and with charge Qx = #1/v/k under the U(1).

The X'* is stable, being the lightest state charged under unbroken gauge U(1). In view of
its mass, WHE decays into XY*X*; S decays into AA through loops involving the wSWW?*
gauge coupling.

At non-perturbative level, confinement of SU(k) leads to stable dark-charged baryons
B~ eXF.

9 A symmetric adjoint of Sp(N)

We now consider a scalar S in the symmetric adjoint representation of Sp(AN), which is
a real representation. Since the symmetric is the adjoint, it can be written in terms of
components S4 (A =1,...,N(N+1)/2) as S} = (SAT4)7 that transforms as S — USU'
and obeys S = ST. S also satisfies the reality condition S* = yySvy, analogous to
eq. (5.5), such that it decomposes into quaternionic 2 x 2 blocks [2]. However S is not a
symmetric matrix, because the Sp generators T are not symmetric.

An equivalent description that makes the symmetry explicit is obtained lowering one
index obtaining Siy = (Svar)1s which transforms as S — USUT. § is symmetric (because
T4~y is symmetric) and obeys the reality condition S = 'yNng. However S is not
hermitian, S # ST. We use the S representation.

The Lagrangian for an Sp adjoint is analogous to the SU adjoint, eq. (6.1):

1
L = Lon — ngygAW + Te(D,S)(DHS) — Vs (9.1)
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except that the cubic Tr(S%) identically vanishes, as well as other odd powers (as clear
using the S representation, such that one vy is needed to contract indices) such that

Vs = M2 Tr(S8%) + As(TrS?)? + Ns Tr(S*) — Ags|H|* TrS?. (9.2)

For N' = 2 Sp(2) = SU(2) and Tr(S*) = Tr(S?)2?/2 and there is only one quartic. The
renormalizable action is invariant under & — —&, that can be explicitly broken by non-
renormalizable operators, and spontaneously broken by a vacuum expectation value of S.

9.1 An adjoint of Sp(N): confined phase

In view of the § — —8& symmetry, the lightest bound state containing an odd number of
S is a stable DM candidate. Presumably this is the state Tr(SG). Sp baryons decay into
mesons, because the € tensor can be expanded as combinations of yas.

9.2 An adjoint of Sp(AN): dynamical symmetry breaking

As the symmetric is the adjoint, the unbroken group contains a U(1) factor.

The tree-level quartic potential of S satisfies V' > 0 when the quartic couplings satisfy
As + aXs > 0 where o are the minimal and maximal values of a = Tr(S%)/ Tr(S?)2.
The maximal value is @ = 1/2 corresponding to S o diag(0,...,0,1,—1), which breaks
Sp(W) — Sp(N — 2) ® U(1). The minimal value is & = 1/AN corresponding to S
diag(1,—1,...,1,—1), which breaks Sp(N) — SU(N/2) ® U(1).

The RGE for N > 4 are

dg 7
(47r)2dlnu = —1(N+2)g3 (9.3a)
dX 9
(47)2 dlnsu = 50" — 60" (W +2)As + (9.3b)
+3XG + 22N + 1)AsNs + (16 + N + N?) A5
dx,
(4”)2611118# = g (N +8) g —6 (N +2)g*Ns + (2N + 1) N2 + 2405\, (9.3¢)

Figure 5 shows that, again, the RGE flow can cross both stability conditions depending on
the values of the couplings.

9.3 An adjoint that breaks Sp(N) — Sp(N — 2)® U(1)

After dropping the scalars ‘eaten’ by massive vectors, the scalar adjoint can be expanded
in block form as

S0 0
S=| 0|(w+s)/2 0 (9.4)
0 0 —(w+s)/2
and the gauge bosons as
S e e i
G| X2l Yaax W |- (9.5)
x-T W™ —Ydark

— 35 —



The perturbative spectrum in the broken phase is:
o (N —1)(N —2)/2 massless vectors A in the adjoint of Sp(N — 2).

e 1 massless vector vygax corresponding to the unbroken U(1), with generator propor-
tional to (S).

