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ABSTRACT: We investigate the possibility that Dark Matter arises as a composite state
of a fundamental confining dynamics, together with the Higgs boson. We focus on the
minimal SU(4)xSU(4)/SU(4) model which has both a Dark Matter and a Higgs candidates
arising as pseudo-Nambu-Goldstone bosons. At the same time, a simple underlying gauge-
fermion theory can be defined providing an existence proof of, and useful constraints on,
the effective field theory description. We focus on the parameter space where the Dark
Matter candidate is mostly a gauge singlet. We present a complete calculation of its relic
abundance and find preferred masses between 500 GeV to a few TeV. Direct Dark Matter
detection already probes part of the parameter space, ruling out masses above 1 TeV, while
Indirect Detection is relevant only if non-thermal production is assumed. The prospects
for detection of the odd composite scalars at the LHC are also established.
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1 Introduction

The discovery of the Higgs boson in 2012 [1, 2] by ATLAS and CMS at the Large Hadron
Collider (LHC) is a triumph of particle physics. In fact, this event marks not only the com-
pletion of the particle list predicted by the Standard Model (SM), but also the measurement
of a particle of a completely new kind: the first possibly elementary spin-0 particle. How-
ever, all elementary scalars are always accompanied by a hierarchy problem because the
mass is not protected by any symmetry, thus it will be directly sensitive to higher scales



of new physics. In the case of the SM, this fact affects the value of the electroweak (EW)
scale versus other Ultra-Violet (UV) scales like the Planck mass and the hypercharge Lan-
dau pole. To stabilize it, therefore, new physics or new symmetries need to be introduced
in order to push the SM into a near fixed point. This happens, for instance, in super-
symmetric models, where a space-time symmetry between scalars (bosons) and fermions is
implemented, yielding a cancellation of divergent quantum corrections to the Higgs mass.
Other examples are Little Higgs [3, 4], Twin-Higgs [5], Maximally Symmetric Compos-
ite Higgs [6] models where the Higgs is identified to a pseudo-Nambu-Goldstone boson
(pNGB) and its mass is protected (at least at one loop) by the associated shift symmetry.
In extra-dimensional models [7-9] the Higgs mass is protected by the bulk gauge symmetry.
Another attractive and time-honoured scenario is Technicolour [10-13] where the Higgs is
associated to a bound state of a new strong dynamics, like QCD, and the EW symmetry
is broken by dynamical condensation. In the 70s/early 80s, the first versions of Techni-
colour [14] predicted a heavy Higgs (thus leading to an effectively Higgs-less theory) and
induced very large corrections to precision measurements [15]. A way to produce a light
Higgs is to enlarge the global symmetry such that one of the additional pNGBs can play
the role of the Higgs [16-18]. Other attempts include the possibility that a near-conformal
dynamics [19-23], or some other dynamical mechanism [24, 25], may reduce the mass of
the Technicolour 0+ state in non-QCD-like theories' (even though the effectiveness of this
mechanism is still unclear [28, 29]). In recent years, the AdS/CFT correspondence [30] has
uncovered that warped 5-dimensional models [31] show a low energy behaviour similar to
that of 4-dimensional strong near-conformal field theories (CFT), if maximally supersym-
metric. The conjecture implies that the 5-dimensional bulk gauge symmetry corresponds
to the global symmetry of the CFT, and that UV boundary fields (Kaluza-Klein modes)
correspond to external elementary fields (internal bound states of the CFT). The interest
in composite Higgs models was thus rekindled as the composite Higgs can be associated to
a bulk gauge state. The minimal composite Higgs model, based on the global symmetry
SO(5)/SO(4) [32], loosely based on the AdS/CFT correspondence, is an effective theory
which only focuses on the low energy properties of the composite dynamics. In this theory,
the 4-dimensional composite Higgs field, whose mass is protected by global symmetries,
corresponds to the additional polarisation of bulk gauge bosons. Its mass is, therefore,
protected by the gauge symmetry in the warped bulk, while the SM fermion masses are
generated by partial compositeness [33] (see refs. [34, 35] for AdS/CFT applied to fermions).
Models of this kind do not care about the properties of the underlying dynamics generating
the composite states, nor about their UV completion. The physical properties of the mod-
els rely on the assumption of a restored conformal symmetry above the scale associated to
the heavier resonances, and on the further assumption that large conformal dimensions can
push the scale where flavour physics is generated close to the Planck scale. This picture,
therefore, is built on a set of rather strong assumptions and it relies on an effective field
theory description. It is, thus, an interesting question to ask how to realize it by specific
underlying dynamics. In fact, there is no guarantee that there exists a suitable underlying

'For evidence on the Lattice, see refs. [26, 27].



description for any low energy effective theory. Furthermore, providing a definitive UV
completion can constrain the physics of the associated effective theory.

Recently some work in the literature has explored possible underlying descriptions of
modern composite Higgs models. Underlying models have been built based on a simple
confining gauge group with fundamental fermions [36-38] (for examples with partial com-
positeness, see refs. [39-43]). Definite underlying completions can provide a precise relation
between the components of the underlying theory and the bound states described in the
effective theory. Furthermore, in these fundamental composite Higgs models, the global
symmetry breaking pattern and the spectrum of the bound states can be characterized by
use of Lattice simulations. The minimal Fundamental Composite Dynamics (FCD) Higgs
is realized by a confining SU(2)pcp gauge group with four Weyl fermions, leading to the
global symmetry breaking pattern SU(4) to Sp(4) [36, 37, 44]. In the minimal FCD model,
the Higgs is a mixture of the pNGB and the Technicolour scalar. Like in most pNGB
Higgs models, it can provide small corrections to precision measurements [36, 45] in a wide
parameter range. In this model there is an EW singlet pNGB which has been studied as a
composite scalar Dark Matter (DM) candidate in an effective theory approach [46, 47], how-
ever decays are induced from the Wess-Zumino-Witten (WZW) [48-50] anomaly, that un-
equivocally present in the underlying fermionic FCD models. In order to provide a natural
scalar DM,? we propose a less minimal FCD model based on a confining SU(N)pcp gauge
group with four Dirac fermions [38]. This model has a global symmetry SU(4); x SU(4)2
broken to the diagonal SU(4), thus containing many more pNGBs than the minimal case:
two Higgs doublets, two custodial triplets and a singlet. Nevertheless, precision EW mea-
surements can be passed without increasing the compositeness scale with respect to the
minimal case. It has been shown in ref. [38] that the two Higgs doublets are related by
a global U(1) transformation contained in SU(4), thus the Higgs vacuum can always be
aligned on one of the two doublets without loss of generality. An unbroken parity that
protects the second doublet and the two triplets can be defined, which thus prevents the
lightest scalar from decaying. In addition, there is an unbroken global charge, the Techni-
baryon (TB) number U(1)Tp, which guarantees that the lightest baryon (bound state of N
underlying fermions) is stable and may, thus, be a candidate for asymmetric DM [57-59].

In this paper we analyze the physical properties of all the additional scalars, odd
under the DM parity. We find that the even singlet scalar has properties very similar to
the ones of the singlet in the minimal SU(4)/Sp(4) model. The second Higgs doublet and
the triplets, odd under the DM parity, must decay to the lightest scalar which can be the
DM candidate. We provide a complete analysis of the phenomenology of the scalar DM
candidate, in the region of the parameter space where it is mainly aligned with the EW
singlets contained in the custodial triplet. The reason for this choice is to avoid the strong
constraints from Direct Detection in the presence of direct couplings to the EW gauge
bosons. We find that the DM candidate in this model behaved differently from the singlet
in the minimal model [46] because of its mixing to EW-charged states which enhances

2Composite sectors that contain only a DM candidate, but no Higgs, have been studied, for instance, in
refs. [51, 52]. Atomic-type composite DM can also arise in mirror models [53-55] or as atomic DM [56].



its annihilation cross section. Therefore, the preferred mass needs to be around the TeV
scale to have enough relic density, if the scalar undergoes thermal freeze-out and needs
to saturate the observed DM relic abundance. We also find that the lightest TB cannot
play the role of DM, because its thermal relic abundance is too small and an asymmetry
cannot be generated via EW sphalerons as the TB number is exactly conserved in this
minimal realization. We thus discuss the possibility that UV generated interactions may
break the symmetry and thus generate an asymmetry. We discuss Direct and Indirect DM
searches: if the scalar is the thermal DM candidate, Direct Detection strongly constraints
the parameter space, ruling out larger masses, while Indirect searches are only relevant
if the DM scalar is non-thermally produced. Finally, the LHC reach on the odd scalars
is found to be very feeble, due to the small couplings of the scalars which can only be
mediated by EW gauge interactions.

The paper is organized as follows: in section 2 we recap the main properties of the
model introduced in [38], while the phenomenology of the extended scalar sector is char-
acterized in section 3. In the following section 4, we focus on the lightest odd pNGB as
a candidate for thermal DM, and we analyse both the relic density and constraints from
Direct and Indirect DM searches. Finally, in section 5 we sketch the properties of the stable
Baryons, which could also play the role of DM, before concluding.

2 The model

We pay our attention to a model of composite Higgs based on the coset SU(4)xSU(4)
/SU(4), where the custodial symmetry of the SM Higgs potential, SU(2);xSU(2)g, is
embedded in the diagonal SU(4). This is the minimal model with global symmetry SU(Np)?
which enjoys the possibility of the Higgs arising as a pNGB within custodial invariance [60,
61]. We shall recall that the SM electroweak symmetry arises as the partial gauging of
the custodial symmetry, with U(1)y C SU(2)g. The model is particularly interesting
as it can arise in the confined phase of a simple underlying gauge theory of fermions
based on a gauged SU(N)rcp with 4 Dirac fermions transforming as the fundamental
representation [38]. In terms of the EW symmetry, the two underlying fermions can be
thought of as transforming as a doublet of SU(2) 1, and a doublet of SU(2) . In the following,
we will mainly base our analysis on an effective field theory approach, for which only the
symmetry structure matters.

The global symmetry breaking, spontaneously generated by fermion condensation in
the underlying theory [49], generates 15 Goldstone bosons transforming as the adjoint of
the unbroken SU(4). Here, we will work in the parameterisation where the vacuum of
the theory is misaligned to break the electroweak symmetry [16], and the misalignment
is parameterised by an angle 6 [37] interpolating between a Technicolour-like model and
a pNGB Higgs one. This approach differs from the usual parameterisations considered in
composite (pNGB) Higgs models (see for instance [62]), where the Goldstone expansion is
operated around the electroweak preserving vacuum and a vacuum expectation value to the
pNGB transforming as the Higgs is later applied. The two parameterisations, however, give
equivalent physical results, at least to lowest order in a small # expansion. The advantage of



our approach is that all the derivative couplings respect the Goldstone symmetry, while any
explicit breaking of the global symmetry is added in the form of non-derivative potential
and/or interactions. We will thus use results already obtained in [38]: in the following we
will recap the main results useful to understand the remaining of this paper.

