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Singlet scalar dark matter can naturally arise in composite Higgs models as an additional stable pseudo-
Nambu-Goldstone boson. We study the properties of such a candidate in a model based on SU(6)/SO(6),
with the light quark masses generated by 4-fermion interactions. The presence of nonlinearities in
the couplings allows us to saturate the relic density for masses 400 < mpy < 1000 GeV, and survive the
bound from direct detection and indirect detection. The viable parameter regions are in reach of the
sensitivities of future upgrades, like XENONnT and LZ.
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I. INTRODUCTION

The standard cosmology model, “ACDM” based on a
flat prior, can well describe an expanding universe from the
early to late times. The combination of radiation, matter,
and dark energy determines the Hubble expansion H(7) =
a(t)/a(t) as governed by the Friedmann equations.
According to astrophysical measurements, the present
Universe consists of roughly 30% matter and 70% dark
energy after the dark age and large scale structure emer-
gence [1]. However, the density of baryonic matter today is
Q,h? ~ 0.02, comprising only a small portion of the total
matter. Thus, the remaining 85% of the total matter is made
of a dark component, expected to be distributed as spherical
halos around Galaxies. Despite the convincing evidences
for dark matter (DM) from various sources, such as the
galaxy rotation curves, gravitational lensing and observa-
tions of cosmic microwave background (CMB), the particle
identity of DM has not been identified yet. In the Standard
Model of particle physics (SM), the only candidates,
neutrinos, are too light and have too small a relic density
to account for the observation. Therefore, many theories
beyond the Standard Model (BSM) have been proposed,
with the most popular ones advocating weakly interacting
massive particles (WIMPs) stabilized by a discrete
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symmetry: this scenario can naturally provide a suitable
DM candidate thanks to the thermal decoupling.

One of the possibilities is the Higgs mediated singlet
scalar DM model. Without consideration for the naturalness
of the light scalar mass, the DM physics is simply described
by two free parameters: the mass mg and Higgs coupling to
the singlet scalar 4,45 [2—4]. Because of the small parameter
space, this model has high predictive power. The dominant
DM annihilation channels, which determine the thermal
relic density, are as follows: for mg < my, a DM pair
mainly annihilates into bb, while in the high mass region its
annihilation cross section into WW, ZZ, and hh turns to be
very effective. However, the viable parameter space for the
model is tightly squeezed [5,6] since the 4,5 coupling is
subject to strong constraints from direct detection experi-
ments, e.g., XenonlT [7], PandaX [8], and LUX [9], as
well as by the bounds on the Higgs invisible decay width
and the upper bounds on events with large missing energy
at the LHC experiments. In this work we plan to investigate
this scenario in the context of a composite Higgs model
(CHM) that enjoys an underlying gauge-fermion descrip-
tion and can be UV completed. The scalar DM candidate
emerges as a pseudo-Nambu-Goldstone boson (pNGB)
together with the Higgs boson itself. In our scenario, the
composite nature of both DM and the Higgs boson can
substantially modify the DM couplings to the SM states
and alter the relative importance of various annihilation
channels. This is mainly due to the presence of higher order
couplings, generated by nonlinearities in the pNGB cou-
plings, which can enhance the annihilation cross sections
while the coupling to the Higgs (constrained by Direct
Detection) is small. This kind of scenario was first
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proposed in Ref. [10] in the context of the minimal coset
SU(4)/Sp(4), however the scalar candidate is allowed to
decay if a topological anomaly is present, like is always the
case for models with a microscopic gauge-fermion descrip-
tion [11]. Thus, it is necessary to work in scenarios with
larger global symmetries, which allows for singlet scalar
states which do not couple via the topological term, and can
therefore be stable. Also, in Ref. [12] it has been pointed
out that the DM has dominant derivative couplings to the
Higgs, which again ensures the suppression of direct
detection rates [13]. However, the nature of the couplings
is basis dependent, as one can always choose a basis for the
pNGBs where the derivative coupling is absent [14]. In this
paper we will work in this basis.