1 complex massive vector W™ singlet of Sp(AN — 2) with mass MI%V = gQwQQ%/V and
with charge Qyy = £1 under the unbroken U(1) gauge group.

N — 2 complex massive vectors X* in the fundamental of Sp(N — 2) with mass
M2 = g>w?Q% and with charge Qx = 41/2 under the unbroken U(1) gauge group.

The scalon s with loop-level mass M;.

(N =1)(N —2)/2 scalars S that fill a symmetric (adjoint) of Sp(N — 2) with squared
mass Mg = w?\s and neutral under the U(1) gauge group.

At perturbative level X+ is a stable DM candidate, W** could be co-stable or decay to
XEx+ (at tree level Myy = 2My, so that loop corrections are needed to establish if the
decay is kinematically allowed); S decays into AA through loops involving the wSX X*
gauge coupling.

We expect that confinement of Sp(N — 2) leaves U(1) unbroken. The reason is anal-
ogous to section 8.3: the possible condensates involve an even number of charged X, so
that a neutral condensate is possible and energetically favoured by the weak gauging.
After confinement of Sp(N — 2) the lightest charged states are W** and the charged
mesons M** = Xy, o X%, At tree level they have the same constituent mass, but
the meson becomes slightly heavier than the W so that they could be co-stable. They co-
annihilate such that the non-perturbative annihilation cross-section of the meson depletes
their common abundance. If the mass splitting is AM ~ keV one gets the direct-detection
phenomenology known as ‘inelastic DM’.

9.4 An adjoint that breaks Sp(N) — SUN/2)® U(1)

After dropping the scalars ‘eaten’ by massive vectors, the scalar adjoint can be expanded
in block form as

: i
5=/ g (wts) ding(L,—1,....1, 1) + 5T, (9.6)

where a =1, ,(N/2)2 — 1 and T, are the SU(N/2) generators explicitly given by

1
= (TSU)asym & 127

V2

The perturbative spectrum is:

\}ﬁ(TSU)sym ® 03. (97)

e (N/2)? — 1 massless vectors A in the adjoint of SU(N/2), corresponding to the
generators of eq. (9.7).
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Sp(8) with symmetric adjoint

Sp(8) with an anti—symmetric

10

10F
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Figure 5. Coleman-Weinberg symmetry-breaking patterns for a Sp(A) gauge theory. The RGE
flow towards low energy of its quartics As and X5 can enter both instability conditions, leading to
the two different breaking patterns discussed in the text.

e 1 massless vector 4quk corresponding to the unbroken U(1), with generator
(1 ® o3)/V2N proportional to (S).

e N(N + 2)/8 complex massive vectors W* that fill a symmetric of SU(N/2) with
squared mass Mgv = gQwQQ%,V and with charge Qyy = £+/2/N under the unbroken
U(1). They correspond to W+ ~ sym @ 0+, where Tiym = {Treal, ]lN/2/\/N} are the
symmetric generators of U(N/2).

e The scalon s with loop-level mass Mj.

e (N/2)? —1 scalars that fill a adjoint representation S of SU(N/2) with squared mass

M; = w?(\s + 3N\s/N) and neutral under the U(1) gauge group.

The W+ are stable DM candidates, while the S decay into AA through the wSWTW~
gauge interaction.

When SU(N/2) confines, we expect that gauge U(1) remains unbroken.'® Then the
lightest charged bound state is stable. SU condensation proceeds as described in section 4.1,
with the replacements N' — N /2, G — A,S : the stable states are baryons and/or di-
baryons, according to the parity of /2.

18 A5 argued in section 2.3, based on Vafa-Witten-like considerations we expect that no charged det(W)
condensate forms. This is surely true for N'/2 even because, even if det(W) acquires a condensate, it is
energetically favoured to stay in its neutral component (while for N'/2 odd all components of det(W) are
charged). If the gauge U(1) gets broken, its massive vector is a stable DM candidate with exponentially
suppressed mass proportional to the det() condensate and tiny kinetic mixing ¢ ~ Apgseg/(4m)* with
the photon (achieving such small values naturally is usually difficult). Similar considerations can be done
whenever there is an unbroken gauged U(1), e.g. in section 6.
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10 A trace-less anti-symmetric of Sp(N\)

We now consider a scalar S in the anti-symmetric representation of Sp(N). It can be
expanded in components S¢ as

S/ =(8*T%7,  with a=1,....N(N—1)/2— 1. (10.1)

where the generators T are the sub-set of the Sp generators in the fundamental that
satisfy the ‘SU — Sp’ condition (see eq. (5.6) and footnote 13). The matrix S transforms
as S — USUT and obeys S = ST, the reality condition S* = —yy -S - a7, and the traceless
condition Tr(S+xr) = 0, but it is not an anti-symmetric matrix.