The pNGBs of the theory are introduced in terms of a matrix X, transforming linearly
under the global symmetry SU(4); xSU(4)5:3

Y=y, (2.1)

where

" :% (JZAi+S/\/§ —i &y > (2'2)

i ®L oIN;—s/V2

parametrises the 15 pNGBs and

0 0
COS§ Sln§
(8 ) -

— Sin 5 COS 5

is an SU(4) rotation matrix that contains the #-dependent misalignment of the vacuum.
In the pNGB matrix, A; and N; transform respectively as a triplet of SU(2)z and SU(2)g
(0" are the Pauli matrices), s is a singlet while ® is a complex bi-doublet thus describing
two Higgs doublets, H; and Hs. We work in the most general custodial invariant vacuum
where, as proven in [38], the vacuum can be aligned with one of the two doublets (H;)
without loss of generality.

As discussed in [38], the mass of the EW gauge bosons is due to the misalignment,
thus it is proportional to the angle 6:

2
2 202 2 2 my
=2 9 = . 2.4
miy = 26250, m} = (24)
so that we can identify the relation between the decay constant f and the EW scale
20V2fsinf = vy = 246 GeV,  sinf = —on (2.5)

2V2f

Note that the normalisation of f is different from the usual one in Composite Higgs litera-
ture [63] by a factor 21/2, and that the small number associated with the hierarchy between
the EW and compositeness scale is sin §. In [38] it was also shown that electroweak precision
tests require # to be small, and the bound can be estimated to be

sinf < 0.2. (2.6)

It should be noted, however, that this bound may be released if massive composite states
are lighter than the naive expectation: this might be the case for light spin-1 or spin-1,/2
states [64, 65], or for a light o-like scalar [45] that mixes with the Higgs (there is growing

3 An equivalent method consists in defining Maurer-Cartan one-forms, see for instance [63].



evidence in the Lattice literature that such light scalars may arise if the underlying theory
is near-conformal in the UV [66]).

We should also remark that we do not assume the presence of light fermionic bound
states that mix with the top, and other SM fermions, to give them mass via partial compos-
iteness. Partial compositeness can be nevertheless implemented if the number of flavours is
extended by additional coloured fundamental fermions (and for 3 FCD colours), as shown
in [43]: their presence can also explain why the theory runs in a conformal regime at higher
energies [66], while a largish mass for the coloured fermions would avoid the presence of
additional light coloured scalars. Partial compositeness, in fact, strongly relies on the pres-
ence of large anomalous dimensions for the fermionic operators, which are only possible if
the theory is conformal at strong coupling regime, i.e. very close to the lower edge of the
conformal window. However, there is no evidence so far that large anomalous dimensions
may arise [67], and the position of the lower edge in terms of number of flavours, which is
expected to lie between 8 and 12 [68], is disputed [69-72]. In our study of this model we
want to be as conservative as possible, thus we will assume that, if present, the coloured
fermions have a mass well above the scale f and can thus be thought of as heavy flavours. If
partial compositeness is behind the top mass, the fermionic top partners can be integrated
out and their effect can be parameterised in terms of effective couplings of the SM fermion
fields to the composite pNGBs. Another possibility would be to couple directly the ele-
mentary fermions to the composite Higgs sector via four fermion interactions, even though
the issue of generating the correct flavour structures is left to the UV physics leading to
such interactions. One possibility may be that masses of the light quarks and leptons are
generated at a much higher scale than the top providing enough suppression without the
need of flavour symmetries in the composite sector [73] (see also [74, 75]). Finally, we would
like to mention the recently proposed mechanism where the masses of the SM fermions are
induced thanks to the presence of scalars charged under the FCD dynamics [76]: while
the underlying theory is not natural as it contains fundamental scalars, partial composite-
ness can be implemented without requiring large anomalous dimensions and the theory is
potentially predictive up to high scales.

In the following, we will take the same approach as in [38] and assume that the align-
ment of the vacuum is fixed by the interplay between the contribution of top loops and
the effect of an explicit mass term for the underlying fermions. We refer the reader to [38]
for more details. Here we limit ourselves to notice that the potential has essentially 4
parameters: two are the masses of the underlying fermions, m; and mg, the other 2 are
form factors describing the effect of top and gauge loops (C; and Cj respectively). Notice
that only the average mass, my + mpg, enters the stabilization of the potential, and it can
be traded with the value of the misalignment angle sin #, while the mass difference:

5= ML MR (2.7)

mp +mp
will only affect the masses of the pNGBs. The form factors are potentially calculable, as
they only depend on the underlying dynamics: predictions can be obtained either using
Lattice techniques [77, 78], or by employing effective calculation methods borrowed from



QCD [79]. The mass of the Higgs candidate can be predicted as:

C C
2 _ Yt o g
Th = g Mer T g
We can thus use the above relation to fix the value of C; to match the experimental value of
the Higgs mass at 125 GeV (which requires C; ~ 2), while Cy is left as an O(1) parameter.
The masses of the other pPNGBs can be similarly computed however, before showing this,
we will discuss the structure of the effective Yukawa couplings for all SM fermions, thus

generalising the results of ref. [38].

(2mdy, +m%). (2.8)

2.1 Flavour realisation and Dark Matter parity

Independently on the origin of the quark and lepton masses, at low energy we can write
effective Yukawa couplings in terms of the pNGB matrix > by simply coupling the usual
SM fermion bilinears to the components of 3 that transform like the Higgs doublets:

Lvae = —f (@) | TPrLa(y S + yh=N] + (i02)as TP (55T + i =]

U
~ (Qidrs) | TrlPora(Wh S + yEED] + (i02)as TP AT + v =]
] (o) [Te{Pos o 55 + y580] + (i2)as DIPS WS +551]] + he.
(2.9)
where Qr; and Lz, are the quark and lepton doublets (« is the SU(2), index), and ugj,
dr; and ep; are the singlet quarks and charged leptons. The projectors P; o and Py p are
defined in [38]. In the most general case, therefore, one can write 4 independent Yukawa

couplings per type of fermion. Expanding ¥ up to linear order in the pNGB fields, the
masses of the fermions can be written as:

Lyvuk = — [Ym&ijUSM +Y,:06Y cosf hy + iYuijD ho
g Yy
+Y, 7, cos 0 Ay + i—L sin§ (Ny + Ao)] (@riur;)
V2
- [—zﬂf/fD cosd H™ + zf/ﬁﬂ sinf (N~ + Af)] (driury)
- [Yd,;éijUSM + Yyi6Y cos 0 hy + Y3, ho
ij

g Y 7
~Yi7 cosf Ay — z% sinf (No + AO)} (dridry)

— [zx/iffd% cosf HT + zf/;JT sinf (N + A"')] (@ridgy)
- [Yeiai%SM + Yei6Y cos O by + iV ho
ij

g Yy
—Y;zé cosf Ag —1 \;g sin 6 (No + Ao):| (éLz'eRj)

- [i\/ﬁyg',g cos H +iYJsinf (Nt + Aﬂ} (PLier;) + h.c., (2.10)




where we have diagonalized the matrices Y,,, Y; and Y., and

Y,p/r = V(JJ[KMYuD/T . Yapr = VexmYap)7 (2.11)

with Vogw being the standard CKM matrix.? The couplings Y are linear combinations of
the couplings in the effective operators in eq. (2.9) and are defined as [38]:

vii _ Y Y — Wiy — ) vii _ YAt YR — s v
! 2v/2 ’ 70 2V/2 ’
yi — Yo+ Wiy — vi) vii _ Y R+ Wi )
2v/2 ’ T 2v/2 ’

where f = u,d,e. Note that one combinations that we dub Yyo does not appear in the

Y, = (2.12)

linear couplings in eq. (2.10). Also, the expression for the masses allows us to relate

my

Yy = (2.13)

USM
The operator that generates a potential for the vacuum (and masses for the pNGBs)

arises from loops of the SM fermions: the leading one, in an expansion at linear order in
the pNGBs, reads

Viermions = _8f40t{ Z ngr[Y;Yf] (Sln 0 —I—sm(29)
f=u,d,e

i)

—i Y &IY[ Yy - YipY]] sing
f=u,d,e \/if

(Tr[Y Yo+ YupYf] = > &[] Yf+YfDYT]>
f=d,e

(2.14)

sin(20) Ay
2 2V2f

. 0+ Ao
_z<Tr[YJTYu — YY1 = Y gy Yy — VigY] ]) sin 94}0}
f=d,e

The coefficient {; counts the number of QCD colours, and is defined as

1

:1 627'
‘Su/d ’ 3 3

Note that we introduced a single form factor C; as the loops have the same structure in
terms of the underlying fermions (and the FCD is flavour blind). The contribution to the
potential for 8 has the same functional form as the one generated by the top alone, thus it
suffices to replace

Y72 %foyf— > Y2+f >y (2.15)

gq=quarks l leptons

4We neglect here neutrino masses and the PNMS mixing matrix, which can be introduced in the same
way as in the SM.



in the formulas in ref. [38].> As shown in [38], the tadpole for ho can be always removed
by an appropriate choice of phase and thus one can assume without loss of generality that
its coefficient vanishes. The coefficient of the tadpoles for Ay and the triplets, however, are
physical and, as shown by the opposite sign of the contribution of the down-type fermions
with respect to the up-type ones, violate custodial invariance. One thus needs to impose
peculiar conditions on the couplings in order for such tadpoles to vanish, otherwise the
vacuum is misaligned along a non-custodial direction:®

Tr[Re(Y,pYu) — > &Re(Y],Y)] =0,
f=d,e
Tr[Im(Y, 1 Y,) — > &Im(Y[Yy)] = 0. (2.16)
f=d,e

From eq. (2.10), we see that the couplings Yyr and Yyp generate direct couplings of the
triplets and of the second doublet to the SM fermions: in general, therefore, the model will
be marred by tree-level Flavour-Changing Neutral Currents (FCNCs) mediated by these
pNGBs. The other couplings Yy appear in couplings with two pNGBs, that we parametrise
as (the flavour indices are understood and 7; is a generic pNGB field)

I (1N _ 0.0 C - + -yt + g —_0
Lonpr = 22 f (2§u,kl U urmmy + Sy ULur™y T+ Vg - Sy ALURTY T

1 - - _ _
+§5fsz dpdrmym) + €5y dodpmim + Vo - Eak ardpm)
1 _ _ _ _
+§€é\,[kl ELERT YT} +5§hl Ererm; ™ + ot vrermy T + h.c.> , (2.17)

generated by non-linearities, and listed in appendix B.2.

