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Abstract

We show that the dark matter (DM) could be a light composite scalar n, emerging
from a TeV-scale strongly-coupled sector as a pseudo Nambu-Goldstone boson (pNGB).
Such state arises naturally in scenarios where the Higgs is also a composite pNGB, as in
0(6)/0O(5) models, which are particularly predictive, since the low-energy interactions
of n are determined by symmetry considerations. We identify the region of parameters
where 71 has the required DM relic density, satisfying at the same time the constraints
from Higgs searches at the LHC, as well as DM direct searches. Compositeness, in
addition to justify the lightness of the scalars, can enhance the DM scattering rates
and lead to an excellent discovery prospect for the near future. For a Higgs mass
mp, ~ 125 GeV and a pNGB characteristic scale f < 1 TeV, we find that the DM mass
is either m, ~ 50 — 70 GeV, with DM annihilations driven by the Higgs resonance,
or in the range 100 — 500 GeV, where the DM derivative interaction with the Higgs
becomes dominant. In the former case the invisible Higgs decay to two DM particles
could weaken the LHC Higgs signal.



1 Motivation

From a theoretical point of view light scalar particles are unnatural, unless a suitable structure
protects their mass from large quantum corrections. In the Standard Model (SM) there is a
compelling case for a light scalar, the Higgs boson, and many efforts have been made to address
the associated hierarchy problem. The dark matter (DM) energy density of the Universe could
also be accounted for by a new light scalar. The minimal realization, extensively studied in
the literature (see e.g. Ref. [1]), consists in adding to the SM a gauge singlet real scalar 7,
and assuming that it is stable due to a parity n — —n. The model is quite predictive since it
only depends on two extra parameters: the singlet mass m, and its “portal” coupling to the
Higgs boson, A. This apparent simplicity, however, calls for an ultraviolet completion. As we
said, light scalars are unnatural in quantum field theories, unless they are accompanied by
new ingredients, such as for example supersymmetry, and these deeply affects the dynamics
of the DM.

Light scalars can also be natural if they are not elementary particles, rather composite
states emerging from a strongly-coupled fundamental theory. Similarly as pions in QCD, light
scalars can appear as pseudo Nambu-Goldstone bosons (pNGBs) arising from the spontaneous
breaking of the global symmetries of the strong sector around the TeV scale. A well-known
example is the symmetry breaking pattern SO(5)/S0O(4), that generates four pNGBs with
the quantum numbers of the SM Higgs doublet H, the weak gauge group being embedded in
SO(4) ~ SU(2), x SU(2)g [2]. The most minimal extension to this symmetry pattern is the
SO(6)/SO(5) model, that contains five pNGBs in the spectrum: the Higgs doublet H and a
gauge singlet n [3]. Interestingly, the pattern SO(6)/SO(5) is the minimal example with a
known ultraviolet completion in terms of techni-quarks [4].

The purpose of this article is to study under which conditions 7 is a suitable DM candidate.
The properties of 7, being a pNGB, are determined by the global symmetries of the strong
sector, and by the way these symmetries are explicitly broken by the couplings of the SM
fields to the strong sector. We will analyze the phenomenology of this composite DM particle
and its interplay with the composite Higgs doublet H.

The DM couplings are substantially different from the non-composite singlet case. This is
mainly due to new non-renormalizable interactions between 1 and the SM fields, arising from
operators of dimension-six suppressed by 1/f? where f ~ TeV is the decay constant of the
NGBs. There are two types of these interactions: (i) derivative couplings between n and H,
fully determined by the SO(6)/SO(5) structure, that scale as p?/f* where p is the relevant
momentum in a given process, and (ii) direct couplings between 7 and the SM fermions arising
from the explicit breaking of the global SO(6) symmetry, that scale as myp/f? where m,; is
the mass of the fermion. These interactions make the phenomenology of the composite scalar
DM substantially different from that of an elementary scalar (candidates of composite DM
have been also proposed, for instance, in the context of techni-colour theories in Ref. [5], and
in Ref. [6] in the context of gauge-Higgs unified models).

In section 2 we present the effective lagrangian for the composite 7, defined from symmetry



considerations and naive dimensional analysis (NDA). In section 3 we compute the composite
DM relic density. In sections 4 and 5 we study respectively the constraints coming from the
Higgs searches at the LHC and the DM direct detection experiments. We combine these results
in section 6, where we identify the regions of parameters that fulfill all the phenomenological
requirements. We conclude in section 7 and leave the technical details of the composite models
for appendix A, and the lengthy expressions for the relic density and direct detection cross
sections for appendices B and C, respectively.

2 Light scalar dark matter from a composite sector

We consider theories with a light scalar sector consisting only of a Higgs doublet H and a
singlet n with parity
n—-n, (2.1)

that makes 7 stable. The lightness of these states is a consequence of a global symmetry. The
simplest realization consists of having a new strong sector with a global symmetry breaking
pattern given by O(6) — O(5). Five NGBs emerge from this spontaneous breaking: a
5 of SO(5) which decomposes as 4 ® 1 ~ (2,2) @ (1,1) under the subgroup SO(4) ~
SU(2), x SU(2)r. The 4 is identified with H, while the gauge singlet is 1 (see appendix A for
details). Thinking of SO(6) as the rotation group in a six-dimensional space, the symmetry
under which 7 shifts corresponds to a rotation in the 5-6 plane, SO(2);_¢ = SO(2),, ~ U(1),,
while Eq. (2.1) corresponds to the six-dimensional parity of O(6), P, = diag(1,1,1,1,—1,1).

If it were for the strong sector alone, the pPNGBs H and n would be massless and would
only interact derivatively. However, the SM gauge bosons and fermions couple to the strong
sector breaking explicitly O(6), generating non-derivative interactions between H, n and the
SM fields. We will assume that P, is preserved by the SM couplings to the strong sector. At
the one-loop level these couplings induce a potential for H and 7, that is eventually responsible
for electroweak symmetry breaking (EWSB), with v = v/2(H) = 246 GeV and (n) = 0.

This scenario, apart from giving a solution to the hierarchy problem, since the Higgs is
naturally a light state, also provides a good candidate for DM, the extra state n, that is also
naturally light. At energies below the strong scale, denoted by m, ~ few TeV, the lagrangian
for 1 at the lowest order in a n*/f? expansion, where f is the pNGB decay constant, is given
by

1 2 ]‘ 2 1 2 2
L = 5P =V + 5 (B + J0u°) (2:2)
7 -
+ ﬁ (ctyt qrHtr + coyp quHbR + hC) + - (23)
where 1
V(n,H) = spin” + MNHn®> +--- . (2.4)
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For simplicity, only the interactions with the third family of SM quarks are shown, that are
the ones that play the most prominent role. Let us remark that these operators are not
suppressed by the mass of the heavy composite states m, but rather by the smaller scale
f ~m,/g, where g, is the inter-composite coupling, expected to satisfy 1 < g, < 4.

A few comments on the lagrangian in Eqgs. (2.2)-(2.4) are in order. The only interaction
that preserves the Nambu-Goldstone shift symmetries is the derivative term in Eq. (2.2) that,
as shown in appendix A, is fully determined by the SO(6)/SO(5) symmetry. The coefficients
ctp, instead, depend crucially on how the fermions couple to the strong sector and break
explicitly the SO(6) symmetry. In general, we expect ¢; (¢;) to be an O(1) complex number
whenever the U(1), symmetry is broken by the ¢; and/or by the tp (bg) coupling to the
strong sector; otherwise they are zero. Both possibilities are realized in simple models, as
described in appendix A. Notice that the interactions of Eq. (2.3) can also be induced from

operators of the form
2

_ U
qL’V“%qLF , (2.5)

and similarly for tz and br. Indeed, using the equations of motion for the fermion we can
rewrite the above operator as those in Eq. (2.3).

Let us briefly discuss the potential V(n, H). It can only arise from loop effects involving
the SM fields. Since the SM gauge interactions preserve the U(1), symmetry, p, and A can
only be generated from fermion interactions that break U(1),. Since A is further protected
by the symmetry under which H shifts, we generically expect

NS/ f? (2.6)

Then, the mass of n is given by m% = ,u%—l—)nﬂ i ,u%, since electroweak precision measurements

require [7]
2

f= <1 (2.7)

It is easy to construct models where the U(1), symmetry is either broken by the top or the
bottom coupling to the strong sector, giving respectively a one-loop mass for n that varies
between 40 and 300 GeV as shown in appendix A. We also notice that in the potential we
have ignored terms beyond the quadratic order in the n field, since they do not play any
important role in our DM analysis.

Apart from Eq. (2.2) and Eq. (2.3), there is also the possibility to have at order n?/f? the

Interaction terms )
5> (o + g Fu ) | (2.8)

2

f F=B,W,G
These couplings do not respect the U(1), symmetry and therefore can only be induced by
loops involving heavy composite states that see the U(1),-breaking through mixing with the
SM states. We estimate them to be cpy, ¢py ~ gpmy/gim?, smaller than contributions coming
from SM loops. We will neglect them from now on.