An equivalent description that makes anti-symmetry manifest is obtained lowering one
index obtaining Sr; = (Syn )17 (T is anti-symmetric) that transforms as S — USUT .
However S is not hermitian, S # St. We use the S representation.

The Lagrangian is

1 4
L = Lom — Eg;;‘ygf““ + Tr(D,S)(D"S) — Vs (10.2)
with
Vs = M2Tr(S?) + A\s(TrS?)? + ATr(S?) + Ng Tr(S*) — A\pgs|H|? TrS?. (10.3)

For N' = 4 and NV = 6 there is only one quartic in view of Tr(S?*) = Tr(S5?)?/4. For N = 4
the cubic vanishes because the anti-symmetric of Sp(4) is the fundamental of SO(5). Again,
cubics are allowed for fields that satisfy a trace-less condition. The action is invariant under
the Csp accidental symmetry, which will not lead to stable DM states.

10.1 An anti-symmetric of Sp(N): confined phase

Charge conjugation Cgp does not lead to stable states. As in section 6.1, if cubic terms
are absent, the § — —& symmetry implies that the lightest bound states made by an odd
number of § is stable. As Tr(GS)vanishes by anti-symmetry, the lightest state presumably
is SSS, corresponding to the operator Tr(S3).

10.2 An anti-symmetric of Sp(N): dynamical symmetry breaking

Even in the Sp case, the most generic vacuum expectation value of an anti-symmetric
representation has the form of eq. (5.3) [2].

The tree-level quartic potential of S satisfies V > 0 when the quartic couplings satisfy
As + aNg > 0 where « are the minimal and maximal values of a = Tr(8%)/ Tr(S?)%. The
maximal value is a = (N2 — 6N + 12)/(2N? — 4N) corresponding to

(S)  diag(—2,...,—-2,N =2, N —2) (10.4)

which breaks Sp(N) — Sp(N —2) ® Sp(2). For N = 4k the minimal value is o = 1/A cor-
responding to (S) o (—1g, 12y ), which breaks Sp(4k) — Sp(2k)2. For N = 4k +2 the min-
imal value is a = (N2 +12) /N (N? —4) corresponding to (S) o< diag(—klog o, (k + 1)1Lax),
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which breaks Sp(4k + 2) — Sp(2k + 2) ® Sp(2k). For N' = 4,6 the minimal and maximal
values of « coincide, corresponding to the unique breakings Sp(4) — Sp(2) ® Sp(2) and
Sp(6) — Sp(4) ® Sp(2).

The RGE for N > 8 are

dg 7. 23
Ohfdmu=:—<4M+-6>f (10.5a)
42228 J a2+ (WP - A 4 14) A2 10.5b
(ﬂ)dmu—zg g As + ( +14) A% + (10.5b)
AN? — 6N — 12 18\ )
d\, 3 2N? — 9N — 36
Mﬂ%ﬁiz?W“ﬁNf&+M&&+ e N2, (10.5¢)

Figure 5b shows that, again, the RGE flow can cross both stability conditions depending

on the values of the couplings.