In [38] it was shown that there exists a unique symmetry under which some of the
PNGBs are odd while being compatible with the correct EW breaking vacuum. Under
such parity, that we will call DM-parity in the following, the second doublet and the two
triplets are odd. Furthermore, imposing the parity on the effective Yukawa couplings
implies that

Yip=Yr =0 (2.18)

for all SM fermions (thus, all the linear couplings of the second doublet and triplets to
fermions vanish). Under these conditions, the scalar sector will contain a DM candidate,
being the lightest state of the lot. Furthermore, as a bonus, the dangerous flavour violating
tree level couplings of the pNGBS, together with potential custodial violating vacua, are
absent! Imposing the DM-parity, therefore, has a double advantage on the phenomenol-
ogy of the model: its presence, or not, finally relies on the properties of the UV theory
responsible for generating the masses for the SM fermions. As it can be seen in table 3 in

5In particular, the Higgs mass is given by m? = % X5 &rmt — %(2771%‘, +m%), and is dominated by
the top contribution.

SIn fact, it would be enough to require that the coefficients are small enough to evade bounds from
electroweak precision tests, so a strong constraint applies mainly on the top Yukawas.



appendix B.2, imposing the DM-parity, the system of odd scalars decouples from the even
ones and the Higgs and the singlet s do not communicate with the rest of the pNGBs.
Besides the parameters that are fixed by the SM masses and by the vacuum align-
ment, the free parameters of the model consists of the underlying fermion mass difference
0, defined in eq. (2.7), and the matrices Yfig. The latter matrices are unrelated to the
SM fermions masses, and an eventual CP-violating phase cannot be removed. The first
constraint, therefore, that one needs to check is about FCNCs generated at loop level.

2.2 Flavour bounds

Imposing the DM parity removes the flavour changing tree level couplings of the pNGBs,
however, as it can be seen in eq. (2.17), there still exist couplings with two pNGBs propor-
tional to Yo that are potentially dangerous. Closing a loop of neutral or charged pNGBs,
therefore, flavour changing four-fermion interactions are generated as follows:

1-loop g}\{klfg,kl_'_égklg?’,kl F oo g
Lrone = 16772 m?r %;%: 16,2 JLfRITIR

N7
5}\,7kl£f’,kl §f klgf Kl
16 f2

foRfRfL + h.c. } , (219)

where f, f' = u,d, e, and the flavour indices are left understood. Taking the values of the
couplings listed in appendix B.2, we found that

Z EPRER €5 g = 9Y5Ypr sin® 0 + 4V Yo, (2.20)
ol

N, C,
Z é-}\fklé-f/,}-cl + f%klgf/’];cl — 9Yf f/ Sln 9 :l: 4Yf0Y;/0 s (221)
kel

where the positive sign apply to the case where both f and f’ are of the same type (up
or down), and the negative one when f and f’ are of different type. Flavour changing
transitions are thus generated by off-diagonal coefficients of the matrices Yyy. We can
estimate the bound on these matrix elements by comparing the coefficient of the operators
with a generic flavour suppression scale Ap ~ 105 TeV (see, for instance, ref. [80]):

1071

sin?6’

lo sin® 6
g( ) YfOYf’O |

< ’
42 USM off —diag ~ A2 = onyfo

- 2.2

where we have approximated the masses of the pNGBs m, ~ f, the cut-off A ~ 4nf, and
used the relation between f and the SM Higgs VEV in eq. (2.5). We see that a strong
flavour alignment is needed, even when the effect of a small sin § < 0.2 required by precision
physics is taken into account. In the following, we will “play safe” and assume that Yq is
always aligned with the Yukawa couplings Y: this assumption will not play a crucial role
in studying the properties of the DM candidate.
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hl h2 Ao S AO N(] Hi Ai Ni

CP (real Yy) + - 4+ = = - = — _
CP (imaginary Yyo) | + | + - — — — | — _ _
A +l+ + - - - - - -

B (DM) +/- - + - -] - = =

Table 1. Parities assignment of the pNGBs under CP, and A and B: for the charged states,
it is left understood that they transform in their complex conjugates (anti-particles) under CP
transformation.

3 Phenomenology of the scalar sector

In this section we will explore the properties of the 11 exotic pNGBs predicted by this model
in addition to the Higgs and the 3 Goldstone bosons eaten by the massive W+ and Z. The
lowest order chiral Lagrangian possesses some discrete symmetries which are compatible
with the vacuum and with the gauging of the EW symmetry (but are potentially broken
by the Yukawa couplings) [38]:

- A-parity, generated by a space-time parity transformation plus an SU(4) rotation,
under which the singlet s and the triplets are odd. It is left invariant by the Yukawas
it Yy = Yo = 0, however it is broken by the WZW anomaly term.

- B-parity, generated by a charge conjugation plus an SU(4) rotation, under which the
second doublet and the two triplets are odd. It is left invariant if Yyp = Yyr = 0,
and it can act as a DM parity.

- CP, which is only broken by phases present in the Yukawa couplings (in addition to
the CKM phase). Namely, the phases of Yy, Yrp and Yy affect the couplings and
mixing of the pNGBs.

In models where a DM candidate is present, i.e. where the B-parity is preserved, only
the phase of Yy can break CP in the scalar sector. In fact, there are two cases for CP-
conserving scalar sectors: if all the Y}y’s are real, then Ag is a CP-even state, while for
Yro’s purely imaginary one can redefine the CP transformation such that hy is CP-even.
The parities of the pNGBs under the discrete symmetries are summarised in table 1.

3.1 Masses of the pNGBs

The masses of the scalars are generated by the interactions that explicitly break the global
symmetry: in our minimal scenario, they are the EW gauge interaction, the Techni-fermion
masses and the fermion Yukawas. Complete expressions for the mass matrices can be found
in appendix C of ref. [38].

We remark that two scalars do not mix with the others: the Higgs h; and the singlet
s. The mass of the Higgs is given by

Cy 1 C
m%l =7 <Zm3+32m?> —Tg(Qm%V—i-mQZ), (3.1)
q !
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where m, and m; are the masses of the SM quarks and leptons, respectively. Thus, we
can express the parameter Cy as a function of known masses (and Cy). The pseudoscalar
s also doesn’t mix with other pNGBs, even when all discrete symmetries (B and CP) are
violated: its mass is equal to”

2
2 _ My
s = Gin2g”
matching the results found in the minimal SU(4)/Sp(4) case [36, 37].
The DM-odd states, on the other hand, mix with each other. In the remaining of the

paper, we will work in the CP-conserving case where all Yy are real, thus Ag is the only

(3.2)

CP-even state and it does not mix. We denote the mass eigenstates as follows:

v = Ao (CP even),
m,2,3 = No, Ao, ha (CP-odd), (3.3)
Mas = N* AT H*.

Note that we renamed Ag in order to avoid confusion with standard 2 Higgs doublet models
and supersymmetry, where A indicates a pseudo-scalar.
The mass of the CP-even scalar is given by

Cy (4m3, +m?
2 2 g w Z 2 2
mg = mg + 16 ( G2 g +2myy — mZ> . (3.4)

The CP-odd states, however, mix thus their mass structure is less clear. It is, however,
useful to expand the expressions for small §: at leading order in sin?6, we obtain (the
results are written in terms of the SM boson masses where possible):

2 2 2 2 2 2 m2z — mIZ/V
mnlmeONms(l—é)—i-..., mnitNmNiNmnl—i-Cgm—F... (35)
2m2, +m2
2 2 2 2 2 W Z
mn2 ~ ani ~ th ~ mHi ~ ms + Cgm (36)
2
2 2 2 2 W
The ... stand for higher order corrections in ng /f%. We can clearly see that, for positive

0 > 0, the lightest states, 71 and nli, correspond approximately to the SU(2)g triplet N,
and the splitting between the charged and neutral states is

2 2
ms, —m
Am? =Cy—2—5W 4 . 3.8
m T 4sin? 6 (3:8)
which is proportional to the hypercharge gauging (the only spurion that breaks SU(2)g).
For negative 0 < 0, on the other hand, the doublet and the SU(2), triplet may provide the
lightest state.

"We use the Techni-fermion mass to stabilise the potential to a small value of . In other approaches
(with top partners), higher order top loops can do the job. The spectrum will, then, be different from what
we use here.
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In the following, we will focus on a case where § > 0, so that the lightest states always
belongs to the SU(2) g triplet and contain a neutral singlet that may play the role of DM.
The main reason behind this choice is to have a DM candidate with suppressed couplings to
the EW gauge bosons, else Direct Detection bounds will strongly constraint the parameter
space of the model. We leave the more complicated and constrained case of § < 0 to a
future study. Furthermore, we will choose a real Yyg, so that the CP-even state that does
not mix with other odd pNGBs is ¢ = A, and chose Yy aligned to the respective Yukawa
matrix Yy to avoid flavour bounds. In the numerical results, for simplicity, we will also
assume that Yy/Y} is a universal quantity, equal for all SM fermions. This assumption
has the only remarkable consequence that it is the coupling of the top that is the most
relevant for the DM phenomenology. Couplings to lighter quarks and leptons may also be
relevant, but only if there is a large hierarchy between Yyg and Y}, situation that can only
be achieved by severe tuning between the Yukawas in eq. (2.9).

3.2 Phenomenology of the singlet s

We first focus on the DM-even scalar s which does not mix with other scalars, similarly to
the singlet in the minimal case SU(4)/Sp(4). In terms of symmetries, s is the only CP-odd
singlet under the custodial SO(4) symmetry, like the 7 in SU(4)/Sp(4): thus, together with
the doublet aligned with the EW breaking direction of the vacuum, it can be associated
with an effective SU(4)/Sp(4) coset inside the larger SU(4)%/SU(4). As already discussed
in [38], a coupling to two gauge bosons is allowed via the WZW term, thus s cannot be a
stable particle. In appendix A.1 we discuss in detail the origin of the single couplings of s
to SM particles, leading to its decays and single production at colliders.

The phenomenology of s is very similar to the one in the minimal SU(4)/Sp(4) case,
thus we refer the reader to refs. [36, 45] for more details. In summary, the DM-even singlet
s is very challenging to see at the LHC due to feeble production rates [45].

3.3 Phenomenology of DM-odd pNGBs

In a model where the DM parity is exactly conserved, the odd pNGBs can only decay
into each other. In appendix A.2 we list the relevant couplings, which also enter in the
production at colliders. The decays proceed as follows:

(A) The two lightest states are n; and nfﬂ roughly corresponding to the SU(2)pg triplet
N (for 6 > 0). As the mass splitting is numerically very small, decays via a W¥ to
the lightest state are kinematically forbidden, thus the only decays take place via a
virtual gauge boson to a pair of light quarks or leptons. The branching ratios are
thus independent on §:

BR(nf — mjj) ~ 65%, BR(n — mitv) ~35%. (3.9)
The width is very small, with values below 1keV.