In summary, the interactions between our DM candidate n and the SM particles are
controlled by four parameters: ¢, ¢;, f and A. For our DM analysis below we shall consider
the following values for these parameters. Since the bottom quark plays a main role in the
computation of the DM relic density, in order to highlight the effects of compositeness we will
assume that its couplings to the strong sector break U(1),, so that ¢, # 0. More specifically,
motivated by the models described in appendix A, we will consider the range

1
cb:§+a+z’b, a,be0,1], (2.9)
where small (large) values of a and b correspond to small (large) couplings of by, p to the
strong sector. For the top coupling ¢; we will consider two cases:

e Case 1: U(1), is broken by the top and we fix for definiteness ¢; = 1/2 as in minimal
models (see appendix A). The top loops make 1 generically heavier than the Higgs.

e Case 2: The top interactions do not break U(1),. We then have ¢; = 0 and m,, does
not receive contributions from top loops. In this scenario the DM particle n can be
naturally lighter than the Higgs.

For the decay constant f we will take f = 500 GeV and f = 1 TeV. Recall that although
composite Higgs models generically predict f ~ v ~ 246 GeV, electroweak precision mea-
surements require Eq. (2.7) to hold. Finally, we will leave A and m,, as free parameters to be
determined by the requirement of ) to be a realistic DM candidate.

The couplings of 1 to the 1st and 2nd family quarks will be important only when con-
sidering direct DM detection. If not otherwise specified, we will assume for simplicity family
independent coefficients, ¢, = c¢. = ¢; and ¢y = ¢, = ¢,. This choice is partly motivated by
the bounds on flavour violation [3].

To recover the predictions of the renormalizable model [1], that we will refer to as the ‘non-
composite case’, we can take the limit f — oco. In this case only A controls the interactions

of n with the SM fields.

3 Relic density of the composite dark matter

In the standard cosmological framework, DM was kept in thermal and chemical equilibrium
as a consequence of its interactions with the SM particles. As the Universe expanded and
cooled, the number density of DM particles decreased until they could not annihilate any-
more, freezing out by the primordial thermodynamical equilibrium. Thenceforth their number
density remained constant, fixed to the value observed today. This picture is described by a
Boltzmann equation that, under certain assumptions, has the useful approximated solution [8]

N 3-107%cm3s~!

2
Uh? o == (3.1)




where €, = p,/p. is the ratio between the energy density of DM and the critical energy
density of the Universe, h = Hy/(100 kms~'Mpc ™) is the reduced value of the present Hubble
parameter, and (ov,) is the thermal-average of the total annihilation cross section of DM
particles, times their relative velocity. The present experimental value is Qpyh? = 0.1126 +
0.0036 [9].!

Although the singlet pNGB 7 interacts strongly with the heavy resonances of the composite
sector, its interactions with the SM, including the composite Higgs, are weak, as shown in
Egs. (2.2)-(2.4); as a consequence, its annihilation cross section into fermions, gauge bosons
and the Higgs falls into the ballpark suggested by Eq. (3.1). In appendix B we display all
the relevant annihilation cross-sections that enter in the Boltzmann equation, both in the
non-composite and in the composite case. The Feynman rules needed in the computation are
collected in Table 2.

The numerical solution of the Boltzmann equation is shown in Fig. 1 as a function of
my,, for two representative values of A\. To understand the behavior of the relic density with
m,,, one should keep in mind that each annihilation channel ny <> XX opens only for 7

masses above the threshold value my \/W, with v, ~ 2/3 at freeze-out. In order to
analyze the effect of the composite interactions, let us recall that in the non-composite case
the annihilation cross section is entirely determined by the value of A (see Egs. (B.13-B.16)).
In the composite case the situation is substantially different. One can identify four interesting

mass regions:

1. The low-mass region, m, < 50 GeV. The annihilation cross-section is dominated by the

bb channel, that is enhanced by the direct DM—bottom coupling proportional to ¢,
shown in Eq. (2.3). As a consequence, one can reproduce the DM relic density even for
values of A smaller than in the non-composite case.

2. The resonant region, m, ~ m;,/2. The presence of the Higgs resonance enhances the

annihilation cross section by several orders of magnitude. In the non-composite case
this is the only possibility to fit the DM relic density when X is relatively small, however
for too small values (A < 107* at my, = 125 GeV) even this enhancement is not sufficient
and the model is excluded. On the contrary, in the composite case one can reproduce
the DM relic density even for vanishing A, because of the extra derivative contribution
to the n-n-h vertex, coming from Eq. (2.2).

3. The cancellation region, m?? ~ Af%/2. A cancellation can occur between the derivative

and the A contributions to the n-n-h vertex (see Eq. (2.2) and Eq. (2.4), respectively),

L An alternative mechanism to generate the DM relic density is freeze-in, that is realized when the DM
interactions with the SM are so weak that the DM species was never in equilibrium. In this case SM particles
can slowly annihilate (or decay) into DM generating the required relic density. For the case of a scalar singlet
n coupled to the Higgs portal, freeze-in is possible both for m,, of the order of the electroweak scale [10] and
for m, < 1 GeV [11], as long as A < 107!°. Here we will consider only composite models that induce a

larger value for A as well as a large DM-Higgs derivative interaction. Therefore we will focus on the freeze-out
scenario.



A =101, m, = 125 GeV

100 150 200

50 100 150 200
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Figure 1: Relic density of the scalar singlet DM as a function of its mass m,. We take
my, = 125 GeV and A = 1071 (1073) in the left (right) panel. The dashed curves correspond to
the non-composite case, the red (blue) curves to the composite case with f =1 TeV (500 GeV).
The red and blue bands describe the variation of the DM—bottom coupling ¢, in Eq. (2.9),
between a = b =0 (dark lines) and a = b =1 (light lines). Above the threshold for annihilation
into tt, the result depends also on the value of the DM—top coupling: the dotted and solid
lines correspond to ¢, = 1/2 (Case 1) and ¢, = 0 (Case 2), respectively.

that may suppress the annihilation with s-channel Higgs-exchange when this is too large.
The cancellation condition reads

s=2\f3(1-¢), (3.2)

where s = 4m? /(1 — v7,/4). For example, for A = 107" and f = 500 GeV, taking
into account the freeze-out temperature one finds that the effect of the cancellation is
maximal for 70 GeV < m, < 100 GeV, as one can see in the left panel of Fig.1. In
the non-composite case (f — oo), when A is sufficiently large the relic density is too
suppressed for all values of m,, above the resonant region. In the case of compositeness,
instead, the cancellation enhances the value of €2, and can make it compatible with the
DM relic density. For larger f, the cancellation region moves out to larger values of m,,,
where the ¢t channel opens. If the top has no direct coupling to 7 (solid lines in Fig. 1),
the cancellation remains effective. If instead the top couples directly to DM (dotted

lines), this reduces the relic density already for values of m,, in the cancellation region.

. The high-mass region. As the DM mass increases, m% > m? /4 and m% > Af?/2, the
n-n-h vertex is more and more dominated by the derivative coupling of Eq. (2.2), whose

strength is uniquely fixed by f. As a consequence, the annihilation rate through the
Higgs portal becomes larger (typically too large for f = 500 GeV). Still, for f < 1TeV
the annihilation rate is of the correct order of magnitude, as can be seen in the right
panel of Fig. 1. The proper relic density can be reproduced even for a vanishing \.

The analysis of the 7 relic density will be completed in section 6, where we will show the

contours for 2, = Qpys in the plane (m,, A). Before that, we need to discuss the constraints
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coming from LHC Higgs searches (section 4), and from DM direct detection experiments
(section 5).

4 Constraints from Higgs searches at the LHC

The SM Higgs boson mass was restricted to be heavier than 114 GeV by LEP measurements.
This limit applies also to a Higgs boson that decays invisibly, since even in this case the bound
from associated production with a Z boson holds [12]. The LHC 95% C.L. upper bound in the
low mass region is presently 127 (129) GeV from the CMS (ATLAS) experiment, assuming
a SM-like Higgs. Here we will not discuss the very high mass region (my; = 600 GeV) that
is still allowed.? In the low mass region there is also a hint for a Higgs with m; ~ 125 GeV,
coming mostly from the decay channel h — v [13].

In the singlet extension of the SM, invisible Higgs decays are allowed as long as m;, > 2m,,.
The observation of the Higgs boson would imply an upper bound on the invisible decay width,
Line = T'(h — nm). Vice versa, a signal suppression could be explained by a sizable I';,,. In
our scenario we find

02 4m2 [ m?2 2
Cine = Erp— 1— m—%” (v_;\/f——g —2\y/1 — g) I(my, — 2my,) . (4.1)

In addition to the invisible decay channel, compositeness implies further deviations from the

SM predictions, because the Higgs couplings to gauge bosons and fermions are modified at or-
der £ [7], as we will describe below. These modifications affect both the Higgs production and
the relative branching ratios for the Higgs decays into visible channels. Reduced (enhanced)
couplings would weaken (strengthen) the Higgs signal at the LHC.

Let us discuss first the non-composite scenario, when ¢ vanishes. In this case the LHC
exclusion limits on the Higgs mass are conveniently described by the ratio

s
FSM + Finv 7

o(lpp = h — SM) o(pp — h)
osm(pp = h— SM) — osu(pp — h)

W= BR(h — SM) = (4.2)
where I'gys is the total Higgs width in the SM, and T, is given by Eq. (4.1) in the limit
¢ — 0. Note that the Higgs production cross section is unchanged w.r.t. the SM, however
the Higgs visible branching ratio becomes smaller than one, as long as m;, > 2m,,. Actually
for |A| 2 0.1 the channel h — nn dominates.