The CHM we studied is based on the coset
SU(6)/SO(6), which enjoys a microscopic description
with underlying fermions transforming in a real represen-
tation of the confining gauge group [15]. Top partial
compositeness can also be implemented along the
lines of Ref. [16]. The pNGB sector is similar to the
SU(5)/SO(5) model [17], which is the minimal realistic
coset in the SU(N)/SO(N) family: the pNGBs include a
bitriplet of the custodial SU(2), x SU(2), global sym-
metry, like the Georgi-Machacek (GM) model [18].
However, unlike the GM model, the direction inside the
bitriplet that does not violate the custodial symmetry is CP
odd, thus it usually cannot develop a vacuum expectation
value in a CP conserving theory. On the other hand, the
interactions of fermions to the composite sector typically
induce a tadpole for the custodial triplet component, thus
generating unbearable contributions to the p parameter. For
the top, coupling to composite fermions in the adjoint
representation of SU(5) allows us to avoid this issue [19]. In
our model, the adjoint of SU(6) serves the same purpose,
while the masses of the light fermions can be generated by
other mechanisms. This results in a violation of custodial
symmetry of the order of m3/m3, thus being small enough
to evade precision bounds, as we demonstrate in this paper.
The extension of the model to SU(6) also contains a second
Higgs doublet and a singlet, which can be protected by a Z,
symmetry for suitable couplings of the top quark [15]. For
other examples of CHMs with DM, see Refs. [20-27].

In this work, we investigate the properties of the singlet,
Z,-0dd, pNGB as a candidate for dark matter. We find that,
notwithstanding the presence of additional couplings, the
model is tightly constrained, especially by direct detection.
The small parameter space still available will be tested by
the next generation direct detection experiments, with DM
masses in the 400 to 1000 GeV range.

II. THE MODEL

The main properties of the low energy Lagrangian
associated to this model have been studied in detail in
Ref. [15], where we refer the reader for more details. In this
section, we will briefly recall the main properties of the

TABLE I. Quantum numbers of the 20 pNGBs in terms
of the EW and custodial symmetries. Here, the pNGB are defined
around the EW-preserving vacuum ZXgyw. The last column
indicates the Z, protecting the DM candidate, as defined in
the text.

SU2), x U(1)y SU(2), x SU(2), Z,
H, (2.41/2) 2.2) +
H, (2.41/2) 2. 2) -
A (3. %1) (3.3) +
@ (3, 0)
n 1,0 1, 1) +
B 1, 0) (1, 1) -
3 1, 0) (1, 1) +

pNGBs, and discuss in detail how custodial violation
is generated via the masses of the light SM fermions.
The latter point was not discussed in the previous work.
Following Refs. [15,19], we will embed the SM top fields
in the adjoint representation of the global SU(6): this is the
only choice that allows for vanishing triplet VEV, thus
preserving custodial symmetry. For the light fermions, we
will add direct four-fermion interactions to generate effec-
tive Yukawa couplings to the composite Higgs sector.

For a start, we recall the structure of the 20 pNGBs
generated in this model. To do so, it is convenient to define
them around a vacuum that preserves the EW symmetry,
incarnated in a 6 X 6 symmetric matrix Xgy (for the explicit
form, see Ref. [15]). The pNGBs can thus be classified in
terms of the EW gauge symmetry SU(2), x U(1),, and of
the global custodial symmetry envelope SU(2), x SU(2),
which needs to be present in order to preserve the SM
relation between the Z and W masses [28]. These quantum
numbers are given in Table I.

A nonlinearly transforming pNGB matrix can be
defined as

2V3,
S(x) = 71wy, (1)

where TI(x) contains the pNGB fields [15]. We can now
define a Z, transformation that is from a broken global U(1):

1,

Qpy = 1, . QomZ(x)Qpm =2 (x), (2)

03

where H, —» —H, and 7, — —1, in ¥'(x). Thus, they are
the Z,-odd states, while all the other pNGBs are even, as
indicated in the last column in Table I. This parity
commutes with the EW and custodial symmetries, and
with a suitable choice of the top couplings in the adjoint
spurion [15], thus it can remain an exact symmetry of this
model. This Z, with detQpy; = —1 is a remnant of a U(1)
global symmetry, that protects DM candidates from
the topological anomaly interaction in the microscopic
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gauge-fermion theory and uniquely determines the parity
assignment in Table I. The DM candidates, therefore, can
be either the singlet pseudoscalar 7, or the component field
Ay in the second doublet H,, which are both CP odd. Note
that the CP-even components of H. , are always heavier
and will eventually decay into the lightest Z,-odd particle.