(B) The second tier of states approximately form the second doublet: 72, nzi and the
scalar . Due to the small mass splitting between them, they preferentially decay to
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Figure 1. Mass differences between the DM-odd pNGBs of the tier 2 and tier 1, for § = 0 (left
column) and § = 0.2 (right column). In the plots at the top row, the two grey lines correspond to
the masses of Higgs and Z,, respectively. In the plots at the bottom row, the grey line corresponds

to the mass of let bosons.

a state of the lighter group plus a SM boson, W, Z and Higgs. The channels with a
neutral boson are also constrained by CP invariance, so that the channels 7o — Z m;
and ¢ — h n; are forbidden. We also observe that the decays into the neutral bosons
tend to be smaller than the decays into a W, and decrease until they vanish at
increasing #. This effect can be understood in terms of the mass differences between
states in this group and the lightest ones, shown in figure 1. For instance, we see
that the channel 172 — h 7 is kinematically close for 6 2 0.05 for 6 = 0, because the
mass splitting decreases below the A mass. From the right column of figure 1 we also
see that the mass differences tend to increase for = 0.2, thus pushing the kinematic
closing of the channels to higher values of 8. Interestingly, the mass differences never
drop below the W mass, so that decays via charged current are always open and
dominate for large € (i.e., smaller pNGB masses).

The most massive tier is mostly made of the SU(2)p triplet: n3 and 77§‘L. They can
decay both to tier 2 and tier 1 states via appropriate EW bosons. The Branching
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Figure 2. Branching Ratios of 73 (top) and 53 (bottom) for § = 0 (left) and § = 0.2 (right).

Ratios as a function of 8 are shown in figure 2. The peculiar behaviour can, again,
be understood in terms of mass differences. For small 6, where the mass differences
tend to be large, the preferred channels are to tier 2 states, due to the larger gauge
couplings. For increasing 6, the mass differences are reduced so that all channels into
tier 2 states kinematically close, and the tier 2 states can only decay to the lightest
tier 1 pNGBs. We recall that the patterns of decays to the neutral bosons Z and h
depend on the CP properties of the scalars.

3.3.1 Production rates at the LHC

The odd pNGBs can only be pair produced at the LHC, and decay down to the lightest
stable state which thus produces events with missing transverse energy (E%nss). The main
production modes are listed below:

Vector Boson Fusion (VBF): ¢¢ — mm; + 2j, via gauge interactions and s-channel
Higgs exchange (singlet s exchange provides subleading corrections).

Associated production: ¢¢ — m;m;Z/W, via gauge interactions.

Gluon fusion: gg — m;7m;, via top loops and Higgs s-channel exchange. This channel
depends on Yy (see table 3 in appendix B.2).

Drell-Yan: qq — m;m;, via Gauge interactions.
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Figure 3. Inclusive production cross sections of DM-odd pNGBs 7; at the LHC with centre of
mass energy of 14 TeV, as a function of the mass for five different channels. We applied a general
cut on the transverse momentum of jets of p%‘? * > 20 GeV. The dominant production channels are
due to Drell-Yan and associated production with a W boson.

Associated top production: gg — ttm;j, via the top Yukawa. This channel is expected
to be small because of the production of associated massive quarks.

In figure 3 we show the inclusive production channels for a pair of DM-odd pNGBs, in
the approximation that the masses are degenerate. We can clearly see that the dominant
production mode is always due to Drell-Yan and associated production via gauge interac-
tions (in black and green respectively), while the cross section of all the other channels is
slightly below. The cross sections are fairly large at low masses (corresponding to large
6), providing rates between 100fb and 10fb for masses below 400 GeV, nevertheless the
sensitivity at the LHC crucially depends on the decay modes of the produced states. In
most of the events, it is the heavier modes that are produced, as they have larger couplings
to the SM gauge bosons, and only the decay products described in the previous sections
will be observable at the LHC. The sensitive search channels will be similar to the ones
employed in searches for supersymmetry, looking for the production of jets and leptons
in association with large amounts of missing transverse energy. As a complete analysis is
beyond the scope of the present work, we decided to focus on two particular channels that
provide more DM related signatures: production of one DM candidate 7; in association
of one other pNGB, and mono-jet signatures. The former class will generate events with
large EITniss in association with the SM decay product of the heavier state, while the latter
relies on radiation jets.

3.4 The mono-X + E}“iss searches at the LHC

Having discussed the production rates of the DM-odd states, we can turn our attention
to current searches at the LHC experiments: typical DM searches look for production of
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a single SM particle (mono-X) in association with large EX . In this model, there are

4 mono—X signatures, where the X can be a jet, a W, a Z or a Higgs boson. We discuss
each channel in detail below.

e The mono-jet signature has been widely used in the search for DM at both AT-
LAS [81] and CMS [82]: for the scalar DM case, the jet is radiated from the initial
state in Drell-Yan and gluon fusion production. In the model under study the pro-
duction rates for pp — n171j are too small compared to the experimental bounds: for
instance, the 8 TeV ATLAS search poses a bound of 3.4 fb for EXss > 700 GeV [81].
However, as it can be seen in figure 4, the parton-level cross section for pp — m1n1jj
with the requirement p{fet > 20GeV is about 3fb when the mass of 1 is about
200 GeV (the cross section for pp — mim1j is two orders of magnitude smaller than
this one). This cross section is already smaller than the upper limit imposed by
ATLAS, not to mention the stringent EX5 cuts they employ. We can thus conclude
that mono-jet searches should be ineffective in this model set-up.

e The mono-W/Z signature can be obtained through Drell-Yan production of the
pNGBs plus a gauge boson, or via decays of the heavier pNGB into the DM candi-
date (if the mass splitting is large enough). ATLAS and CMS also have searched for
dark matter in these channel [83, 84]. For the parton level fiducial regions defined as
/% > 250 GeV, [pW/Z| < 1.2, plt > 350 (500) GeV, the upper limit on the fiducial
cross section is 4.4 (2.2) fb at 95% C.L. However, we notice in figure 4 that the cross
section of the Mono-W/Z processes without any cuts is below 4fb when the mass
of m1 is around 200 GeV and even much smaller for larger mass region. Thus the
Mono-W /Z still doesn’t have any sensitivity in this model set-up.

o A mono-Higgs signature can also be obtained when a Higgs boson h is radiated by
the DM-odd scalars m;. However, the mono-H signal is very suppressed, giving cross
sections smaller than 1073 fb at 14 TeV LHC, thus beyond the LHC capabilities. For
reference, the searches at the LHC can be found in refs. [85-87].

3.5 Associated production of DM

The DM candidate can also be produced in other channels that do not give rise to mono-X
signatures: in this case, we will focus on the VBF and associated production channels with
final states containing two additional jets as tags. A complete analysis is beyond the scope
of this paper, due to the presence of a large number of possible final states: to give an
example, we will focus on the production of a single DM particle, 71, in association with a
heavier pNGB. The cross sections at 14 TeV are shown in figure 4: the VBF production and
the associated production with a gauge boson, W or Z, are at the same order of magnitude.
When 7, is heavier than about 400 GeV, the cross section of all these channels is smaller
than 1 fb.

To test the feasibility of the detection of these channels at the LHC, we selected 3
promising channels, organised in terms of the final state after decays, and compare each
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Figure 4. Production cross section of 7, at the LHC with centre of mass energy of 14TeV as a
function of the mass for different channels. We applied a general cut on the transverse momentum
of jets of pls* > 20 GeV.

Channel Cross sections (fb)
Emiss > 50 GeV 100GeV | 200GeV
Channel 1 pp — MMmjj < 0.1 < 0.1 < 0.1
SM BG jivy 4.29 x 10° | 1.15 x 10° | 1.41 x 10*
Channel 2 | pp — mnijjlTy <04 <04 <04
SM BG jil*ty, 6.35 x 10° | 9.62 x 10* | 8.39 x 103
Channel 3 | pp — mmujjl=IiT | <1073 <1073 <1073
SM BG GHEIT(Z) )y | 4.386 x 10 | 2.10 x 10 5.14

Table 2. Cross section for the three chosen channels with different E¥'* cuts, for = 0.2. The
main irreducible backgrounds (SM BG) are also reported.

with the most important irreducible SM background. In table 2, we show the cross section
of the different channels and their corresponding SM background under different Ejr?iss cuts
and for # = 0.2. The 3 channels are chosen as follows:

1: In this channel we consider production of the DM candidate in association with
jets. There are three classes of processes: jets from the decays of W*/Z bosons
in pp — mmW/Z — mmjj and pp — mni/n;" /¢ — mmjj, and VBF production
pp = mmjj. The dominant background is pp — jjZ — jjvv. In table 2, we can see
that the background is many orders of magnitude above the signal, and that it is not
effectively suppressed by the E%liss cuts. Additional cuts on the jets may be employed,
like for instance the invariant mass reconstructing the mass of the W /Z bosons to
select the first process, or tagging forward jets to select the VBF production. A more
dedicated study, including a more complete assessment of the background, would be
needed to establish if the background can be effectively suppressed.

2: This channel focuses on a leptonic W produced with additional jets, and receives
contributions from VBF production in pp — nmii jj — mmjjl*v and associated
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production in pp — mnZ(mni/eW) — mmijjltv. The irreducible background of
this channel mainly comes from production of a single W with jets, pp — jiW* —
jjl*v. Like for Channel 1, the background is many orders of magnitude above the
signal, see table 2, so that Ejnliss cut alone is not effective.

3: VBF and associated production can also produce leptons via the Z, in pp —
mni/eji — mmiltlT and pp = mmi/@Z/W(mnZ) = mmiiltl . As the
lepton pair comes from a Z boson, the main background comes from pp — jjZ27 —
jjlTI~vi. The signal is very small because of the leptonic decay of the Z and does
not feature cross sections reachable at the LHC.

We also checked production with additional jets, that may arise from hadronically
decaying W /Z bosons in pp — mmi/e/n; jj — mmjjjj and pp — mmi/o/n7W/Z —
mn1jjjj, where cross sections of severalfb can be achieved thanks to the large hadronic
branching ratios. However, the leading irreducible background pp — jjjjZ — jjjjviv; is
still overwhelming with cross sections of 10° fb.

The very simple analysis we performed here shows that the detection of EXS signatures
in this model from the direct production of the DM-odd pNGBs is very challenging, as
Ejr?iss cuts typically do not reduce the background enough to enhance the small signal
cross sections. The main reason behind this is that the mass splitting between heavier
scalars and the DM candidate is fairly small, so the decay products are typically soft, thus
leading to small Ejnliss in the signal events. More dedicated searches in specific channels

may have some hope, however, and we leave this exploration to further work.