In the case of composite h and 7, there are several important differences. First, there is
another h — 1 — n coupling besides A, that arises from the derivative interaction in Eq. (2.2).
As a consequence, the two contributions to the decay amplitude in Eq. (4.1) can cancel each
other for A > 0, or add up for A < 0. In the former case the Higgs signal at the LHC is

maximal for A ~ m2 /2f? rather than for A = 0.

2 We have checked that, even for a very heavy Higgs boson, with m; > 600GeV, the composite singlet
can still provide a good DM candidate.



Second, as we mentioned, there are order £ modifications of the Higgs couplings, that are
specific to the composite nature of h independently from the existence of a light singlet 7.
For concreteness, we will center here on the SO(6)/SO(5) models described in appendix A,
assuming Case 2 for the top quark. The relevant Higgs couplings are modified as follows:

gnvv = ghVV \/ fOl" V = W, Z, (43)
9nt = ghtt \/
2§
e = 9 (4.5)

hbb m

The Higgs coupling to gluons, which is crucial for the total production cross section, is mainly
generated by top loops involving the coupling g linearly. Therefore we have?

9nit
Ghgg = ghé\;[ SM gh,gg 1 _5 (46)
htt

Similarly to the case of gluons, the Higgs coupling to photons is dominated by a top quark
loop and a W-loop, that involve linearly g7 and gnww respectively. Since both couplings are
corrected in the same way (see Eqgs. (4.3) and (4.4)), one finds

Ghyy = glf% v9i=¢. (4.7)

In order to compare these effects of compositeness with the LHC results, one should
notice that the most sensitive channels in the present analyses by ATLAS and CMS are
h — vy, WW, ZZ. Therefore, what is actually measured is not the total Higgs signal strength
14, rather the signal strength in the ‘gauge’ decay channels only. As a consequence, the relevant
quantity is

_ olpp—=h=VV) _ olpp—h) Th—=VV) Lo
PV = osatlop = h = VV) — osar(pp — ) Tsar(h — VV) T2 + Tone
Ty + Ty,

12

-0 (4.8)

u(1—=26)2/(1 £)+FW(1 — &)+ iy~

where V' = v, Z, W, and we assumed that the Higgs production is dominated by the gluon
fusion channel, controlled by Eq. (4.6). Here I'gy;” is the total visible width in the compos-

ite scenario, while Fg’ 4 and Yy, are the total SM widths into fermions and gauge bosons,
respectively. Note that, in the non-composite case, Eq. (4.8) reduces to Eq. (4.2).

In Figs. 2,3 we display our prediction for pyy as a function of A. Since the gauge channels
are the most sensitive at the LHC, the experimental constraints on u [13] are more appropri-
ately interpreted as constraints on pyy. The red shaded regions in Figs. 2,3 are disfavoured

at 95% C.L.. Let us discuss the ‘light” and ’heavy’ Higgs scenarios in turn:

3 One should remark that, in composite Higgs model, the suppression of the top quark contribution to
Jhgg could be compensated by the contributions of heavier states, such as vector-like fermions that accompany
the top, or other resonances of the strongly-interacting sector. However, in most cases it was found that no
enhancement of the Higgs production occurs, but exceptions are possible [14].
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Figure 2: The strength uyy of the Higgs signal in the gauge channels, defined in Eq. (4.8),
as a function of the h — n quartic coupling \ (negative in the left panel, positive in the right
panel). We chose my = 125 GeV and two values for the scalar singlet mass m,,, one larger
than my /2 and the other smaller. The dotted curves correspond to the non-composite case.
The dashed (solid) curves correspond to compositeness with f =1 TeV (500 GeV). We took
into account the order & corrections to the Higgs couplings to vector bosons and fermions, see
Eqs. (4.3)-(4.7). The shaded region is disfavoured by the LHC Higgs searches (we roughly
extracted the 95% C.L. lower bound on uyy from Ref. [13]).
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Figure 3: The same as in Fig. 2, except for my = 145 GeV. For this mass ATLAS and CMS
put an upper bound on iy .

e SM-like Higgs with m;, < 130GeV (Fig. 2)

If the signal around mj;, = 125 GeV were confirmed, the ratio uyy should lie relatively
close to one. More precisely, the CMS (ATLAS) collaboration finds the largest excess at
myp, = 124(126) GeV, with pyy = 0.6 — 1.2 (0.6 — 1.3) at 1o [13]. Given this large statistical
uncertainty, in Fig. 2 we roughly estimated the 95% C.L. lower bound as p 2 0.3.

In the non-composite case, for m, > m;/2 one has pyy = 1, while for m,, < m;/2, in
order to avoid a too large I';,,, one is forced to take sufficiently small values of .

In the composite case instead, when m, > m;/2 we find that pyy can be larger than
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one. Indeed Eq. (4.8) shows that, even though the Higgs production is suppressed by a fac-
tor (1 — &), the gauge decay channels receive a (1 — £)?/(1 — 2£)? enhancement relatively
to the fermion channels (which dominate the branching ratio up to m; ~ 135 GeV). As a
consequence, one finds that uyy can be as large as 1.2 for f as small as 500 GeV. When
m, < my/2, the signal is suppressed by I';,,. However larger values of A are allowed w.r.t.
the non-composite case, as shown in the right panel of Fig. 2, because of the cancellation
between the two terms in brackets in Eq. (4.1).

e [nvisible Higgs with my, 2 130 GeV (Fig. 3)

In this region the LHC searches exclude a SM-like Higgs, by requiring the ratio pyy to
be smaller than one. In our scenario, this can be accounted for by the combined effect of
invisible decays and reduced SM couplings, as illustrated in Fig. 3, where we fix m;, = 145
GeV (for this value of the Higgs mass the most sensitive channels are h — WW — 2[2v and
h — ZZ — 4l). In this case the 95% C.L. upper bound from ATLAS and CMS is roughly
vy S 0.4, There are wide regions of parameter space that survive the LHC constraint, as
shown by the curves lying in the unshaded region in Fig. 3.

5 Constraints from dark matter searches

The direct detection of DM is based on the observation of the elastic scattering between non-
relativistic DM particles from our galaxy halo and cryogenic nuclei in targets, that produces
a nuclear recoil. In our scenario the interaction of the composite DM n with nucleons arises
through the direct couplings ¢, (¢ = u,d,...) between DM and quarks, given in Eq. (2.3),
and through the t-channel exchange of a Higgs boson, which in turn couples with quarks; in
both cases heavy quark loops also induce a coupling to the gluons in the nucleons. These
processes give rise to a spin-independent elastic cross section ogy, potentially within the reach
of present and future experiments. Note that Im(c,) contributes only to the spin-dependent
cross-section ogp, which is always much smaller than og; (the latter being enhanced by the
coherent interactions on protons and neutrons in the large target nucleus).

The XENON100 experiment recently set the best experimental upper limit on ogr [15], and
it plans to considerably improve its sensitivity already within the end of 2012. The excluded
region at 90 % C.L. is shaded in green in Fig. 4. On the other hand, the DAMA/LIBRA
collaboration (confirming previous results by DAMA /Nal) has provided the first evidence of
an annual modulation in the event rate, that could be due to DM, with 8.9 standard deviations
from the expected background [16]. Similar signals have been observed by CoGeNT [17]
and by CRESST-II [18], which both measure an excess of low-energy nuclear recoil events.
CoGeNT also observes a seasonal variation. The analysis performed e.g. in Ref. [19] shows
that a DM candidate with mpys >~ (10 — 20) GeV and og; >~ (1 — 3) - 10" ¢m? can account
for the excess events reported by each of these experiments. This favoured region is shaded
in orange in Fig. 4. One can appreciate the well-known tension between these signals and the
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Figure 4: The spin-independent cross section for the elastic scattering of the DM candidate n
off nuclei. The green shaded region is excluded by XENON100 [15], while the orange shaded
region roughly corresponds to the excess events reported by DAMA, CoGeNT and CRESST-I1
[19]. The predictions of our scenario are labeled in the same way as in Fig. 1. The two panels
correspond to two different values of X\, and we took Case 2 for the DM-quark couplings c,. In
the left panel, the band for f =1 TeV (not shown) is very similar to the one for f = 500 GeV.

exclusion limits of XENON100, that is presently unexplained.

In Fig. 4 we compare og; in our scenario with the DM direct detection constraints, taking
the same values of the parameters that we used for the relic density in Fig. 1. The calculation
of g1 is a straightforward application of the standard formalism [20] to our composite scenario,
that is defined by the effective interactions of n with quarks and gluons. The detailed equations
are reported in appendix C, and can be summarized by the following estimate, which shows
explicitly the relative size of the different contributions:

10 GeV)2 (125 GeV)4

og1 ~ 3.5 - 107 *cm? (
my

mp

2
202 m?
X [AM{1= 77 ) + ' Re{004c, +011cs +0.18c, +0.22 el - G

g=c,b,t

The first term in square brackets comes from Higgs-exchange, while the second term comes
from the direct coupling between the DM and the light quarks and gluons (through a loop of
heavy quarks) in the nucleon. Contrary to the relic density, the DM direct detection bounds
are sensitive also to the couplings between 7 and the light quarks, mostly the strange. The
Fig. 4 shows og; for the Case 2 defined in section 2: we vary ¢y = ¢, = ¢, in the range
defined by Eq. (2.9) and we take ¢, ., = 0. Notice that the effect of the derivative coupling
of Eq. (2.2) is very small at low momentum transfer and it has been neglected.