To study the properties of the DM candidate, we need to
introduce the effects due to the breaking of the EW
symmetry. The latter is due to some pNGBs acquiring a
VEV: this effects can be introduced as a rotation of the
vacuum by a suitable number of angles. In our case, as we
want to preserve the dark Z,, we will assume that only H;
will acquire a VEV, and check the consistency of this
choice a posteriori when studying the potential for the
pNGBs. For generality, we also introduce a VEV for the
custodial triplet, corresponding to Ay = _\/LE (Ag — Af).

The rotation allows us to define a new pNGB matrix,
20y (X) = Ula,y) - X(x) - U (e 7). (3)
where
U(a, y) = eiy\/isg . eia\/ixlo . e—iy\/ESS' (4)

This rotation can be interpreted as follows: the exponential
containing a is generated by a VEV for H, aligned with the
broken generator X(; then, we operate a rotation generated
by the unbroken generator Sg that misaligns the VEV along
the direction of 4, by an angle y. As the effect of the VEVs
is an SU(6) rotation of the pNGB matrix, the couplings
among pNGBs are unaffected as the chiral Lagrangian is
invariant under such type of rotation: thus, no derivative
couplings between one Higgs boson with two DM states
is generated in this basis. Here we normalize f such that
v =246 GeV = fsina for y = 0.

The precise value of the two angles is determined by the
total potential, generated by couplings that explicitly break
the global symmetry SU(6). After turning on the y, we can
evaluate the potential in a new basis II(x), which is
equivalent to a pNGB field redefinition,

h = hcosy — Aysiny,
Jo = hsiny + 1 cos7, (5)

with the full mapping of other pNGBs provided in the
Appendix A. We proved that, as expected, only tadpoles for
h (i.e., the Higgs) and 1, are generated. Furthermore, the

tadpole terms from all contributions observe the same

19Vo(ay) h— 1% (ay
[ Oa v Oy

sions. Thus, the vanishing of the tadpoles is guaranteed at
the minimum of the potential. This is a main result of this
paper and validates our choice for the vacuum misalign-
ment in Eq. (4).

structure: );10, like the Taylor expan-

First, we study the potential V, coming from the top,
gauge and underlying fermion mass, at y = 0 as studied in
[15]. The V,, depends on 4 independent parameters: O, and
Ry in the top sector, the underlying mass Bm (where B is a
dimensionless form factor while m is the value of the
underlying fermion mass), and a form factor for the gauge
loops C,. The Q, represents the coupling of the quark
doublet to top partner, and the Ry is the coupling of the
quark singlet (a second parameter R = rRy is irrelevant to
Vp). Although C, and B can be computed on the lattice
once an underlying dynamics is fixed, we will treat them as
free parameters. The O, and Rg can be traded in terms of
the misalignment angle o and the Higgs boson mass m:

m; cos(2a)  8v/2Bmsin(a)

2 h
Q1= 602 cos?(a) 3v
_ Cyg5(cos (20y) +2) (©)
3cos?(Oy) ’
2 L
R5 :4QA+ﬁsec (@), (7)

where m;, = 125 GeV is the measured Higgs mass.

We now introduce the masses for the light fermions via
direct couplings. This means, in practice, that we introduce
effective Yukawa couplings: e.g., for the bottom quark

—Y,(qLbg) Tr[P - £, ,(x)] + H.c. (8)

where Y, is the Yukawa coupling and P is a matrix in the
SU(6) space that extracts the Higgs components out of the
pNGB matrix X, (x) [15]. Note that this kind of operators
may also derive from partial compositeness upon integrat-
ing out the heavy partners of the light quarks. At one loop,
this will generate a contribution to the potential for a and y
of the form

Vi & f1Cy|Tr[P - 2y, ()], ©)

which generates a tadpole for 4, that does not vanish for
y = 0. More details on all potential contributions can be
found in the Appendix A.