10.3 An anti-symmetric that breaks Sp(N) — Sp(N1) ® Sp(N2)

After dropping the scalars ‘eaten’ by massive vectors, the trace-less anti-symmetric scalar

S can be expanded as:

—N>l 0 S 0
s=_Wrs 2T + (D). (10.6)
2N N1N, 0  Mip, 0 S

with My = N — Nj. For N' = 4k one has N7 = Mo = N/2 e.g. Sp(8) — Sp(4)?. For
N =4k +2 one has N1 = (N +2)/2 and Mo = N7 —2, e.g. Sp(6) — Sp(4) ® Sp(2). Writing

the gauge bosons as
Q:<A1m>, (10.7)
WT A,
the perturbative spectrum is:
e N1(N7 + 1)/2 massless gauge bosons A; in the adjoint of Sp(Af7).
o No(N; + 1)/2 massless gauge bosons As in the adjoint of Sp(A3).

e N1N; real massive bosons W in the bi-fundamental of Sp(N7) ® Sp(N2) with mass
Ml%\/ = Ng?w?/2N1Ns.

e the scalon s with loop-level mass Ms.

e Ni(N1—1)/2—1 real scalars S; in the trace-less anti-symmetric of Sp(N;) with mass
11)2[)\5 + 3)\3/\/’2//\/'/\/'1].

o N3(No—1)/2—1 real scalars Sy in the trace-less anti-symmetric of Sp(N2) with mass
w2[)\5 + 3)\:5‘/\/‘1//\/‘/\/‘2].
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For N7 = Ny = N/2 the dynamics is invariant under a permutation symmetry that ex-
changes the two Sp(N/2) groups. For any N the S;(Sz) decays into A;A; (AzAz) through
loops involving the wS;(Sz)WW gauge coupling. The W is stable because the vacuum
and the action of eq. (10.2) leave unbroken a gauge discrete Zy symmetry, corresponding
to the Sp transformation G — UGUT, S — USUT with U = (—1,,1x,). This Z5 acts on
the fields as

5 — 5, S — Sy, Sy = So, AL — Ay, Ay — Ao, W= —W. (10.8)

W would be a stable DM candidates. But, when the two Sp(N7) and Sp(N2) factors in the
unbroken sub-group H confine, W form bi-mesons M = ’y}\l/f 17}'\2/52 WiiiaWi1 4, M would be
stable if the two Sp-arities of the two factors were symmetries of the full theory. However
the full theory respects a unique Csp, and M decays in view of WWA; Ay interactions.
This theory predicts no DM candidate (unless one considers small enough coupling g that

confinements happen on super-horizon scales).

10.4 An anti-symmetric that breaks Sp(N) — Sp(N — 2)® Sp(2)

After dropping the scalars ‘eaten’ by massive vectors, the scalar S in the anti-symmetric
representation can be expanded in block form as

—2M 0 SO
S=_wrs [TEN + (10.9)
INV=2)\ 0 (N=2)1, 00
Writing the gauge bosons as

A W
g = , 10.10
(WT A,) (10.10)

the perturbative spectrum is:
o (N —2)(N —1)/2 massless vectors A in the adjoint of Sp(N — 2).
e 3 massless vector A’ corresponding in the adjoint of unbroken Sp(2).

e 2(N —2) massive vectors W;;s that fill a bi-fundamental representation of Sp(N —2)®
Sp(2) with squared mass M, = Ng?w?/4(N — 2). It satisfies a non trivial reality
condition.

e The scalon s with loop-level mass Mj.

e (N —2)(N —3)/2—1 scalars that fill an anti-symmetric representation of Sp(N — 2)
with squared mass M3 = w?[As +6\5/N (N —2)]. The analogous field for the second
Sp(2) is absent.

S decays into AA through loops involving the wSWW gauge coupling. The W is stable
but forms unstable M = 3 7%72)/\/“/1/\/]']»/ in the confined phase, as already discussed in

section 10.3.
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Stable DM candidates in the confined phase
Representation SU(N) even SU(N) odd | SO(N) even SO(N) odd | Sp(N) even
fundamental SNV SN eGN/2 eSGN-1)/2 ST~s
symmetric e(GSN/2 eeSN ceSN eGN /2 — Tr(SG)
anti-symmetric eSN/2 ceSN ceSV eGN/2 — —
adjoint — — see anti-symmetric see symmetric

Table 2. Stable DM candidates in the confined phase. A — denotes no accidental DM candidate,
either because the action contains 3 cubics (SU and Sp theories) or because di-baryons are unstable
(SO theories).