4 Relic density constraint on pNGB dark matter

As discussed in previous sections, the lightest neutral composite scalar 7; is stable under
the DM parity, thus it might be a candidate for annihilating thermal DM. In this section
we will check if the correct relic density can be achieved within the available parameter
space, and the constraints from Direct and Indirect DM detection experiments. We will
focus on positive values of the fermion mass splittings, 6 > 0, where the lightest state is
mostly a gauge singlet. We expect, in fact, that direct detection bounds will be weaker
in this region, furthermore it will be easier to characterize the general properties of this
composite DM candidate. The more complex case § < 0 will be analyzed in a future work.

4.1 Relic density

The calculation of the relic density was carefully studied in [88, 89], and here we will
simply recap the main ingredients of the calculation. We will stay within an approximation
where analytical results can be obtained [90], and consider the full co-annihilation processes
between the odd pNGBs: this step is needed as the mass differences are small and they
can be close or smaller than the typical freeze-out temperature. The rate equation for
annihilating DM is

dn off 2 _ 2
s +3Hn = — (0 vrel) (n” — ngy) (4.1)

~19 —



where n = 37, n(m,) is the total number density of odd scalar particles, i.e. 7, = (7;, 75, ¢)
with i = 1,2,3, neg = Y, Neq(mq) is the total number density that odd particles would
have in thermal equilibrium, and H = R/R is the Hubble constant (with R being the scale
factor). The assumption behind this equation is that all odd pNGBs freeze out at the same
temperature, and the unstable ones decay into the DM particle promptly after freeze out.
In this approximation, the DM relic density counts the total number density of all odd
species at freeze-out.
The averaged cross section, including co-annihilation effects, can be expressed as

Neq(Ta)eq (Th)

2
neq

(0 vre1) = (Tapviar)

, (4.2)

where (Uabvfé’ﬁ is the velocity-averaged co-annihilation cross section for m,m, — X X’ where
the final states includes any SM states and particles decaying into them, like the DM-even
singlet s. In the fundamental composite 2HDM under consideration, the odd pNGBs m,
can annihilate into a pair of bosons (gauge vectors, Higgs and the singlet s) or fermions:

Uabv?e?l = (V) mamy—vV + {0V rym—viy + (0V) rum Vs + <UU>7ra7rb—>ff

+<UU>7Ta7rb—>h1h1 + <Uv>ﬂ'aﬂ'b—>58 + <UU>WaWb—>h18 : (4'3)

The cross sections can be easily computed provided the relevant couplings (given in ap-
pendix B). The cross section of annihilation with the singlet s is expected to be small
as the couplings are small and the final states of other annihilating processes are lighter
compared to the mass of the odd pNGBs. Furthermore, as the colliding heavy particles are
expected to be non-relativistic at the time of freeze-out, (6°fv,e)) can be Taylor expanded
as (0 v.q) ~ af 4 v°% (v?) with good accuracy: in the following, we only keep the s-wave
term a°f for simplicity.

It is customary to rewrite the rate equation in terms of new variables, by dividing
the number density by the entropy density of the Universe S, and defining the variable
Y = n/S. Furthermore, the temperature can be introduced via a variable normalized
by the mass of the DM candidate, = m,, /T. Other relations can be obtained by use
of the standard Friedmann-Robertson-Walker Cosmology, where the Hubble constant can
be related to the energy density p by H = (%wGp)lﬂ, G being the Newton constant.
Combining all these ingredients, the rate equation (4.1) can be transformed to

-1/2 1/2
T (o) w0 -3, (1.4
where we have used the following relations between the entropy and energy densities and
the temperature:

S = ho (1) 278 — g (T) T (4.5)
= lleff 45 ; P = Geff 30 y .
with heg and geg being the effective degrees of freedom for entropy and energy densities.
The parameter gi/ 2, counting the degrees of freedom at temperature 7', is defined as
1/2 Dot (1 1T dheff)

9« =5 Q
gef/f 3heg dT

(4.6)
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Figure 5. Plot of the thermal relic density Q2h? of the DM candidate 7; in the plane of its mass
and Y;o/Y; for 6 = 0 (left) and 6 = 0.2 (right). The black lines correspond to the observed value of
DM relic density Qh? = 0.1198. The plots are symmetric under change of sign of Y;g, so we only
show positive values.

Before freeze-out, we work within the approximation A = Y — Vg = c)eq, with ¢ being a
given constant, and neglect dA/dz ~ 0 . Within these conditions, we get the identities

W _ e

y:(l‘i‘c)yeq’ % dz

(4.7)

which allow to simplify the rate equation. Substituting above identities into eq. (4.4), we
can find the freeze-out temperature x; = my, /Ty and density Yy by numerically solving
the differential equation

-1/2 1/2
(i—%) %(aegvrd)yeq c(c+2) = —%, (4.8)
The numerical constant ¢ can be chosen by comparing the approximate solution to a full
numerical solution of the differential equations and, in our numerical solutions, we fix the
constant ¢ = 1.5 following ref. [91]. After freeze-out, we can neglect Ve, and integrate
the transformed rate equation (4.4) from the freeze-out temperature 7y down to today’s
temperature Ty = 2.73K:

11 (45 \TV2 T
VO N y_f + (?G> /T gi/2<geffvre1>dT' (4.9)
0

The odd particles are non-relativistic both at and after freeze-out, so they obey the
Maxwell-Boltzmann statistics with ne, = Za(m;—;T)?’/ 2¢~mma/T We can then compute
the relic density Qh? = poh?/p. = mmSoyth /pe knowing )y and the critical density

pe = 3H?/87G. The result is
Qh? = 2.83 x 10° %yo. (4.10)

In figure 5 we show the values of the thermal relic density €, h? in the plane of Yo/Y;
and the mass of the DM candidate n;. The black line is the observed value of DM relic
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Figure 6. Contribution of the main (co-)annihilation channels to the inverse relic abundance 1/, ,
which is roughly proportional to the average cross section, as a function of Y;o/Y; for different choice
of the mass. The numerical values are normalised to the observed value. All possible channels are
categorised according to their final states (V'V collects all the di-vector channels except for WW).

density in the universe as measured by Planck, Qh? = 0.1198 4 0.0015 [92]. We recall
that larger values of the relic density are excluded as they would lead to overclosure of
the Universe, while smaller values are allowed if other DM candidates are present. From
figure 5 we see that 71 can saturate the needed relic abundance if its mass is heavier than
few hundreds GeV, with values ranging from 500 to a few TeV in most of the parameter
region. The pre-Yukawa Y;y parameterises the mixing between the two triplets and the
second doublet: if Yo = 0, the lightest state n; is the neutral component of the SU(2)r
triplet, i.e Ng. We also observe that for large positive §, the mixing is suppressed, thus

- 29 —



leading to larger relic density and lower DM masses. The dominant annihilation channels
of 71 are WW (hh) and ¢t via mixing, while for small § (i.e., small mass splitting) co-
annihilation in tb is also relevant. The annihilation cross section into ¢t decreases at high
mass faster than the WW and hh ones, hence these two channels are the dominant one at
large ;1 mass. The behaviour of the main (co-)annihilation cross sections are illustrated
in figure 6, where we plot the inverse relic abundance normalized to the measured DM
relic abundance, i.e. Qpnm/€Qy,, without considering all the other channels. This quantity
is roughly proportional to the average cross section in each channel, and we plot it as a
function of Y;o/Y; for various values of m,,. We find that, for moderate values of the DM
mass, the annihilation cross section into WW (and other di-boson channels) increases with
growing Y;o, while the ¢t one decreases before growing again for large couplings. Therefore,
for small Y;g the top channel dominates over the WW one, then becomes subdominant near
the minimum value before dominating again for large Y;o. From this figure, we also see that
the cross sections of the dominant annihilation channels decrease monotonically with m,, .
The behaviour of the dominant cross sections explains the observed dependency of the relic
abundance on Y;y and m,,: we observe, therefore, that for fixed Y}y the relic abundance
increases with the mass of the DM candidate, while for fixed mass it increases with Yjg
first and then decreases following the t¢ channel. A maximum is reached for Y;g ~ 0.5 -Y;
for 6 = 0.2 and Yy ~ 0.3 - Y; for § = 0, which provides the smallest value of the DM state
saturating the relic abundance at m,, ~ 500 GeV.

We stop the plots at Y;g = Y; because, as we will see in the next section, larger values
of Y;g are excluded by Direct DM detection experiments. Furthermore, the cross sections
are not sensitive to the sign of Yjg, so that the results are symmetric under sign change.
Remarkably, the mass range for the DM particle to saturate the relic abundance are in the
few hundred GeV to 2 TeV, thus corresponding to moderate values of # that do not require
very high fine tuning in the pNGB potential.

Very large values of the DM mass are excluded by the overclosure of the Universe,
however lighter states (which correspond to less fine tuning in the potential) are allowed
once the pNGBs does not fulfill the DM relic density: it is interesting that in our model
there exists another kind of DM, i.e. the lightest Techni-baryon which is protected by a
conserved TB number U(1)7p and might be a second DM candidate.

4.2 Direct detection constraints

According to the previous discussion, we find that the scalar DM should not be too heavy
in this model as its mass upper bound is around few TeV in most parameter space. We
will consider now bounds from Direct Detection experiments, which are sensitive to the
scattering of the DM off nuclei. The lightest odd pNGB couples to a pair of quarks via
operators of the form:

dgmyg

Q — _
Liigq = 76177%‘1‘1 + 2 naq, (4.11)
hiy

where a, and d; are constants and m, is the mass of the quark ¢g. The first term comes
from high order terms in the expansion of the effective quark Yukawas and the coefficients
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aq are related to the couplings in table 3 via the mass diagonalization. The second term
is generated by exchanging the Higgs (the singlet s gives subleading corrections). In both
cases, the dominant contribution is proportional to the mass of the quark via its Yukawa
coupling. These couplings give rise to spin independent elastic cross section ogr, which may
be potentially within the reach of present and future Direct DM search experiments. Note
that, on this case, the spin-dependent cross section ogp is always much smaller than ogg,
so in the following discussion we only consider ogr. The spin-independent elastic scattering
cross section of 77 off a nucleus can be parameterised as

2[Z2fp + (A= 2)fn)?

4 My M, )
My, +mp A?

(

o1 = (4.12)

2
Wmm

where m,, is the neutron mass, Z and A — Z are the number of protons and neutrons in
the nucleus and f, (f, ) describes the coupling between 7; and protons (neutrons):

_ np . Mup | 2 mp Mn,p
Jrp = Z qu Cq My +EfTG Z Cq mg (4.13)

q=u,d,s g=c,bt

where ¢q = aq/f + dgmg/mj, from eq. (4.11). The hadron matrix elements fr." parame-
terize the quark content of the nucleons, and we take their values from [93]:

£ =0.017, 2, =0.022, 2 =0.053,

/1, = 0.011, f1, =0.034, fr = 0.053,

fro=1- 3" fi" (4.14)
q=u,d,s

For an alternative numerical evaluation of the above parameters, we refer the reader to
refs. [94, 95].