Expanding for small @ and small y, the cancellation of

the tadpole %;”) = 0 yields the following result

12am3
C,m3, (72 + 40tan?(Oy)) + m3’

- (10)

As a consequence of a nonvanishing y, the model suffers
from a tree-level correction to the p parameter:

. sin(y) + 1
0py = (2cos(2a) + 1)sin®(y) +1 & (1)
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FIG. 1. EW precision bounds in the sin @-sin y plane for model

M3 (solid) and M4 (dashed). The blue wedge is the predicted
region in the model, where the dark region is allowed at 20. We
vary C, between 0 (top edge) to 0.1 (bottom edge).

To study the impact of this correction, we determined the
constraints from the EW precision tests, in the form of the
oblique parameters S and 7. Besides the tree-level correc-
tion, which impact directly 7, we also included loops
deriving from the modification of the Higgs couplings to
gauge bosons, and a generic contribution to S from the
strong sector. We thus define [29]

sina [ 4xf
S = In—+ N 12
or < m, + D) (12)
_— 3sin’a 471'f+ p, ’ (13)

2
8mcos Oy my Oy

where N, counts the number of EW doublets in the
underlying theory.

Numerically, we plot the bounds in Fig. 1 for two
realistic models [16]: only two models are relevant, both
based on a confining Gy = SO(N,.), with N. = 7,9, and
underlying fermions in the spinorial representation.
Following the nomenclature of [30,31], we show M3
(Np = 16) in solid and M4 (N, = 32) in dashed. The
blue-shaded wedge is the region or parameters spanned in
our model, where we vary 0 < C, < 0.1. The plot shows
that the value of y is always very small and that the bound
on the parameter space is always dominated by the
contribution of a to the § parameter. We should note that
the generic contribution of the strong dynamics to the S
parameter can be reduced in various way: replacing it by
loops of the heavy states [32], considering a cancellation
between vector and axial resonances [33], or including the
effect of a lightish 0™ state [34]. For our purposes, the

main point is to show that the effect of custodial breaking
via y is under control. We will not consider the bound on «
from EW precision in the following because it can be
reduced in a model-dependent way.

III. DARK MATTER PHENOMENOLOGY

Since the Z,-odd states in our model have sizable
couplings to the SM, the relic abundance can be produced
by the thermal freeze-out mechanism. We recall that the
freeze-out temperature is typically a fraction of the DM
mass, and that the DM mass in this model is always at most
of the same order as the compositeness scale f. Thus, the
calculations in this section can be performed within the
range of validity of the effective theory, that is trustable up
to Agpr ~4zf. The DM candidate(s) remain in thermal
equilibrium with the SM, until the DM annihilation rate
drops below the Hubble expansion rate. After the decou-
pling from the thermal bath (freeze-out), the DM density
remains constant in a co-moving volume. Defining the
yield Y = n(x)/s(x), where s(x) is the entropy density, the
DM density evolution is described by the Boltzmann
equation [35]:

% - _% (errv) [V = Y2 . (14)

2 7[2 MZ
M3, H(x=1)=4/=
=259 (x=1) 90% M

(15)
with x = M/T and M being the DM mass. The effective
thermal averaged cross section can normally be expanded
as (oev) = a® +3aWx"t + ... unless the particle
masses are near a threshold or a resonant regime [36].
Using an analytic approach, the relic density is calculated
to be

1.07 x10° GeV~!
th 07 x 10° Ge f) / efo . (16)

9. (xp) My J (xf)

Assuming s-wave dominance for the annihilation cross-
sections, the above equations yield an approximate solution
(Gev) = 2.0 x 10726 ¢cm?/s in order to saturate the relic
density QAh? = 0.124+0.001 observed in the present
Universe [1]. In the following we will use these results
to calculate the favorable region of parameter space in
our model.

Because of the DM parity described in Eq (2), all odd
particles 7, and ¢; = (A, H°, H*) € H, participate in the
thermal equilibrium before the freeze-out. There exist a
vertex of 7,-Ay-4g, thus via the Yukawa operators for the
light quarks, the heavier component will quickly decay into
the lightest mass eigenstate after freeze-out. In principal,
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the effective averaged cross section need to take into
account all co-annihilation processes [36,37].