For A = 107! (left panel of Fig. 4), the first term of Eq. (5.1) dominates and og; is of the
same order of magnitude as in the non-composite case. By comparing with Fig. 1, one remarks
that the correct relic density can be reproduced by m, ~ 10 GeV, with a DM candidate that
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lies close to the region preferred by DAMA, CoGeNT and CRESST-II, or by m,, ~ 80 GeV,
in a region already excluded by XENON100, or by m, > 150 GeV, with no constraints from
present direct detection bounds. For A = 1072 (right panel of Fig. 4), the difference w.r.t.
the non-composite case is more important. The correct relic density is reproduced e.g. for
f =1TeV and m, ~ 100 GeV (see Fig. 1). This candidate is compatible with the present
XENON100 bound, and it is within the reach of near future measurements with improved
sensitivity. For such small values of A\, on the contrary, the non-composite case cannot be
probed in DM direct detection experiments.

We remark that the various contributions in Eq. (5.1) can have opposite sign and (par-
tially) compensate each other, reducing og;. Above we assumed conservatively that all con-
tributions are positive, but one cannot exclude a cancellation, e.g. switching to a negative
value of X\. Therefore the DM direct detection bound is quite sensitive to the details of
the theoretical model, and for specific values of the parameters our scenario can avoid this
constraint.

Let us make now a few remarks about DM indirect detection experiments. Bounds from
direct detection - as shown in Fig. 4 - allow for a light DM candidate with a mass < 10
GeV. In this regime, the DM annihilation in the early Universe is entirely driven by the
process 1 <+ bb, with a required cross section of the order of (0Ve) =~ 3-10726 cm®s™!. This
value weakly depends on the DM relative velocity, and therefore it remains constant from
the freeze-out until today, resulting into a sizable antiproton flux on the earth, produced by
the DM annihilation into quarks that hadronize. We estimated this flux using the tools in
Ref. [21]. As already pointed out in Ref. [22], this antiproton flux can be larger than the one
observed by the PAMELA experiment [23], resulting in a constraint on the DM mass that
is complementary to the direct detection one. One should keep in mind, however, the large
astrophysical uncertainty of these observations, mainly due to the propagation of charged
particles in the Galaxy. A mass m,, smaller than 10 GeV is generically disfavoured, with the
exact bound depending on the adopted propagation model.

We remark also that when the DM annihilation process occurs close to the Higgs resonance,
the Breit-Wigner enhancement mechanism is operative [24], resulting in a large boost of the
annihilation cross section today, w.r.t. its freeze-out value. This boost factor can be invoked
to explain some recent anomalies reported in cosmic ray data [25].

Finally, let us compare the DM direct detection bounds with those coming from collider
searches of monojet plus missing transverse energy. Indeed, the singlet n might be pair-
produced through its coupling to quarks; while the two singlets escape the detector, these
events can be identified by the initial state radiation of a gluon or a photon. In some cases
[26] these searches can provide comparable bounds to DM direct detection experiments, in
particular for light fermionic DM (with mpy < 10 GeV). This is however not the case for
our composite singlet for three reasons. First, the reach of monojet searches is reduced for a
light scalar DM than it is for a fermionic DM [27]. Furthermore, in our scenario, the effective
coupling of 1 to gluons depends on the momentum of the process (at the momenta involved in
DM direct detection experiments, 7 couples more strongly to gluons than at collider energies),
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contrary to Ref. [26] where the effective coupling was assumed to be constant. Finally, in our
case bounds on the invisible Higgs decay (section 4) provide the strongest collider constraint.
For these reasons we neglect bounds from monojet searches in what follows.

6 Combined results

We present in this section a combined analysis of the parameter space for the composite sin-
glet DM candidate 1. The results are displayed in Figs. 5-7, in the plane (m,,, A). We require
to reproduce the observed value of the DM relic density (the purple contour corresponds to
Q, = Qpu), and we take into account DM direct detection experiments (the green region is
disfavoured by XENON100) and Higgs searches (the red region is disfavoured by ATLAS and
CMS).

o my, = 125 GeV, f =500 GeV: a DM candidate with m,, ~ 70 GeV
We begin by taking the Higgs mass value presently preferred at the LHC, m;, = 125 GeV,

and choosing the characteristic pNGB scale close to the lower bound coming from electroweak
precision tests, f = 500 GeV. We focus on Case 2 (a vanishing coupling ¢; between the top
quark and the DM), since it allows for a light n, m, < mj;. This scenario is illustrated in
Fig. 5.

In the non-composite case (f = oo, dashed contours), a viable DM candidate lies in
correspondence to the Higgs resonance (m, ~ 60 GeV, A < 0.02), or beyond the kinematical
threshold for annihilation into electroweak gauge bosons (m, 2 80 GeV, A ~ 0.04).

In the composite case the situation changes considerably. Note first that the region
my, S my,/2 is disfavoured by the LHC Higgs signal excess, because the Higgs decay width is
dominated by the hidden decay channel into DM, except for A ~ m? /(2f?) ~ 0.03, where a
cancellation in I';,, takes place. Note also that the direct detection bound is strengthened by
the composite interactions, because of the contribution of direct DM—quark couplings, see
Eq. (5.1).

Taking into account these constraints, a definite prediction follows from Fig. 5: m, ~ 70
GeV with A < 0.02. At small values of A\, the n-n-h vertex is dominated by the derivative
coupling, therefore the relic density becomes independent from A and the purple lines in
Fig. 5 become vertical. For higher DM masses the derivative interaction becomes too strong
to accommodate the relic density (unless one enters in the “cancellation region”, at relatively
large values of A\, which is however excluded by XENON100).

One may ask if the region of parameters that is allowed phenomenologically is also com-
patible with the theoretical expectations. Independently of the specific model, we expect from
Eq. (2.6) that m% > Af?%. The region satisfying this relation lies below the yellow dot-dashed
line in Fig. 5, and it is compatible with the phenomenologically preferred region.

o my, =125 GeV, f =1 TeV: DM candidates with m, ~ 60 GeV and 100 < m,, < 500 GeV
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Figure 5: The contour Q, = Qpy (solid dark purple line) in the plane (m,, \), for my, = 125
GeV, f =500 GeV, assuming Case 2 with ¢, = 1/2. The green shaded region is disfavoured
by XENON100, the region delimited by a blue line is favoured by DAMA/CoGeNT/CRESST-
II, and the red shaded region is disfavoured by the Higgs signal at the LHC. The solid light
purple/green/blue lines correspond to the same observables for maximal ¢, (a = b = 1 in
Eq. (2.9)). The dashed purple/green/blue/red lines correspond to the same observables in the
non-composite case, f = oo. Finally, the region below the yellow dot-dashed line corresponds
to the theoretical preferred region defined by Eq. (2.6).

As the scale f increases, the composite interactions become weaker, and the bounds from
the LHC Higgs signal and from XENON100 become less stringent and closer to the non-
composite case. This is illustrated in Fig. 6, where we take f = 1 TeV. In particular, all
values of m,, are viable for A < 1072

The correct DM relic density can be accommodated for m,, lying a bit below or above the
Higgs resonance at m;,/2 ~ 60 GeV, or for m, 2 100 GeV, where the derivative interaction
n-n-h in Eq. (2.2) becomes of the right order to give the correct annihilation cross-section
above the WW threshold. Furthermore, for relatively large values of A\, one enters in the
cancellation region described in section 3: the DM annihilation is suppressed and the relic
density can be accommodated even for very large values of the DM mass, up to m, ~ 500
GeV in Case 2 (right panel of Fig. 6). If the annihilation into ¢ is stronger (Case 1, left panel
of Fig. 6), the allowed region closes earlier, at m,, ~ 200 GeV.
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Figure 6: The same as in Fig. 5, but with f = 1 TeV and with a comparison between two
scenarios for the top quark couplings: Case 1 (left panel) and Case 2 (right panel), as defined
at the end of section 2.

As discussed above, composite models prefer A < m727/ f? (the region below the yellow
dot-dashed line) that is compatible with the Higgs-resonance region for A < 0.003, and with
the region dominated by the derivative coupling, for A < 0.02. On the contrary, the cancel-
lation region is slightly disfavoured theoretically, even though X larger by a factor of a few is
sufficient to realize the cancellation.

o my, = 145 GeV, f =500 GeV: DM candidate with m,, < 10 — 20 GeV and m,, ~ 60 GeV
In case the LHC excess at 125 GeV were not confirmed, the Higgs boson might be heavier,

as long as it decays invisibly with a sufficient rate to avoid the LHC bound. In order to
illustrate this possibility, in Fig. 7 we choose a representative value my = 145 GeV, assuming
for definiteness f = 500 GeV and Case 2 (the results are very similar in Case 1).