11 Conclusions

We considered Quantum Field Theory models with one gauge group G and one scalar S,
exploring the possible groups and two-index representations. These renormalizable theories
often have accidental symmetries implying one or more stable particles that are possible
Dark Matter candidates. The accidental symmetries can be classified as:

e Global U(1) can arise accidentally when S lies in a complex (or pseudo-real) repre-
sentation of G, see section 2.

e Group parities, namely reflections in group space analogous to the usual parity, act on
components of vectors and scalars S, rather than on full multiplets. Theories with G =
SU(N) or SO(N) often accidentally respect a group parity, unlike Sp(N) theories.

e Group charge conjugations, that do not give extra stable states.

Furthermore, extra symmetries (and DM candidates) arise when S acquires vacuum
expectation values such that G gets broken to a sub-group that contains a gauge Z5 discrete
symmetry or a gauge U(1).

In the latter case, the theory contains massless (or exponentially light) dark photons
Ydark, and some DM candidates are charged under the gauge U(1), so that DM interacts
with Ygarc- This gives rise to a specific DM phenomenology, summarized in section 3: dark
radiation in addition to dark matter; DM particles elastically scatter with each other and
with dark photons; the possibility of dark monopoles.
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Choosing a given G and S, each theory is very predictive, and can have different phases
with different vacuum expectation values (S) and/or condensates, that can break or pre-
serve its accidental symmetries. In [1] we considered scalars in fundamental representations
of SU, SO, Sp and G2 groups, so that there is a unique Higgs phase that shows a surprising
duality with the confined phase. We here considered scalars in two-index representations
of SU, SO, Sp groups, so that there are two Higgs phases, and qualitatively new patterns
of symmetry breaking. In principle, there could be multiple confined phases, where differ-
ent operators acquire condensates. We found that no duality holds in general, as in some
models the possible breaking patterns of the accidental symmetry differ from the Higgs
and the condensed phases (giving rise to different or no DM candidates). Based on the
physics behind a Vafa-Witten theorem that applies to gauge interactions of fermions, we
assumed scalar condensations that minimally break the symmetries of the theory.'’

For each choice of G and S we wrote the most generic renormalizable action and found
its symmetries, as summarized in table 3. We then wrote its RGEs finding that both
Higgs phases can always be realised, not only with a generic renormalizable potential,
but also dynamically in the specific case of Coleman-Weinberg potentials. We computed
the spectrum in the Higgs phase, first at perturbative level and next taking into account
condensations of the unbroken non-abelian sub-groups. Each model often leads to DM
candidates with a specific phenomenology. Table 3 summarizes our findings in the Higgs
phases, and table 2 our findings in the confined phases.

Various models give composite DM candidates. In some models DM is twice composite,
as the gauge group G gets broken to two non-abelian factors that confine at lower energies.
In most models DM constituents are heavy vectors VW that arise when G breaks to H. At
the same time, the scalar S splits into components: we find that they almost never play a
role as DM candidates. In some models DM is made only of the dark gluons of H.

Direct detection rates are often similar to those in [1], with a main exception. The
symmetry breaking patterns that connect SU with SO or with Sp (SU(N) — SO(N) is
obtained with S in the symmetric, and SU(N) — Sp(N) with S in the antisymmetric)
feature a spontaneously broken accidental global U(1), leading to pseudo-Goldstone DM.2"

Multiple DM candidates arise in theories with multiple accidental symmetries and/or
with special relations among particle masses that imply extra co-stable states. As a con-
sequence, the cosmological history that determines the relic DM abundance is often more
complicated than thermal decoupling, involving one or two re-couplings when broken groups
confine.

nteresting physics can arise in the opposite case. For example some condensates could break at
exponentially small scales the dark U(1) (giving masses to dark photons) or the Lorentz symmetry in the
dark sector.

20 Adding extra fermions charged under both G and QCD, this setup can lead to a QCD axion. The
accidental U(1) is protected by gauge dynamics, that allows only for the U(1) breaking operator det S of
dimension A. For large enough N, these axions models avoid the problem of too large explicit breaking of
the U(1) global symmetry, along the lines of [25].
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