However, the mass hierarchy in the spectrum is of
paramount importance for co-annihilation. In our
model, the inert Higgs doublet observes a mass hierarchy
my, > mpy= 2 my [15]. In this work, we only investigate a
simplified scenario m,, > m,, with a large mass gap of

= (my, —m,,)/m, > 0.2, so that the actual DM is the
singlet. At a typical freeze out temperature x ~ 25, the
ratio of number densities, ry!/ny,, is highly suppressed by
a Boltzmann factor (1 + A)¥2exp(—Ax;) ~ 1/200. Since
the direct annihilation (s,,,,v) is not subdominant, the co-
annihilation effect can be safely neglected and one can only
consider the direct annihilation of the singlet #,. The
dominant channels are

(ov(nany = VV)) + (ov(nany — hh))

+ (ov(mamy = F)) + (ov(mams = Npymhp/m))-
(17)

(Oesrv) =

where 7,/,, are linear combinations of the Z,-even 7, 3,
which we should include because they are typically much
lighter than other pNGBs and will eventually decay into
SM particles [15]. The invariant cross section and the
Mgller velocity in the lab frame are

o(nan, = XY) = /d9|/\_/lxy|2
6471'2.5‘3/21 /s —4m
X [s = (myx +my)*]'/2[s — (my —my)*]'/2,
(18)
and
VUlap = \/(pa . pb)2 - m%m%/(EaEb). (19)

The amplitudes | M yy|? are given in the Appendix B, as a
function of all relevant couplings in the model. The key
ingredient for relic density is the thermal averaged cross
section, which can be evaluated by an integral (without
velocity expansion of ovy,,) [38]:

_ W A : dsov/3(s —4mD)K, (V{) ,
(20)

(0Vp)

with K ,(x) being the modified Bessel functions of the
second kind. In the region far from the resonance (Higgs
mass), like the singlet DM with a mass of hundreds of GeV,
the integral approach precisely matches with the s, p, and
d-wave limits [39].

We now discuss the impact of direct detection experi-
ments, which are sensitive to the recoil energy deposited by
the scattering of DM to nucleus. In our model, the relevant
interactions at the microscopic level are

E D —ihnghﬂ% - A’/’qu 7 (21)

As already mentioned in the introduction, we work in the
basis where derivative couplings of the DM candidate to a
single Higgs boson are absent, thus all the above couplings
explicitly break the shift symmetry associated with the
Goldstone nature of the stable scalar. Besides the Higgs
portal, we also have direct couplings to quarks from
nonlinearities in the pNGB couplings (for light quarks,
the last term comes from an effective Yukawa coupling).
Thus, the spin-independent DM-nucleon cross section

2
(factoring out Z—%Az with respect to 63 .,s) Can be para-
meterized as [10,40]

o m]2v ( mym,, >2<pr+(A_Z)fn)2

A? '

(22)

where f),, characterize the interaction between 7, and
nucleons

= A |5+ ] (23)

with ¢ summing over all quark flavors. Note that setting
C, = 0 will exactly match the result in Ref. [41]. For the

= Z_Z<N|C_M|N> [42], we will use the
values from Ref. [43] for the light quarks, u, d, and s, while

for heavy flavors the form factor can be computed via an
effective coupling to gluons at one loop, giving

= 2 e = ( S ) (24)

q=u,d,s

For this model, the 7, annihilation will mainly proceed in
the following channels: 1,7, = WtW~, ZZ, hh, it, bb, and
NpmMpm- The interactions and masses of pNGBs are
determined by four parameters: (a, C,. Bm, r), where we
have neglected y and set 6 = 0. The latter indicates a
universal mass for all underlying fermions, and the & only
affects the mass splitting between 7, and 7, with minor
impact on this analysis. Note that the r will influence the
mass spectrum of DM parity odd particles 7,, Ay, Hy 4 but
not others [15]. These parameters are preliminarily con-
strained by the nontachyon conditions, i.e., m2 > 0 for
all pNGB:s.