The LHC bound is satisfied easily below the kinematical threshold for Higgs decays into
DM, m,, < my/2, in a region of parameters which is very much complementary to the one
allowed in Fig. 5. As a consequence, a light DM candidate with a mass m, < 10 GeV is
compatible with XENON100 and LHC. A light singlet with 10GeV < m,, < 20 GeV could
in principle explain the DAMA /CoGeNT /CRESST-II results (of course, in tension with the
XENON100 bound). However the value A < 0.3 required by the relic density is slightly
smaller than the one needed to fit the signal in these experiments: for larger A\, n accounts
only for part of the DM relic density.

In any case, the large coupling A 2 0.1, needed to explain the relic density when m, < 20
GeV, is in contradiction with theoretical expectations. Indeed, the singlet receives at least
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Figure 7:  The same as in Fig. 5, but with my = 145 GeV.

> (80 GeV)?, and the NDA expectation is
actually much larger, m? 2 Af* 2 (160GeV)?. Therefore, the case of a light singlet is
disfavoured in the context of composite models, since it requires a large cancellation between

a contribution to its mass-squared of order \v? >

different contributions to the singlet mass.

The other viable DM candidate in Fig. 7 lies just before the Higgs resonance, at m, >~ 60
GeV, as long as A < 0.02. This solution lies in the theoretically favoured region, and it
requires a not too large Re(¢,), in order to avoid the XENON100 bound.

In summary, it is interesting that the composite scalar DM model is very predictive, despite
the new non-renormalizable interactions, generated by the strong sector at the TeV scale. In
some cases, the composite singlet DM is even more constrained than the non-composite one.
Indeed, in good approximation, the relic density and the LHC bounds depend only on m,,, A
and the derivative interaction between n and the Higgs, whose strength is uniquely fixed by
the pNGB scale f. Therefore, our results are independent from the specific composite model,
up to the relatively small modifications due to the choice of the parameters ¢; (compare the
two panels in Fig. 6) and ¢, (compare the dark and light contours in Figs. 5-7). The largest
model-dependence lies in the DM direct detection bound for small values of \. The most
interesting DM candidates (for mj, = 125GeV) have mass m, ~ 60 — 70 GeV, around the
Higgs resonance, or lie in the region 100 GeV < m, < 200 GeV. In both cases small values of
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the Higgs portal coupling, A < 0.03, are favored both phenomenologically and theoretically.

7 Conclusions and prospects

We have studied the phenomenology of a composite DM candidate, arising from the O(6)/0(5)
global symmetry breaking pattern. The light scalar spectrum of this model is formed by five
pNGBs, which correspond to the Higgs doublet H and the real singlet n, that plays the role of
the DM. They are lighter than the dynamically-generated scale m, ~ TeV, due to their pNGB
nature. We have shown that the DM phenomenology is strongly affected by the composite
nature of the pNGBs, that allows for

(i) derivative interactions between n and H which grow as p®/f?, where p is the relevant
momentum;

(ii) contact interactions ¢, between n and the SM fermions 1 that break the n-shift symmetry
and are suppressed by mp/ f?;

(iii) modification of the Higgs couplings to gauge bosons and fermions at order v?/ f.

We found that this scenario is very predictive, and it is actually easier to test than the
non-composite case, which depends only on the Higgs portal interaction \.

The most important phenomenological consequences of the properties (i)-(iii) are the
following. The n annihilation cross section grows with m, because of the derivative interaction
between H and 7. Therefore, to reproduce the DM relic density, one needs m, < 500 GeV
(for f < 1TeV). The same derivative interaction implies that the invisible Higgs decay in two
DM particles is possible even for vanishing A\. On the other hand, the composite Higgs can
be slightly fermiophobic and privilege decays into gauge bosons, as preferred by recent LHC
data. The couplings ¢, can significantly increase the DM scattering cross-section on nuclei: a
signal in DM direct detection experiments is possible even for vanishing A, as long as 10 GeV
Smy, S 100 GeVoand f S 1 TeV.

Once all the constraints are taken into account, we are left with only three regions of
parameters for our DM candidate:

1. Light mass region, with m,, ~ 10—20 GeV, close to the values preferred by the signals of
DAMA /CoGeNT/CRESST-II. In this case the Higgs has a substantial invisible width
into DM, that would be strongly disfavoured if the LHC hint for m;, ~ 125 GeV were
confirmed. Such light DM also contrasts with the theoretical expectations, because it
requires a large coupling A 2 0.1, and therefore a strong cancellation is needed to make
the DM mass small.

2. Intermediate mass region, with m, ~ 50 — 70 GeV, where 1 annihilates mostly through
the Higgs resonance. This region of parameters is almost the same as in the non-
composite case, but a discrimination is possible for f ~ 500 GeV, where the LHC
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and DM direct detection constraints are significantly different. For m, < m;,/2, Higgs
invisible decays are expected, resulting in a reduction of the LHC Higgs signal.

3. Heavy mass region, with m, ~ 100 — 500 GeV, in which the annihilation cross-section
is dominated by the derivative interaction between H and 7. The latter is fixed by the
value of f, and the relic density is actually too small for f ~ 500 GeV, but it becomes
the correct one when f ~ 1TeV. This case is possibly the most interesting, since the
relevant DM interactions are completely determined by its composite nature, and it can
be tested in near future DM direct searches (in contrast to the non-composite case).
Moreover a DM mass close to the Higgs mass would strongly suggest a common origin,
that is to say, both are generated radiatively by order one couplings to the top quark.

Other indirect signals of our scenario are the following. Since the Higgs is also composite,
its couplings to the SM particle differ from an ordinary Higgs, as it can be explicitly seen
in Eqgs. (4.3)-(4.7). It has been shown in Refs. [7, 28] that the LHC with greater integrated
luminosity could discriminate between standard and composite Higgs for values of f ~ 500
GeV. Furthermore, the Higgs can decay into two 7 that could be measured as an invisible
decay width, as long as 7 is sufficiently lighter than the Higgs. When 7 is heavier, at large
center-of-mass energy searches for monojets plus missing transverse energy might be the
most sensitive to the derivative coupling, and they deserve further investigation. Also, heavy
resonances p of the strong sector could decay into the DM with a sizable branching ratio for
large g,. For example, the decay p — nnW could result in a distinctive signal with leptons
and large missing energy in the final state.

Let us briefly comment on another cosmological implication of a singlet scalar. It has
been pointed out [29] that a real singlet with the parity of Eq. (2.1) can help in inducing
a strongly first order electroweak phase transition, and thus play an important role in elec-
troweak baryogenesis, as well as leave an observable spectrum of gravitational waves [30]. Tt
would be interesting to check whether this possibility can be realized together with the singlet
being DM. Although it seems unrealistic for an elementary singlet (the couplings needed to fit
the relic density are too small to play a role during the phase transition), it could be possible
for a composite 7, that has large additional interactions.

In summary, we have presented a minimal composite framework that accounts for the
Higgs boson and for a scalar DM in a natural way. Future DM searches (e.g. XENONI1T) and
LHC measurements shall be able to close on the three most promising regions of parameters
described above, and thus establish or refute the connection between the EWSB sector and
the DM sector.
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A The composite O(6)/0O(5) model for dark matter

In this appendix we present a model of a composite sector that accommodates the Higgs
doublet H and the DM singlet n as pNGBs. The analysis is intended to provide the reader with
a concrete realization of the effective lagrangian that we used all over our phenomenological
study, and to compute the expected values of the pNGBs masses and couplings. The coset
SO(6)/SO(5) provides the minimal realization of a set of pNGBs with the quantum numbers
of H and 7. This coset was first studied in Ref. [3], with focus on the modifications of the
Higgs phenomenology in the presence of a real scalar singlet. Here we demand that n plays
the role of DM particle and we derive its properties, under the requirement of a consistent
EWSB.

We assume a strong sector, with a mass gap m, ~ TeV, whose global symmetry breaking
pattern is SO(6) — SO(5). This can be achieved by a composite field 3 in the fundamental
representation 6 of SO(6), that acquires a VEV

Yo = (0,0,0,0,0,1)" . (A1)

The five NGBs transform as a 5 of SO(5), which decomposes as 41 ~ (2,2) @ (1,1) under
the subgroup SO(4) ~ SU(2); x SU(2)g. The NGBs describe the fluctuations along the
broken directions, whose generators can be written as

?
V2
The SO(6)/SO(5) coset is parametrized by

- -~ - T
_\/§7TaTa . T hl hz h3 h4 7~] ™
Y=exp|li——— | Xp=sin—- | —, —, —, —, —, Cot?
T

f f\n 7 n =

= <h17 h27 h37 h47 UZERY, 1—h? _772> ) (A3)
with 7 = (h;, 1), 7 = /S5, h? + 72, and a field redefinition

h; i
h; = —sin u n= T sin 2 (A.4)
7r m

T = (628% — 626),  a=1,...,5. (A.2)

with h2 = Y°7  h2. The usual Higgs doublet is given by H = f[(hy+ihg)//2, (hs+ihs)/V/2).
In the unitary gauge three NGBs are eaten by the weak gauge bosons, and one is left with

the Higgs boson h = h3 and 7.
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The NGB chiral lagrangian reads, up to terms with four derivatives,

2

i ho,h + nd,n)?
Cun = 510,28 = L@ + @ + L2220

1—h%2—n?