The effective couplings in eq. (4.11) depend on Yy via the mass mixing terms and the
presence of off-diagonal couplings in table 3, we therefore decided to compute the elastic
cross sections for fixed values of Y}o/Y to be compared to the relic abundance calculation
in figure 5. Since the thermal relic density of 7; is a function of its mass, to compare the
theoretical cross section to the experimental constraints we need to take into account the
difference between the local DM density and the actual density of n;: therefore, in figure 7
we rescale the inelastic cross section according to

o = Siog, (4.15)
DM
to compare with the experimental bounds, which assume the standard density of DM
around the Earth, py = 0.3GeV/cm3, assuming that the DM density is saturated by the
particle under consideration (and standard halo profile).

The effective cross section USEIXP is thus compared to the current most constraining
bounds, presently coming from LUX experiment [96] on ogr: the results are shown on the
top row plots in figure 7 for 6 = 0 and 0.2. We find that the region where Yy < 0.1Y} and

— 24 —



~ —4 1 - — 4 1 -
& OE — XENON-100 Thermal > & 05 — XENON-100 Thermal >
£ _41F .- XENON-1T 5=0.0 |09 2 £ 41 ... xENON-1T 5=0.2 (409 2
o E > o = >
= _4oFE — PandaX-Il 0.8 = 4o — PandaX-Il 0.8
¢ T F — LUX-2016 0.7 ¢ F — LUX-2016 0.7
243~ --- LZ-projected ) ~o-43[ --- LZ-projected ’
S _a4r 06 S a4t 06
= a5t 0.5 = s 0.5
5 04 - 0.4
-4 0.3 —487 e 0.3
ud: A 0.2 47 e 0.2
48 s 0.1 —48 8 0.1
_49 C L L L L L O _49 C L L L L L 0
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
m, [GeV] m, [GeV]
~ 40 1 - ~ 40 1 -
< — XENON-100 Non-thermal z < F — XENON-100 Non-thermal Z
£ 41 ... XENON-1T 5=00 |BH09 2 £ _41F ... XENON-1T 5=02 09 2
o > o E >
= b — PandaX-II 0.8 = _poF— PandaX-Il 0.8
& — LUX-2016 07 o F — LUX-2016 0.7
243~ --- LZ-projected ) ~o-43[ --- LZ-projected ’
S 448 P 06 S 44 06
= .- 0.5 = .5 0.5
s« 0.4 - 0.4
461 03 —46 [ BRI ety 0.3
-47 0.2 47 S 3 0.2
-48 0.1 —48 0.1
-49 ‘ ‘ -49

P I B
00 2000 2500 3000 0
m, [GeV] m,

500 1000 15
[GeV]

Figure 7. Spin-independent cross section for the elastic scattering of the DM candidate 7; off
nuclei compared to current and future experimental sensitivities. The upper plots show cross
sections rescaled to the thermal relic abundance (overabundant points are not shown), while the
lower ones assume relic abundance equal to the measured one.

Yio > 0.8Y} are almost excluded. For intermediate values of Yy, 0.1Yy < Yyo < 0.8Y7%,
the upper limit on the 7; mass is around 1TeV for both cases, 6 = 0 and 0.2. The
future experiment XENONIT [97] and LZ-projected [98] can stringently limit the model
parameter space and eventually exclude most of the parameter space in case of thermally
produced DM. We remark that the right edge of the points corresponds to the parameter
space saturating the measured relic abundance. If non-thermal production mechanisms for
the DM are allowed, it may be possible that the correct relic density is obtained in the
whole parameter space: under this pragmatic assumption, we compared the cross section
with the experimental bounds in the bottom row of figure 7. In this case, the cross section
becomes nontrivially dependent on the value of Yo and LUX limits can exclude DM masses
below 800 GeV for Yy < 0.1Y; and 3000 GeV for Yo > 0.9Y} in the case of § = 0. For
0 = 0.2, the lower limits on DM mass are 800 GeV and 1500 GeV for this two region of Y
respectively. The projected reach of future experiments will be able to extend the exclusion
to a few TeV.

4.3 Indirect detection constraints

Indirect DM detection relies on astronomical observations of fluxes of SM particles reaching
Earth to detect the products of annihilation or decay of DM in our galaxy and throughout
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the cosmos. The differential flux of DM annihilation products can be written as

dN; 1
dE 47rm2DM

2y, ) = (o0) | dspese). (116)
line of sight
where E is the energy of the particle ¢ (either direct product of the annihilation, or gen-
erated as a secondary particle during the diffusion in the Galaxy) and 1 is the angle from
the direction of the sky pointing to the centre of our Galaxy. The cross section (ov) is the
annihilation in a specific final state that produces the particle ¢ as primary or secondary
product with a differential spectrum dN;/dE, while p is the DM profile distribution in the
Galaxy at a distance r from the centre of the Galaxy, and s is the distance from Earth run-
ning along the line of sight defined by 1. Once the DM distribution profile in the Galaxy p
is determined, the flux of particle 7 can constrain the DM annihilation cross section. From
each annihilation channel, the expected flux for each detectable particle specie i can be
computed [99]. We will use these results to constrain our model by demanding that the
annihilation cross section of 7; does not exceed the observed value of the various fluxes.
Similarly to the case of Direct detection, the DM distribution profile p,, need to be
rescaled to take into account the actual thermal relic abundance where 7; only represent
part of the total DM density (assuming its profile follows the standard lore):

Q
P = b (4.17)
DM
Thus, the physical annihilation cross section should have the following relation with the
experimental value according to eq. (4.16):

Qn \2
QSM) (ov)y, - (4.18)

(ov)Exp = <

In this model, the Sommerfeld enhancement [100] is very small because the couplings
of one Higgs/W /Z to n; pairs are not large enough. Therefore, we will neglect this effect.
There are the following annihilation modes:

e 71 can annihilate into leptons and light quarks pairs via direct couplings: however,
under the assumption that Yy ~ Y} so that the coupling to light fermions is roughly
proportional to their mass, these annihilation modes are very small and no significant
constraints emerge.

e Annihilation into bb can be larger than that into light fermions because of the
larger Yukawa coupling of the bottom quark. In the top row of figure 8 we show
the theoretical prediction (coloured region) for the rescaled velocity-averaged cross
section (ozv)Exp for the annihilation channel bb. The solid black and red curves
are the limits based on Fermi-LAT gamma-ray observation and HESS respectively.
We found that, varying 0 < Y39 < Y}, the rescaled cross section ranges between
(oppv)Exp = 10727 = 1072 cm?/s in the allowed DM mass range. We can see that
the limits from Fermi-LAT and HESS are about two to three orders of magnitude
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Figure 8. Theoretical prediction (coloured region) for the velocity-averaged cross section for
annihilation into bottom pair (top row), top pair (middle row) and WW (bottom row) for § = 0
(left) and 0.2 (right), compared to the upper limits from Fermi-LAT (black) and HESS (red) gamma-
ray observation. The colour code indicates the variation of the Yukawa coupling Yy from 0 to Y.
The cross sections are rescaled to the thermal relic abundance.

too weak to impose any useful bounds for the whole mass region. Releasing the as-
sumption that DM is thermally produced, i.e. assuming that it is always saturating
the DM abundance, the cross section are enhanced for low masses, still remaining
below the Fermi-LAT current bound, as shown in the first row of figure 9.

e Annihilation into top pairs tt is further enhanced by the top Yukawa coupling. We
find that, in the same range as for the bottom, the rescaled cross section shown in
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Figure 9. Same as figure 8, assuming saturated relic abundance in the whole parameter space.

the middle row of figure 8 varies between (o,0)pxp = 1072° = 1073} cm3/s for § = 0
and between (o,v)gxp = 1072 = 10728 c¢m3/s for § = 0.2 . The cross section is
always below the experimental limit coming from the ~-ray observed by experiments
like HESS: the cross section into tops is bound to be smaller than 10723 e¢m?/s for
my, < 1TeV, and 5 x 10724 cm3/s for 1 < m,, < 10TeV [101]. Even releasing the
assumption on thermal relic abundance (middle row of figure 9), the cross section

remains below the experimental sensitivity.

e Annihilation into WTW ™ occurs through Higgs mediated s-channel, charged scalar
mediated u- and t-channel, and four particles vertices. As the case for annihilation
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Figure 10. Combination of constraints from the relic density measurement and direct detection
experiments. The region to the right of the black line is excluded by overclosure of the Universe,
while the region within the red line is still allowed by the direct detection.

into fermion pairs, in the bottom row of figure 8 we also show theoretical predic-
tions (coloured regions) for the rescaled velocity-averaged cross section (owwv)Exp:
we see that this channel has larger cross sections than the fermionic channels and
(owwv)gxp increases with mass. However, no bound is imposed on this channel by
Fermi-LAT nor HESS. Releasing the assumption of thermally produced relic abun-
dance (bottom row of figure 9), the cross section increases in the low mass region,
and exclusions around 500 GeV are observed, depending on the value of Y.

As already mentioned above, Indirect detection reach on DM models can be signifi-
cantly enhanced if large Sommerfeld enhancement factors are possible. In our model, 7; is
almost a SU(2)y, singlet except for small mixing with the SU(2);, doublet and triplet, thus
it has small couplings to the EW gauge boson. We also checked the possible Sommerfeld
enhancement induced by Higgs exchange and find this effect to also be quite small: in
fact, the “Yukawa” potential V (r) = —2e™™r" is suppressed by 62. In conclusion, we find
that DM indirect detection can not impose significant constraints on this model if 7; is a
thermally produced DM component.

4.4 Summary of DM constraints

Previously we separately discusses the constraints on the DM candidate 7n; from different
DM experimental tests. We now combine all these constraints to extract the allowed
parameter space in order to guide future research projects. The final summary is shown
in figure 10, where we show the constraints from DM relic density and direct detection
measurements (indirect detection does not impose any stronger bounds on 7;). The region
allowed by direct detection is within the red line (the grey area being excluded), while the
black line corresponds to the parameters fulfilling the thermal relic density. We recall the
reader that the region on the right of the black line is excluded by overclosure, while on
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the left n; can only partly accommodate for the full DM density, as shown in figure 5. The
surviving region where 7, can be the unique DM candidate consists of m,,, € [500, 1000] GeV
and Yo/Y; € [0.12,0.5] for 6 = 0 and m,, € [500,800] GeV and Y;o/Y; € [0.28,0.75] for
d = 0.2. Larger (and smaller) values of Yjy are only allowed for small m,, (and low
DM thermal relic density), which are however in tension with electroweak precision tests:
& > 0.2 roughly corresponds to m,, > 500GeV. The DM candidate 1, still has a wide
parameter spaces to provide enough relic density.