In Fig. 2, we show the prospect for 7, to play the role of
DM, as opposed to the current bounds from direct

form factors f")
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Bm =20 GeV, r=0.6

O10FF — ~ T~~~ T T T T~ T T 1]
[ 4 m%< m 1
0.06
0.08 B
0.055
0.05
0.045
> = -
S 0.06
0.04 & . . 1
0.0 0.08 0.09 0.1]
0.04 B
002k v oy
0.04 0.06 0.08 0.10 0.12 0.14 0.16
a

a=0.08, C, = 0.045

s s B s s e
2
| 4 miy< mf,
1.5 1
E 0.65
0.6
10} 0.55 i
0.5
14 16 18 20 22 24
05} k!
T S S S N S S E S S B SS  |
5 10 15 20 25 30 35 40

Bm (GeV)

FIG. 2. The red wedge in these plots indicates the region satisfying the relic density bound QA? < 0.123, along with nontachyon and
negligible co-annihilation conditions imposed. The cyan bands are permitted by the direct detection bound while the green bands are the
regions with 2m, < m,, (m,% < 0 included). The inset plots are the enlargements of regions that satisfy all the constraints.

detection. There is no constraint from the Higgs decay
width since all singlet masses are heavier than m,,. For the
two panels, we highlight the regions in red that satisfy the
relic density bound QA% < 0.123, as well as nontachyon
conditions and my,, > 1.2m, . While the light blue regions
are permitted by the direct detection since we impose
651 < og' - Only the overlaps between the red and blue
are viable, where the relic density almost saturates
Q, h* ~0.12, thus it is not necessary to rescale og by a
factor of ,, /Qpy. The green regions indicate near the edge
2m,, = my, the Higgs resonance is active, but they are far
from the viable region, thus validating our analytical
computation of the relic density. The region allowed by
all the bounds, therefore, is fairly limited. Without fixing the
parameters of (C,, Bm), we get two branches centered
around (a, r) = (0.08 + 0.01,0.6 £ 0.15) or (0.02 + 0.01,
0.35 £ 0.05), which implies f =~ v/a ~ 3.0 or 12.0 TeV. We
want to stress that the DM mass can be computed for each
point of (a, C,.Bm, r), so it varies over the slices of
parameter space in the figure.

To better investigate the DM physics, we selected two
illustrative benchmark points in Fig. 3: we show the
thermal averaged cross section (ov) for the 7 channel
and for the combined WYW~, ZZ, hh channels at r = 0.4
and r = 0.6 respectively, with C, =0.05 and Bm =
20 GeV fixed. Note that the intersection with the dashed
green line indicates points saturating the observed relic
density. We do not add the direct detection bound for
Fig 3. For r = 0.4, the lower limit of m,, derives from the
nontachyon condition, m% > 0, while the upper limit is
bounded by the requirement of m, > 1.2m,, . At this
benchmark, the 7 crosssection is dominant, reaching above
80% percent of the total contribution. The dot-dashed red

line intersects with the reference cross section line for a DM
mass of m,, ~ 500 GeV. Instead, for r = 0.6, the averaged
cross section mainly comes from the combined dibosons
and di-Higgs channels, with the blue solid line intersecting
the reference value for a DM mass around m,, ~ 700 GeV.
As inferred from Fig. 2, a smaller mass with a larger cross
section is excluded by the direct detection. What this plot
reveals is that due to the model-specific couplings, the DM
cross section is dominated by the 7r channel for lower
masses, and by the diboson one for larger masses. For a

C,=0.05, Bm =20 GeV

10 T
Tt
= WW + ZZ + hh i
o
€
o
)
>
\b/ ~\'\~
\~
\~
10—27, 4
10—28 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n i n n
0 200 400 600 800 1000 1200 1400
my, (GeV)
. 3. \Y ion i 1
FIG. 3. Averaged cross section in the channels 77 (red) and

combined W*W~, ZZ, hh (blue) for two benchmark points
with r = 0.4 (dashed) and r = 0.6 (solid) as a function of m,,.
The dashed green line is the reference value (ov) =
2.0 x 10726 cm?/s for a relic density QA2 ~ 0.12.
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100 ——————— e
50
2 I
(O L
g
°
<  5f
0.117 <Qh%< 0.123

1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

my, (GeV)