I (w4 L gy A
v 2 (w Wy + oo )] (A5)

From the last term in Eq. (A.5), it is clear that the scale of EWSB is set by the VEV of h:
(hy = v/f = & Note that Ly, is symmetric under the parity P, : n — —n, but higher
derivative terms in the SO(6)/SO(5) chiral lagrangian, involving the Levi-Civita tensor (such
as the Wess-Zumino-Witten term [3]), are not. Since P, is crucial to make 7 stable and thus a
viable DM candidate, we need to assume that it is a symmetry of the whole composite sector
and it is not spontaneously broken. This amounts to take the global symmetry breaking
pattern to be O(6) — O(5), with

P, = diag(1,1,1,1,—1,1), (A.6)

and to require (n) = 0. Note also that, once h acquires a VEV, its kinetic term receives a
correction from the third term in the square bracket of Eq. (A.5). The physical Higgs and
DM bosons (with a canonical kinetic term) are defined as follows:

Pohys  h—(h) lphys _ (A7)

f V=& f

In all the observables we studied, we consistently used the couplings of the physical fields

(but dropping the subscript ‘phys’ everywhere).

The EWSB is triggered by the couplings of the SM gauge bosons and fermions to the
composite sector, that break O(6) explicitly, generating an effective potential for the pNGBs
at the one-loop level. Still, we will show that under some conditions P, is preserved by the
gauge and fermion interactions as well. In this case, the most general form of the effective
potential for h and 7 can be written as

f2 000 2 2 f 4 2, 2 4 6
Vers(hom) = - (uih® + pign®) + 7 (k™ + 200%0° 4+ Agn) + O((h,m)°) - (A.8)
Such potential must be minimized taking into account the constraint h?+n* = sin({7)/f) < 1,
that follows from Eq. (A.4). We look for a minimum with 0 < h = v/f < 1, to realize EWSB,
and with n = 0, to preserve DM stability. The necessary and sufficient conditions for this to be
a local minimum are 0 < —guj < f?A, and p2\, > pj A, where we neglected the dimension-six
terms in Eq. (A.8).* Then, the pNGB physical masses are given by

mp o~ =2} = 2\0° m?? ~ p% + \v? | (A.9)

4 The requirement for this to be the global minimum (in the region h? + n? < 1) involves some extra
lengthy conditions, that are satisfied in a wide range of the potential parameters.
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up to O(§) corrections.

The size of the effective potential coefficients depends on the way the SM gauge bosons and
fermions couple to the composite sector. Note that, in order to reproduce the hypercharge
of the SM fermions, the global symmetry of the composite sector should be enlarged to
O(6) x U(1)x, with the hypercharge defined by

Y=Tp+X . (A.10)

Since 7 is a gauge singlet, its NGB nature is not affected by the gauging of SU(2), x U(1)y,
that is to say, it does not acquire a potential through the gauge loops. Therefore, the elec-
troweak gauge bosons only contribute to the Higgs potential, inducing i ~ ¢*m?/(167) and
M ~ g*/(1672) (see Ref. [3] for details). These contributions are generally smaller than those
coming from the top quark, which will drive EWSB.

The Egs. (A.5), (A.7) and (A.8) define all the relevant interactions among 7, h and the
gauge bosons. The corresponding Feynman rules are displayed in Table 2.

Coming to the SM fermion interactions with the strong sector, we assume the partial
compositeness scenario [31, 2], which is preferred by the constraints on flavour violation: each
SM chiral fermion 9 couples linearly to a composite operator Oy of the strong sector:

Lint = A\ Oy + hec.. (A.11)

This leads to a mixing of the SM fermions with the heavy composite states (of mass ~ m,) of
order \y/g,. By repeating this reasoning for each SM chiral fermion, the Yukawa couplings
turn out to be given by vy >~ Ay, App/9p-

Following standard techniques [2, 33], we will promote the SM fields ¢ into spurions ¥
forming complete SO(6) representations. The U are defined to transform as the SO(6)-
multiplet O, in such a way that the interaction Eq. (A.11) can be written as an invariant
under SO(6). The interactions between the SM fermions and the pNGBs h and n will crucially
depend on the representation of ¥ under SO(6). We will identify the simplest representations
that (i) allow to generate the Yukawa coupling, (ii) induce a pNGB effective potential that
realizes EWSB satisfactorily, (iii) preserve the parity P, that guarantees the stability of our
DM candidate 7.

In addition to these necessary requirements, the choice of the SO(6) representation for ¥
also determines whether A\, breaks or preserves the 7 shift symmetry U(1),, that is to say,
whether or not ¥-loops contribute to the effective potential for n. This is crucial to determine
the DM mass. To study this issue, it is useful to decompose the SO(6) multiplets under the
maximal subgroup SO(4) x SO(2),, ~ SU(2), x SU(2)g x U(1),, where SO(2),, ~ U(1), is
precisely the symmetry associated with the NGB 7, that is generated by T, = T° defined in

Eq. (A.2):
1 O4><4 04><2)
T, =— . A12
K \/§ ( O2xa 02 ( )
From Eq. (A.6) and Eq. (A.12) we have
[Py, Ty] # 0, (A.13)
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| v\V¥ [ 1 [4+4] 6 [10+10] 15 [ 20" [ ... |
qr, L - X v Vv X | x
UR,CZR,GR \/ X X X \/ \/

Table 1: SO(6) representations for the spurions ¥ that can embed the SM fermions 1) preserv-
ing P,. The symbol \/ (x) indicates that the P,-preserving embedding does not break (does
break) the SO(2), subgroup.

therefore one cannot assign to the SM fields a definite P, parity and a non-zero U(1), charge
at the same time. This means that both symmetries can be preserved by the SM couplings
to the strong sector only if the SM fields transform trivially under the SO(2),, i.e. they are
not charged under U(1),,.

Let us classify the spurions ¥ that can accommodate the SM fermions while preserving P,,.
The SM fermion isosinglets (isodoublets) can be embedded in any SO(6) representation that
contains a singlet (doublet) of SU(2);,. We find that an embedding preserving P, is possible
using a vector representation, ¥ ~ 1, 6, 15, 20’, ..., or a pair of spinor representations,
4+4,10+10, and so on (when acting on spinors, P, interchanges conjugate representations).
Their SU(2), x SU(2)g x U(1),, decomposition reads

4= 218 (1,2).,
6 = (2,202 (1,1),®(1,1)_,,

10 = (2,2)0®(3,1)2®(1,3)_,,

15 = (1,3)00 (3,1)0® (1,1)0®(2,2) 29 (2,2) 2,

200 = (3,3)09(2,2)12®(2,2) 2@ (1,1) 14 (1,1) 4, & (1,1) . (A.14)

The components that can contain the SM fermions and do not transform under U(1), are,
for the isodoublets, the (2,2), in the 6 or in the 10, and for the isosinglets either the (1,1),
or the (1, 3)g, which are present in the 1, the 15 or the 20’. These results are summarized in
Table 1.

In the following we will describe the properties of two models. In the first one we will embed
all the SM fields in the 6 of SO(6), and therefore the right-handed couplings to the strong
sector will break the U(1), symmetry explicitly. The top quark loops will give the largest
contributions to all terms of the pNGB effective potential in Eq. (A.8); this corresponds to
Case 1 of section 2. In the second model, on the other hand, we will embed the up-type
quark singlets, and in particular ¢z, in the 15, so that U(1), will be preserved by the top
couplings; doublets and down-type quark singlets will be embedded in the 6 as before. In
this case the DM particle can be lighter than the EW scale leading to a substantially different
phenomenology; this corresponds to Case 2. Both models satisfy the properties (i)-(iii) given
above.

Before going to these two specific models, let us briefly mention an alternative way to keep
n light. If the SM embedding in SO(6) representations preserves the SO(5) subgroup, that is
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broken by the Higgs VEV down to an SO(4)’, we would have after EWSB four exact NGBs,
the three SM ones eaten by the weak gauge bosons plus 7. In this case the mass of n would be
protected by this SO(4)" symmetry and not by the SO(2), of Eq. (A.12). It is clear, however,
that the SM fermion doublets cannot be embedded in complete SO(5) representations, so 7
gets always a mass from loops of this sector. A relative light 1 could be achieved by requiring
the smallest possible coupling of the fermion doublets to the strong sector. Here we do not
explore this possibility any further.

A.1 Case 1: all the SM fermions in the representation 6

Let us begin with embedding all SM fermions into ¥ ~ 6 [3]. A SM electroweak doublet can
be embedded in the the bi-doublet with F,, = 41, while for a SM isosinglet the only embedding
with P, = +1 (to avoid the breaking of P,) is given by ¥,,,, = (0,0,0,0,0,%z). Coming to the
U(1)x assignments, recall that the pNGB field 3 does not carry X-charge. Using Eq. (A.10),
the isosinglet up-type and down-type quarks should respectively be embedded into a spurion
with X, = 2/3 and Xy, = —1/3. Then, in order to allow for the Yukawa couplings to
¥, the isodoublet quarks ¢, should be embedded into two spurions, one with X,, = 2/3 to
generate the up-quark Yukawa, y, ~ A\, A\up/9,, and one with Xy = —1/3 to generate the
down-quark Yukawa, yq >~ Ay Aap, /g,." Here and in the following we tacitly assume that the
lepton couplings to the composite sector are generated in analogy with the quark ones.