5 Technicolor interacting massive particles as dark matter

In this section, we would like to briefly discuss the possibility that the Techni-baryons,
protected by a global TB number, may play the role of DM. This possibility was first
discussed in [57] in the context of Technicolour theories. As the Techni-baryons are strongly
interacting, it is difficult to calculate the annihilation rate: however, approximating it by
the geometrical cross section allows to estimate the value of the required masses to be,
generically, around 100 TeV. This value would point toward values of the condensation
scale of at least a few TeV, thus in a more fine tuned region of the parameter space in
terms of generating the pNGB Higgs boson.

Another intriguing possibility is that an asymmetry is generated via the electroweak
baryogenesis [102, 103], in the same way as a lepton and baryon asymmetry is generated.
This mechanism does, however, require that the TB number is violated by some anomalies
that preserve a combination of it with the SM baryon and/or lepton numbers [58]. In our
case, the strong sector being non-chiral with respect to the SM gauging, such anomaly is
absent and the electroweak sphaleron would be ineffective in balancing the asymmetries.

We are therefore left with two mechanisms to generate a Techni-baryon asymmetry:

e break U(1)rp by a gauge sphaleron process at a higher scale than the electroweak
phase transition;

e explicitly break U(1)7rp.

For the former case, we need to assume that the theory is UV completed by an extended
gauge sector (in a similar fashion to Extended Technicolor models [12]) which is chiral. At
the scale where the new gauge theory is spontaneously broken (by condensation or a Higgs
mechanism), we need a strong first order phase transition and sufficient CP violation in
order to generate an asymmetry in the TB number in a similar way as baryogenesis [104].
The net asymmetry is then left unchanged at the electroweak phase transition. This
mechanism can be very attractive if the model is UV completed by a chiral theory that
gives mass to the top at a scale not far from the condensation scale [105].

In the latter case, we assume that the TB number is violated explicitly by new interac-
tions at a very high scale that couple the Techni-fermions to SM particles. Depending on
the number of FCD-colours, the low energy effect may be a linear mixing to SM fermions
(odd Ngcp) or couplings to fermion bilinears (even Npc¢). For instance, in the case of
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Nrtc = 3, a 4-Fermion interaction may be induced in the form:

= [ eeapopbyp® — NIL, (5.1)
where L = (€%¢q)%)4)°) is one Techni-baryon and a, b, ¢ stand for the FCD-colour indices.
The field [ is a generic lepton (including neutrinos), so that this interaction preserves L
+ TB. The mediator generating such interaction can thus be invoked as generator of TB
asymmetry in the same way as in Grand Unification baryogenesis models [104]: at the UV
scale, out of equilibrium decays of the mediator will produce an asymmetry if CP is also
violated. However, the same operator will induce decays of the composite Techni-baryons
at low energy. This drawback can be avoided if the theory is conformal in the UV, as it
can be achieved by adding additional flavours [72]. A mass gap is only generated at the
low scale where conformality is lost, and the running of the operator will generate a large
suppression if the anomalous dimensions of the Techni-baryon operator is small [67]. In
fact, \; is related to the UV scale by

2—y
A~ <AATC> Arc, (5.2)

where « is the anomalous dimension of the (¢2¢¢)®)%1)¢) composite operator. A very small
A;, i.e. a large A, can thus guarantee long lived Techni-baryons at Cosmological scales.

Assuming that the mass of the baryon is Apc, the mixing angle between lepton [ and
AL
Arc
L — |W/Z through gauge interaction. By simple calculation and assuming v ~ 0, we find

that the UV scale should be above A ~ 10'3 GeV to ensure Cosmologically stable Techni-
baryons. Mixing with quarks can also be written if additional coloured Techni-fermions
are added, as in ref. [43].

Direct detection experiments typically impose very stringent bounds on a composite

Techni-baryon is sin §; = for A\; < Apc. The Techni-baryon main decay channels are

fermionic DM candidate because of its magnetic moment. However, it is possible that
the lightest Techni-baryon is made of electromagnetically neutral Techni-fermions (and
potentially mixes to the right-handed neutrino) and thus has vanishing magnetic moment,
thus avoiding the constraints.

6 Conclusions

It’s tantalising to think that the Higgs boson may be a composite state of a more fun-
damental confining dynamics. In this work, we explore the possibility that, along with
the Higgs, the dynamics produces also a light scalar DM candidate, arising from the same
symmetry breaking responsible for the breaking of the EW symmetry. The minimal model
featuring this property is based on the symmetry breaking SU(4)xSU(4)/SU(4). It is also
the only consistent model where a DM pNGB can be shown to exist, also featuring a simple
underlying description in terms of a gauge-fermion theory.

The main features of the model have been described in ref. [38]: in this work we focus
on the parameter space where the DM candidate is stable, and numerically explore the
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constraints coming from thermal relic abundance and Direct/Indirect DM detection. The
neutral DM candidate is accompanied by several neutral and charged companions, whose
mass is close to the DM one. One needs, therefore, to consider co-annihilation. The main
free parameters determining the properties of the DM candidate are an additional Yukawa
coupling Yy, which does not enter the mass of the light SM fermions, and a mass splitting
between the underlying Techni-fermions §. We also focus on the case § > 0, where the
lightest odd states are mostly made of gauge singlets, in order to avoid strong constraints
from Direct detection experiments.

We show that, under reasonable simplifying assumptions, the thermal relic abundance
can saturate the measured value for masses of the lightest neutral pNGB between 500 GeV
to 2 TeV, depending on the value of two free parameters. Remarkably, larger values of the
masses are excluded by overabundance, thus providing an interesting upper limit on the
condensation scale and on the fine-tuning parameter sin . We also study the constraints
coming from Direct and Indirect detection. Under the assumption of thermally produced
DM, we find that only Direct Detection is sensitive to the available parameter space. In fact,
regions with small and large values of the Yukawa coupling Y}y are almost excluded by the
LUX bound, while intermediate regions still survive with roughly 0.1 Yy < Yy < 0.8 Y}.
In this window, the largest allowed mass is about 1TeV for both choices of the mass
splitting 0 that we consider. Future projections of Direct detection experiments show that
more parameter space will be probed in the near future. On the other hand, the cross
sections for Indirect Detection always fall short of the current bounds by 1 to 2 orders of
magnitude. The fact that low mass DM candidates are preferred gives a change to the
LHC for complementary reach on this model, even though we showed via very preliminary
estimation that it is very challenging to produce and detect the additional scalar pNGBs.

We also tested the case where the DM is not thermally produced, thus matching the
relic abundance to the observed one in the whole parameter space. Direct detection, thus,
excludes large values of the Yukawa up to large masses (3TeV for 6 = 0 and 1.5 TeV for
d = 0.2), while small values of Yy are probed up to smaller masses (roughly 800 GeV in
both cases). For indirect experiments, we find some sensitivity in the ¢¢ channel around
500 GeV, while the WW channel allows to exclude masses up to 600 GeV for large Yjo (in
the range 0.3 =1 ;).

This class of models also has an additional candidate in the form of Techni-baryons
made of N Techni-fermions transforming as the fundamental of the SU(N) confining group.
While the thermal relic abundance is typically too low, an asymmetry may be generated in
a similar fashion as baryogenesis in the SM, giving rise to an asymmetric DM candidate.
However, in the simplest realization of this model, the TB number is a conserved quantity,
and thus the sphaleron mechanism is not active, unless the UV physics generates additional
interactions.
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A Interactions of the exotic pNGBs

A.1 Singlet s

Below, we will review and discuss all the possible coupling leading to decays (and single
production) for the DM-even singlet.

Gauge and Chiral Lagrangian Interactions: we first consider couplings generated by
the gauged chiral Lagrangian. As we work in a basis where we expand around the true
vacuum of the theory (which includes the misalignment), this term is fully invariant
under a shift symmetry of all the pNGBs except the Higgs candidate. This is enough
to ensure that no couplings linear in s appear.

WZW anomaly: direct couplings of s to two gauge bosons are generated by the WZW
anomaly, giving rise to the couplings
5iCg?

Lwzw = 12
CHW

5 etvad (2\/§cgw cos 065WJ oW,
+ \/nggW cos 0037,,0,An + \/5029‘” cos0032,0,Z,) (A.1)

with C' = ;%TWCQ. The two-body decay width for each channel is

4002 0(M?2 — 4m2 3
F(S—)WJWJ):QCOS (M mw)z’;

1638475 f2
3
P(s > 2,7,) = g4c§9W cos? (M2 — 4m?%)>2 .
5T Ansn) = 13107270 f2¢8 ’
Ow
4.2 2
g“sy, cos0 5 913
I'(s— Z,A,) = W (MZ —m7%)°. (A.2)
PR 16384 M3 f?

Note that, like in SU(4)/Sp(4), no coupling to two photons appears [45].

Yukawa couplings: the Yukawa coupling can potentially generate linear couplings of s to
a pair of fermions, however according to eq. (2.10) such coupling is absent.® This is
because, although the general Yukawas break the parities A and B, they are invariant
under a global SU(4) symmetry under which s is odd:

> — PIyP, P:<01(1)>. (A.3)

8 Additional couplings may be generated depending on the representation of the composite fermions in
the partial compositeness scenario, see [62, 106] for examples.
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Under the above parity:
s——s Hy— —Hy A<+ N. (A.4)

The operator P is an element of SU(4) which exchanges the SU(2); and SU(2)r
subgroups of SU(4), and it is thus broken by the EW gauging. According to this
symmetry, the allowed couplings need to involve at least another pNGB:

S(AiN)ff/v SHfoa S2ff' (A5)

From table 3 in appendix B.2, however, we see that only the coupling with the triplets
is generated besides the one with s?, furthermore such coupling vanishes in the DM-
preserving Yukawas (as it is proportional to Yyp). Thus, we can assume that no
decay of s is generated by the Yukawa couplings.