FIG. 4. Correlation between the Higgs portal coupling 4,,» and
the DM mass m,,, after imposing all the necessary conditions, i.e.,
0.117 < Qh?* < 0.123, nontachyon, negligible co-annihilation as
well as direct detection bound. The red dots represent scenarios
where the (o(7¢)v) is dominant, while the blue dots stand for
cases where the combined channels WTW~=, ZZ, hh contribute
the most.

further illustration, in Fig. 4, we show the results of a
random scan of (a, Cy, Bm, r), where we retain only the
points passing all the constraints, i.e., relic density, direct
detection and no-tachyon conditions. As expected, we find
two distinct branches of viable points: for 400 < m,, <
600 GeV, the 7f channel dominates, while for 600 < m,, <
1000 GeV, it is the diboson WHW—, ZZ, hh that dominates
the annihilation cross section. Note that this latter section is
similar to the traditional Higgs portal singlet model. One
new ingredient in our model is the annihilation into the
lighter even pNGBs 7, and 7,,: we have checked that this
channel is always subleading, with a contribution of less that
3% for all points. Also, since the quartic couplings are
relatively small, the cubic coupling /lh,é is always close to the

upper limit of the direct detection bound in order to put the
relic density into the correct ballpark. This implies that
the singlet DM candidate in our model is on the verge of
being excluded by future direct detection experiments, like
XENONNT [7] and LUX-ZEPLIN [44]. The projected
sensitivity of the latter will improve the reach of the current
XENONI1T experiment by at least 1 order of magnitude. We
found out that in such a situation there will be no overlap
remaining in Fig. 2, and this DM scenario will be excluded.
However, the same might not happen to the other DM
candidate, i.e., A in the inverted scenario of m4 , < my,,. We
leave this case for further investigation.

We should also consider the indirect detection signals,
since the gamma ray line spectrum from the Galactic Center
observed by Fermi-LAT and H.E.S.S. is possible to impose
constraints for a DM mass in the interval of (10, 10%) GeV.
According to the recent measurements, provided 400 <
mpy < 1000 GeV, the lowest upper limits on the DM
annihilation cross section (o) for the 1z, WW~, ZZ, and

hh channels are around 1072 cm?/s at mpy ~ 400 GeV
from Fermi-LAT [45] and 4.0 x 10726 cm®/s at mpy ~
1 TeV from H.E.S.S [46]. In fact, the upper bounds in the
mass region of interest mpy ~ (400, 10%) GeV, given by
both telescopes from those concerning final states, are all
well above the reference value 2.0 x 10726 cm?/s. This
statement is consistent with the earlier analyses [47,48],
where the relevant bounds are 1 order of magnitude larger.
Thus in our model with the viable region almost saturating
the relic density, the indirect detection can barely exclude
any interesting parameter space. We would like to briefly
comment on the collider phenomenology. Although the
DM mass range is potentially accessible at colliders,
including the LHC, the specific searches aiming at the
DM pair production plus one additional SM particle are not
available. As the masses are in the multihundred GeV
ballpark, the pair production cross sections are very small
and may only be accessible to the high luminosity run or at
future high-energy colliders. The model also contains a
light Z,-even pseudoscalar, whose mass can go down to
1 GeV. The collider phenomenology of this state has been
discussed in Ref. [15].

IV. CONCLUSION

In this work, we analyzed the properties of a pseudo-
scalar singlet dark matter candidate that emerges as a
pseudo-Nambu-Goldstone boson from a composite Higgs
model, based on the coset SU(6)/SO(6). Since the light
quarks, in particular the bottom, have to obtain their masses
via an effective Yukawa operator originating from four
fermion interaction, the custodial symmetry is unavoidably
broken. We have proved that all the tadpole terms in a
generic vacuum with (a, y) angles will vanish after impos-
ing the minimum conditions. More importantly, the y value
is suppressed by an order of m3/m3, making the custodial
symmetry breaking well under control. Our result should
also apply to the CHM model in SU(5)/SO(5), which
shares the same bitriplet structure but without DM
candidate.