As can be seen from the U(1), charges of the 6 components in Eq. (A.14), the n shift
symmetry is broken by the embedding of the right-handed quarks. Therefore n will receive
an effective potential from loops involving only isosinglet quarks. This can be seen explicitly
by writing all the invariants that involve the quarks and the pNGBs. The techniques of
Refs. [32, 33] are useful to count the number of possible invariants, that we write using the
spurion notation

— 1 3
(\IquE)<ET\IJ’LLR) = EuLuRh 1— 772 — k2 7
1

(T 2)(57W,,) = Sdudnhy/T =77 — R

&I

(\IluRED %(ET\PILR) = aR %UJR(l - 772 - h2) )
(V4,5) p(E"Vy,) = dp pdr(l —n* — h*),

(W, 2)p(E"V,,) = ~iy pur h*,

DO | —

(0, %) BT 0,) = S iy 12 (A15)

We can now justify the parameterization of Eq. (2.9) for the DM—bottom coupling. The first
and second lines in Eq. (A.15) generate the quark masses and, at order n?, they also give a

5 In the case of the third family, the coupling A, implies a correction to the SM value of the coupling
Zbrby, because it corresponds to Ts(br,) = 1/2 different from T3 (br,) = —1/2 [34]; we assume a small value
Ag, ~ Yp, to guarantee a small enough correction to Zbrby,.
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}JQ\@{B/SM Int. Composite ‘an-Congaosite
. . 5
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Table 2: Feynman rules for the relevant interactions between the Higgs boson h and the
DM particle n (upper panel) and for the interactions of h and n with the SM fermions and
gauge bosons (lower panel). The second column corresponds to the composite model with coset
0(6)/0(5), while the third column corresponds to the SM plus a real scalar singlet.
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contribution to the couplings of Eq. (2.3), Ac, = Acg = 1/2, up to O(&) corrections. The
third and fourth lines in Eq. (A.15) correspond to derivative couplings analog to the one in
Eq. (2.5), that can be cast in the form of Eq. (2.3) by using the Dirac equation. Using NDA to
estimate the coefficients of these invariants, one obtains Ac, g = O(A2 d [92)+i O\, 4. /92)-

Note that the ratio A, /g> varies approximately in the range [y ;/g2,1], depending on the
qr.q, and A Adding the two contributions to the DM—fermion couplings,

one recovers Eq. (2.9).9

relative size of A wridn-
The Feynman rules for the interactions of n and h with fermions, following from Eq. (A.15),
are reported in Table 2.
The effective lagrangian in momentum space, obtained after integrating out the composite
sector, can be written as

L= > [meA W P - EPE,S) HT,)|

r=qr,uR,q},dR

— [M™(p*) (g, B) (ST W) + M(p?) (W, ) (2T Wy,) + hc] | (A.16)
where p is the momentum of the fermion fields. Parametrically, at small momentum (p < m,)
we have /\2 oy A A
mr~1, I~ My~ Datur g o pd o 20 70R (A.17)
gp 9p 9o

Egs. (A.15) and (A.16) imply that the fermion masses read m, 4 = M*%(0)/v/2(v/f)v/1 = E.
Loops of SM fermions contribute to the Coleman-Weinberg potential for the pNGBs. Since
the heaviest fermions give the dominant contribution, we concentrate on the third family of
quarks. At one-loop, from Eq. (A.16) one obtains

VO () = 2N, [ L2 Liog [ (me 4 e — T2 (e — mmna - o2 — 2
t7b 777)__ Cc (2 )4 ng 0+ O_T (0_ 1(_77_ ))

t[2
BEEn 1) sl ta) > (el L (A1)
where the overall negative sign comes from the fermion loop, the factor of 2 from the fermion
polarizations and N, is the number of colors.

For a momentum larger than the mass of the resonances m,, one expects the form factors
I} and M* to fall off fast enough to make the integral in Eq. (A.18) convergent. At p < m,
for A\, < g, one can expand the logarithm in Eq. (A.18), since each power of h? and 7?
associated with a suppression factor (A,\./ gg). One can easily check that all terms in the
expansions in h? and 7? receive contributions from the top couplings )\, and A, therefore
one can safely neglect the terms in Ay and Ay, that we assume to be of the order of the
bottom Yukawa. The first logarithm in Eq. (A.18) provides the dominant contribution, coming

6 In general, the contributions of order )\UR dr / gg could have negative sign and partially compensate the
contribution 1/2. In our analysis we did not consider the possibility of such a cancellation.
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from the top-quark, to the effective potential Vs defined in Eq. (A.8). By expanding this
contribution and integrating over momenta, we obtain

N.m?

Iui = 1671.; (Cl)\gL — 202)\,521% — 203yt2) s
N, 1

Moo= 5 (4c3y§g§ + 57N, + 2c§2>A§R) ,
N.m?

2 c 2

Hy = 167T2p (_262)\%) )
Ne (2) y4

Y = g (2474)
N, 2 2 (2) y4

A = @ <263ytgp+262 Atg) s (Alg)

where ¢; and 01(2) are order one coefficients that account for the uncertainty in the integrals over
(2)

the form factors. More specifically, the ¢;” come from the second order in the log expansion,
and therefore they involve an integral over a higher power of the form factors, that in some
explicit models is suppressed (see e.g. Ref. [35]); in the following we neglect for simplicity
these terms, when compared to the ¢; ones.

In order for & = —ui/(Anf?) to be smaller than one, a partial cancellation is needed

7

between the terms in g3, that requires A, ~ A,.” Then, from Eq. (A.19), using y; ~

A s/, and Eq. (A.9), the Higgs mass can be written as

N, & m 2
2 _ ) 2 o 2 P
my = C3ﬁ Yy £ mp =~ C3(250 GGV) 0—1 (m) . (AQO)
The coupling A is generated by the same term that controls also A, so we expect it to be

positive and of the same order

>\h m2
AN~ 2 Th A21
2 4? ( )
(for my, = 125 GeV this corresponds to A ~ 1/16). The singlet mass can be written as
N, cy A?
2 .2 _ e yo o 202 M
My 2 Hy = Cag—s i M, =2 my, o 4%;5 . (A.22)

Since the last factor in Eq. (A.22) is larger than one, 7 is generically heavier than the Higgs.

A.2 Case 2: the right-handed top quark in the representation 15

As mentioned above, if ¢z is embedded into an SO(6) representation preserving U(1),, the
DM 7 is naturally lighter than the Higgs. In this section we provide an example of such a
model, where up-type isosinglet quarks are embedded in the 15.% As in the previous section

7 We are neglecting gauge contributions that are smaller than the top one.

8 Embedding tx in the 1 of SO(6) is the simplest possibility for light DM, but it is not satisfactory for
EWSB, because in this case tp does not break the Higgs shift symmetry either. As a consequence, one needs
to invoke a cancellation in the strong sector to obtain v < f, and moreover the Higgs mass tends to be too
small.
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we keep all isodoublets and down-type isosinglets in the 6. The up-type Yukawa can be
generated when up is embedded in the (1,3)o C 15. Taking for definiteness X,, = 2/3, in
the up-type quark sector Eq. (A.15) is replaced by
Ty VS = ——aguph
u = zuru )
qrL R 2\/§ LYR

_ 1
ST, pV, Y =~ pur h?,

=~

(v, X)) px"y,,) = %aL pur, h?. (A.23)

As expected, no terms involving n are generated, therefore the DM —top coupling ¢; of Eq. (2.3)
vanishes, and there are no loop contributions to the effective potential for n from the up-quark
sector.

There are still, however, DM couplings to the down-type quarks; the heaviest is the
bottom, therefore Eq. (A.22) is replaced by

, N
2 . 2
My = Hn = ¢ {72
which results in a DM mass m,, 2 O(10) GeV (A, 2 y» =~ 1/40). Notice that, by embedding

also the bg in the 15, we could make the DM even lighter. Note also that the DM—Higgs
coupling A is correlated to the DM mass,

N2 (A.24)

m2 92
I v 1 A25
M2 max( L) (A.25)

in agreement with the general expectation of Eq. (2.6). Therefore, the lightest the DM is, the
weakest its Higgs portal interaction becomes.

Similarly to the previous model, starting from Eq. (A.23) one can compute the top quark
contribution to the effective potential,

t t|2
V¥ (n) = —2N, / log[ (Hq il h2) (Hg— il h2) — “\é | h2] . (A.206)

Expanding and integrating the logarithm, one finds

N.m? 1
My = 16”; (Cl)\gL + 502)\?}% - Qngf) ,
N, (1 1 m?
T (5052)% 56 N+ i log 5 — 200\, 7 C5AtRyt> . (A27)
t

where ¢; are coefficients of order one. As in the previous model, in order to obtain v < f
we need a partial cancellation between the different terms of u?, that can be achieved if
Agp ~ Ay ~ /g, (and if ¢; and cp have opposite sign). In this case the dominant terms in
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the quartic Higgs couplings are expected to be those proportional to cf% ~ 1, that lead to a

£ p )2
§ m? = (170 GeV)? > (%) . (A.28)

In summary, EWSB can be smoothly obtained when tg is embedded in the 15, with a Higgs

Higgs mass
N,
47T2 Yy

mi ~
naturally close to the presently favoured low-mass region.