Higher order couplings to fermions: as the symmetries forbidding the couplings of s
to two fermions are finally broken, higher order Yukawa-like operators will gener-
ate such couplings, in particular via breaking of the parity described in the above
paragraph. Such breaking is due to the gauging of the EW group, and to different
techniquark masses for the two doublets (i.e. the parameter ¢). Following [36] we will
focus here on the latter as an illustration.” The higher order operator we consider
can be written as (where we take the top as an example):

Lyvuk—2 = —(QFtr) ®o + hec., (A.6)
with
® = | TMrTPLa(YhS + yp=h] + (i02)as Tr[MrQE P (ysE + yax )|
+ [T Mot PLaWin T + 4 =h] + (02)as TiMroS P (vs® + i3] |
(A7)

where Mrg is the Techni-fermion mass matrix. Even though, in principle, 8 new
Yukawas appear in this operator, we can follow the simplifying assumptions that
they are proportional to the lowest order Yukawas up to form factors: y;; = a”y;; and
y;; = a'y;. We find single s Yukawa coupling:

Z-(mL +mpg)

f

which is proportional to the masses of the fermions, and also to the symmetry break-

(a" —a')é Yisinf s trtr + h.c. (A.8)

ing parameter . Note also the proportionality to d, = a” — o’ that breaks the
A-parity. To estimate the size of this effect, following [45] we compare it to the shift
in the top mass generated by the same operators in eq. (A.6):

1
Smy = —=(myp +mpg)sin20 ((a" + a")Y; + 6. (Yio + (Yip + Yir)d) . (A.9)

V2

9See [45] for an example of the effect of gauge couplings plus Yukawas.
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Assuming that the combination of Yukawas appearing in egs. (A.8) and (A.9) are of
the same order, the coupling of s can be estimated as

~ ,25mt
gstLtR ~1

dtanf ~ i 0.14 ftanb, (A.10)
UsMm

where we have allowed for a maximum 10% correction to the top mass.

Thus, the partial decay width of the channel s — ff is

6’gSfTLfR ’2
167 M?2

As s couples to quarks, so it can couple to both gluon and photon pairs by quark

(s — ff) = (M2 — 4m3%)(M? — 2m3). (A.11)

loop (dominated by the top). The decay widths of these two channels are [45]:

a0 M2 gz, ,|70°
I(s — gq) = —“%Ms  Gsintrl ¥ pog A2
(S gg) 8772m12/V312/V m? 1 (xt) ( )
a® /2\4
I(s = vy) = 1/2N3¥ (3) I'(s — g9), (A.13)

where Fi(x¢) is the form factor of top loop and x; = i\%?,
Fy(z1) = 1/22(1 + (1 — z;) sin?(z; /?)). (A.14)

Scalar potential: decays of s to a pair of pNGBs can also be generated via the potential
that aligns the vacuum. Following the leading potential we used in this paper, the
couplings read:

Lpot D (3}5 sin? Y Im(Y0) s @(Ng — A+ (NTN™ — A+A—)>
% : 2 2 12
+ 39 sinf s 4 (49° £ (9> — g'"") cos0) AgAy/No (A.15)

+i(dg? — 29 £ (> + ¢'*) cos0) (HTA™ /N~ — A+/N+H—)} :
where the couplings are evaluated at the minimum of the potential. We thus see that

s can only decay into a pair of DM-odd pNGBs, however those decays will always be
kinematically unaccessible.!”

A.2 DM-odd scalars

The interactions relevant for production and decays are the following, where we label by
m; a generic odd scalar.

Gauge interactions are generated b%)the lowest order chiral Lagrangian, and contain
couplings of the form gr, v V,m1 0" o (see ref. [38] for the explicit expressions). The

corresponding decay width is

|2{(M32 — (M, +my)?)(MZ, — (Mz, —mv)*)}
16mm?, M3,

3
2

F(WQ — WlVM) = |97r17T2V

(A.16)

10T principle it is possible to have different mass spectra, however the couplings will also be modified.
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Yukawa couplings generate interactions of two pNGBs with two fermions, as in table 3,
thus decays of the form 7y — 71 ff are generated. However, this process has usually
very small rates, so we will not consider it further.

The scalar potential generates couplings between 3 pNGBs, thus giving rise to decays
Ty — w1 ¢, with ¢ = s, hq. This partial decay width is

[(my — m@) = |19g2’;\1;3 \/)\ 2 M2, M?2) (A.17)

with A(z,y,2) = 22 + y% + 22 — 22y — 2yz — 222z. The couplings with the singlet
s are in eq. (A.15): within our choice of potential, the masses of the 3 pNGBs will
always make the decay kinematically inaccessible. On the other hand, decays with
the lighter Higgs boson hj are allowed: keeping only the terms proportional to the
top Yukawas, the couplings can be written as

1
Lpot D f\t/*’iyj? sin(26) hy <2(h§ +AF+AF+ N +HYH + ATA™ + N+N—)

C
+£Yf h1 (Re(on) cos ho + Im(on) COS(29) Ao) (AO + No)

+%Yf hi(Re(Yyo) cosd HY (N~ — A7)
+iIm(Yyo) cos(20) H" (N~ +A7)) + h.c,, (A.18)

plusing additional corrections from the gauge interactions.

B Relevant couplings

In this section we list all the couplings of the pNGBs, relevant for the calculation of the
relic abundance, and other properties of the DM candidate.

B.1 Potential

Trilinear couplings. Defining:

Ry = Re[Yu . YuO] - Re[Yd . YdO] — Re[Ye . YeO] , (B.l)
Iy = Im[Yu . Yuo] + Im[Yd . YdO] + Im[Ye . Yve()] . (B.Q)
mp 3 2
Ly = 2oant cosf (hl + hys ) + s STiT; + Ghrr h17ri7rj ) (B3)
Cif .
GsNoNg = —09sAogAy = 2\@ Sln2 91}’7 (B4)
C
IsN+N— = —Gsata- = \/tgsm 0Ly, (B.5)
Cy 4mZ, F (2m¥, — m%) cos b
pu— P B.6
gSA()N()/A() 16\/5 VSM ( )
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. Oy 6m12/v — 2m2Z F m2Z cos 0

YsH+N- A~ = Jopg-N+/a+ = Zl&/ﬁ vt
Ghhohy = 2:7;%;/[ cos@,
torn = o0 (o + 2 oy — i3 )
IhH+H- = (::Me <m}21 + % 2z> ;
IhNoNo/AoAy = ;z;\i <m% — %(2771%4/ —m%) + %
GhNoAy = — 16221\/[ (2m, —m%) cosb,
cosh [ 4 Cy; o  Cy3mi
hNTNT/ArAT = USM (mh_ Emz 8 cosf
IhN+A- = GhatN- = —fé)vssidcgm%,
GhhaNo = Ghhag = % cos Ry,
GhAgNg = GhAghy = % cos20 Iy ,
IhH+N- /A~ = gZH—N+/A+ = % (£cosf Ry +icos20 Iy ) .

Quartic couplings.

Equa =

Gsshohy =

JssAgAg =

9ssNoNo/AoAo

9ssNoAog

gsstho/Ao

9ssAogNo/ Ao

9ssH+H- =

2
2;”3 ((3 = Tsin20)ht + 2(1 — 5sin®0)h2s® — (1 + 3sin® 0)s*)
USm
+9557r7r3277i77j + gsh7r7r5h7ri7rj + ghhﬂﬂh27ri7rj + GrnnrnTiT T T -
(B.18)
2 .2 C 2 2
——=—5— | mp(1 +3sin”0) + —=(2my, +mz | , (B.19)
1202, 8
1 C
-5 m2 (1 + 3sin?6) + =2 (2(1 + sin? 0)mZ, + cos? dm% | ,(B.20)
120, 8
2
—h (1 4 sin® 0 F 5 cos ), (B.21)
dvgy
vg sin? 0(2mi, — m%), (B.22)
SM
Cy
— sinf Ry, B.23
65 Y (B.23)
Cy
— sinfcosf Iy , B.24
6\/5 Y ( )
1 C
—e <m,%(1 +3sin?0) + -2 (2m{), + m%(1 + sin® 9))) ., (B.25)
Va1 8

— 37 —



9ssN+N—/A+A—

JssN+A-

9ssH+*N— /A~

9shAgNo/ Ao

9shNo Ny

9shH+N— /A~

9shN+N—/A+A-

9hhhohs

GhhAgAg

9hhNoNo/AoAo

GhhNoAo

9hhAoNo/ Ao

9hhhaNo/ Ao

9hhH+H-

JhhN+N—/A+A~

9hhH+N- /A~

2

)
205\
= JssN—-A+ =

1
:l:i
6\/§ng (
G
16

. i .
= 9shH-N+/A+ = igﬁ\@ <m;21(sm2 0 F §cosh)
— % (m%,VQ(l F6cosh) + mQZ(B — 4sin% 6 + 4 cos 9))> ,

= :I:% sin 260 Ty .

1

= —— <m,21(1 — 5sin?6) — %(Zm%/v + m%))

121)§M

b

4U%M
1

= — <mi(2 — 7sin? 6 4 20 cos 6)

2
121}SM

16
1
6U§M

Cy
2
16vg)y,

* j—
= YssH-N+/A+ =

Th (1 +sin®0 F dcosb).

292
sin” m? ,

_ G sinf@(£Ry +icosf Ly).

6v/2

(sin® @ F 6 cos 0)

(2miy (3 — 4sin® 0 F 4 cos §) — m%(1 — 4sin? 9))> ,

C
= —gshA¢Ag = Kt sinfcosf Zy .

= <m%(1 — 3sin?6) + % cos(20)(2m3, — m

_ % (miy2(5 — 6sin” 0 F 8 cos ) — m%3(1 — 2sin’ 9))) ,

16

= (m%(cos 20) — G (mfy2(1 — 6sin® 0) — m%3(cos 20))> ,

= sin 20 Ty |

42

C
= " sing Ry .

6v/2

1
= —— (m%(l — 3sin?6) + %m% cos 20) ,

2
QUSM
1

= (m%(Q — 7sin?60 + § cos 0)

2
6v5y

- i(;] (miy2(1 F 12cosf) + m%(5 — 6sin® 0 & 8(:039))) ,

J— * J—
= 9hhH-N+/A+ =

C
——L sinf (+Ry + 3icosd Ty) .

6v/2
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B.2 Yukawa couplings

The couplings of two pNGBs to fermions, defined in eq. (2.17), are listed in the following
table 3.

eN, 551\; hi ha Ao Ay No s
h1 Y;sind 0 +Ypsinf :FiYszr cos :FiYTf”?T cos 0 0
hs 0 Y sin6 0 +42 +2 0
Ag +Y¢p sin 6 0 Yysind —i% cos 6 —i% cos 0
A :FZ'YTFZT cos i% —i% cos 6 Yysin6 0 j:Y—fQD sin
N $iYT"2T cos :l:% —iy—\/fio cos 6 0 Yysind IFYT“; sin
s 0 0 0 +¥Psing  FPsind  Yysing
.6 | HT A7 N
h1 FivV2Ympsind —iYercos® —iYer cosb
ho 0 Yo Yo
A 0 TiYpo +iYpg
A Yo 0 0
N —Yyo 0 0
s 0 Y¢p sin 0 —Y¢psiné
€764 H- A~ N~
H* Y} sinf ;onw inO%
At 3V S Yysing 0
NT |y iRl 0 Y sin 6

Table 3. Couplings of two pNGBs to fermions generated by the effective Yukawas. The first table
lists the couplings of two neutral pNGBs; the second one lists the couplings of one charged and one
neutral pNGB; and the third one lists the couplings of two charged pNGBs (the signs refer to up
and down/leptons, respectively).
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