B Dark matter annihilation cross sections

In this appendix we outline the calculation of the relic density and collect for completeness
all relevant cross sections. Following the standard recipe [8], the central ingredient in the
calculation of the DM relic density is the thermal-average of its total annihilation cross section
times the relative velocity v,

m o )
(oUrer) = m/ dsc(s)y/s —4m2 K, (zv/s/my) | (B.1)

2
4m,7

where 6(s) = svpe »_p0(nn — F), being o(nn — F') the annihilation cross section into the
SM final state F. In Eq. (B.1) the equilibrium number density for 7 is given by

mikCs(x)

22y

Here K; 5 are the modified Bessel function and = = m,,/T, where T is the temperature. A
Boltzmann equation describes the evolution of the number density n(z) of the DM particle
during the expansion of the Universe,

dY  axs(z)

dr  H

(ovrer) (Y? = Yiq) (B.3)

where the yield is defined by Y = n(x)/s(x), and the entropy density s(z) is given by

QWQg*mS
=17 B.4
The Hubble parameter evaluated at x = 1 is given by
= i (B.5)
V45 My’ '

the value of the Planck mass is Mpy, = 1.22-10* GeV, and g, is the effective number of degrees
of freedom. The integration of Eq. (B.3), from x = 0 to the present value zy = m, /T, gives
the DM yield today, Yo, which in turns is related to the DM relic density [9],

2,74 10%m, Y,
n GeV

Q,h? = 0.1126 4= 0.0036 . (B.6)
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The computation of the annihilation cross sections makes use of the Feynman rules col-
lected in Table 2. The relevant final states are the heavy fermions (the ¢, b, ¢ quarks, as well
as the 7 lepton), the electroweak gauge bosons and the Higgs. Defining 6,,(F) = sv,q0(nn —

F), we find
_ Nemi /1 —4m3 /s
Gy (V) lppee = 4 7 {slm(cw)2 + (s — 4mfp)
o (1 —2¢)? (s =mi)[s =2\ f*(1 = )] (1 - 2¢)
o [Retear+ T R R e
(B.7)
_ N.m?2 (s — 4m2)*/*T
O (V) |prers = mwiirf4\/ﬂ;w) , (B.8)
R ’r Am? 12m? Am?
G (WW) = ;ﬂf4 (1 -y Z;W) - (B.9)
o(22) = 1‘;27?4 (1 - 47:';22 + 12;1%) 1 47?22 , (B.10)
s (hh) - V1—4m?/s
Om(hh) = 16f87(1 — &€2)%(s — m3) [mi +m2(s — 4mi)}
2 4 20 A2 2 _ 201 _ )12
y {8f€[mh+mn(8 4mf(bi]_a;<:2a1;hA(A) [m3 — 2\ f2(1 = 9)] Ann+Bnn} 7
(B.11)
where we defined the ratios
AE\/3—4m%\/s—4m% Cr= [s — 20 f2(1 — €))° (B.12)

s —2m3 (s=m2)2+T12m3

The lengthy expressions for the functions A,, and B,, are listed at the end of this appendix.
Notice that taking the limit f — oo, we recover the known expressions for the annihilation
cross sections in the non-composite case,

Ne X*m3 (s — 4m?)3/2

A B B B.13
Urm(@“” ‘f—)oo 77\/5[(8 — mh) + Fhmh] ’ ( )
s2)\2 Am2,  12md Am3
T )lf—)oo 21 [(s —m3)? 4+ I2mji] ( 5 ’ s > ° ! |
52/\2 4m2  12mi 4ms
A ZZ _ 1 _ VA Z 1 _ Z B15

A /T4
_ mi/s (Ayy + By 0? + Cpy ) (B.16)

|f_>°° AT

Gy (hh)

30



m, = 125 GeV, A = 102, = 500 GeV my = 125GeV, 1 = 102, f = oo
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Figure 8: Annihilation cross sections times the relative velocity vge for the DM candidate 7).
We plot Eqs. (B.7)-(B.11) for f =500 GeV (left-hand panel), and Eqs. (B.13)-(B.16) for the
non-composite case (right-hand panel); in both cases X = 1072, my, = 125 GeV, v,q = 2/3.
We vary the coefficient ¢, as in Fig. 1. For the top quark channel, we show both Case 1 and
2 (dotted and solid cyan lines, respectively). The black dashed line indicates the benchmark

value for DM freeze-out, (ov,q) = 3 - 10720 em?s71.

where
(s +2m3)?
Ann (S . m%)z ) (Bl?)
16A(s + 2m3) arctanh (A)
— 1
B A(s—2m2)(s—m3) (B.18)
C. — 322 arctanh (A) 1 (B.19)

A(s —2mp)?  4m2(s — 4m3) + 4mj,

We plot the annihilation cross sections in Fig. 8, as a function of the DM mass, for
Vper = 2/3, A = 1072 and my, = 125 GeV, taking f = 500 GeV in the left-hand panel and
f = oo in the right-hand panel. For comparison we also show (black dashed line) the typical
value for (ov,¢) suggested by Eq. (3.1), needed for the thermal freeze-out of the DM particle.
In the left panel of Fig. 8 one can distinguish the four DM mass regions described in section
3, that characterize the qualitative behavior of the composite singlet relic density.

Finally we report the expressions for the coefficients A,, and B,, in Eq. (B.11):

A = f2{mi [AF2ME = D36 = 2) + (56 — 4)s] —mi€ [s + 2f2A1 = )]’

(1= ©s [0 - ) = 2/°M(1 = 26)s + 5] + 3mi¢ | (B.20)
" 6
Bnn = S—fm% ZQQnminv (B21)
n=0
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with

g = (1—¢&)32? {32f8)\4(1 — )2 +mls [2f7M 26— 1) + 5}2} , (B.22)
ga = 2s(&=1)E{mps® [2f°M26 — 1) + 5] +32f°N(€ = 1)%¢ [s — fAAE -1},
(B.23)
gr = (E—1)7{32/5NM (€ — 1)°€* — 128N} (£ — 1)&s + Af*N[4€(4¢ — 1) + 1]s°+
APN(26 = 1)5* + 5*) — m2s {48f4>\2 (28 =36+ 1)+
482N — 1)%(26 — 1)s + [£(11€ — 24) + 12]s? } , (B.24)
g6 = 2(6—1){32°N°(€ —1)% — 8N} — 1)[26(E +2) — 1]s—
m2 [2f°A(28 — 1) + s] [4f2A(€ — 1)(25 — 1)+ (5¢ — 2)s] +

2f2)\[§(14§ —13) +4]s* + (3¢ — 2)s°} (B.25)
gs = 16f°A(&—1) {F2A(E —1)[E(7€ — 4) 1] +dmyp(1 - 26)¢} +

4s {4f2 D206 -2+ 1]+ m2(8 —118)E} + (3¢ —2)(5¢ —2)s* ,  (B.26)
g0 = SE2FANE-1)(3¢ — 1) = 2mpE + (€~ 1)s] | (B.27)
g2 = 66 (B.28)

C Dark matter scattering cross section on nuclei

The spin-independent elastic scattering cross section of a real scalar 1 on a nucleus can be
parameterized as

Uﬂzi(mww>2wﬁ+M—ZMf 1)

my + My A2 ’
where m,, is the neutron mass, Z and A — Z are the number of protons and neutrons in the
nucleus, and the function f, (f,) describes the coupling between 1 and protons (neutrons):

(np) . Mnp | 2 .(np) m.
> I %Wq+2—7ch > a

Mg
q:u7d7s q:C,b,t

(C.2)

The hadron matrix elements f}j’p ) parametrize the quark content of the nucleon. They are
extracted from pion-nucleon diffusion measurements. Following a recent analysis [36] we take

Ji) =007, fif) =0.022, fif) =0.053

(n) _ (n) _ (n) _ (G-3)
A0 =0011, fV=0.034, f2=0.053.

The DM couples also to the gluons in the nucleus, through a loop of heavy quarks (those with
mg > Agep). The corresponding matrix element is given by

1= Y g (C.4)

q:u7d7s
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In Eq. (C.2), the parameter a, describes the short-distance effective interactions between 7
and a given quark, normalized as

£,5 anfda (C.5)
q

In our composite model there are two sources for this effective interaction: the direct
coupling ¢, of n to quarks, and a coupling mediated by the exchange of the Higgs boson. More
precisely, only Re(c,) enters in a,, and thus contributes to og;, while Im(c¢,) leads to a coupling
n*qsq, that contributes only to the spin-dependent cross section. Coming to the Higgs in the
t-channel, one should notice that the momentum transfer ¢ in the elastic scattering is very
small, therefore the Higgs-exchange reduces to a contact interaction suppressed by m;. In
addition, the derivative coupling between n and h can be neglected, because it is proportional
to ¢%, and one is left with the coupling A only. All in all, we find

my [Rele,) | M1L=2¢)

aq|(IR€6 mn f2 mi 9 (C6)
mg A1 =)
Aglqrers m—z —mi : (C.7)

Putting all the ingredients together, one recovers the numerical approximation shown in
Eq. (5.1).
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