Like most Higgs portal singlet models, the parameter
space in this model is tightly constrained, mainly by direct
detection experiments. Yet, due to the nonlinear nature of
the DM couplings to the SM particles, we find that a small
region of the parameter space is still allowed, with masses
400 < mpy < 1000 GeV. For masses below ~600 GeV,
the annihilation cross section is dominated by 7z, unlike the
traditional models, while larger masses go back to dom-
inant diboson channels. This pattern comes from the
complicated pNGB couplings. Furthermore, requiring the
correct relic density leaves the allowed regions within reach
of future experiments, XENONnT and LUX-ZEPLIN,
which might be able to exclude the 7, as a DM.

Finally, the SU(6)/SO(6) model has another DM
candidate in an inert second Higgs doublet, if it is lighter
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than the singlet. The phenomenology of this state is similar
to the traditional inert Higgs doublet model [49,50], which
is also tightly constrained by observations. We leave an
exploration of this limit for future work.
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APPENDIX A: TADPOLE TERMS IN A
GENERAL VACUUM

To ensure the DM stability, only two CP-even neutral
pNGBs in this model, i.e., & and 4y, = —% (Ag — A§) can
develop VEVs. This means that we set f = 0 so that the
second Higgs doublet remains inert. The pNGB matrix is

parametrized as
T, (x) = Ula.y) - Z(x) - U (a.7)

2.3
— Ula,y)- 710 Spy - UT(ay), (Al

where the Xgyw is rotated away to be misaligned with the
direction of SU(2), x U(1), by U(a, 7). In analogy to the
f rotation, the SU(6) transformation can be decomposed
into

Ula,y) =U,-Uy-Uj = &7V . g2 o=irV3S: - (AD)
with U, = 7255 defined in term of an unbroken gen-

erator. The inner U] operation on X(x) can be fully
absorbed by the pNGB field redefinition. Thus it is the
outer U, that determines the y dependence. And Eq. (Al)
can be rewritten as

Za.y('x> = Uy ' Ua : i(x) : U(]; : UyT

N
=U, U, ) Spw - UL - UL

(A3)

with £(x) = U} - X(x) - U;. Thus we can find out an exact
mapping for IT(x) — T1(x) in terms of pNGB fields. The
field redefinition can be split into several blocks and
leaving the pion fields H, , unchanged. For h and A/,
they transform in a SO(2) rotation defined by y:

cos(y) — Ag sin(y),

sin(y) + 4 cos(y). (A4)

This also applies to the DM candidates A, and #,:

Ao = Agcos(y) —msin(y),

i, = 1y cos(y) + Agsin(y). (AS)

The charged Goldstone G, eaten by W™ can mix with the
A, and ¢, in the bitriplet.

~ 4 . Y i .
— 2(2) _ 2LV ¢ ,
A A, cos ( > @.sin ( ) NG sin(y)

. Y (7 i .

P, = @ .cos? <§) — A, sin® <§> _%G+ sin(y),
~ i

G, =G, cos(y) ——= (AL + sin(y). A6
+ =G cos(y) \/E( ++y)sin(y) (A6)

Finally, the neutral Goldstone G, mixes with 753, 4,

and ¢y under the y rotation. With the definition n;=

ﬁg(\/gfﬁ — V213 + V24 = @), we can obtain

Go = Gy cos(2y) — ng sin(2y),

[

_ 3 . )
nm=m-—3 \/%(Zﬂcsmz(}’) - Gysin(2y)),

—_ B

3 =n3+ 3 (2ngsin®(y) — Gy sin(2y)),
~ 1
A =2 =3 (2ngsin’(y) = Gysin(2y)),

Fo = g0+ ﬁ (2nesin(y) — Gosin(2y)). (A7)

Note that the last four expressions in Eq. (A7) give:
fic = g c0s(2y) + Gy sin(2y), explicitly orthogonal to
G,. It turns out to be easier to calculate the potentials in

the new basis of T1(x). We can demonstrate that for each
type of potential in a generic vacuum with (a, y) angles, the

coefficient of / tadpole term is equal to %dvg—(:”) while the
coefficient of Z, tadpole term is equal to —%%‘”)
Y

1. The gauge potential

V, = LA ETTLETLE)] + ATYE(re)). (A9

Expand the pion matrix, the vacuum term at the lowest
order is

C 4
3g§ (4 sin*(a) cos(2y)(2 cos(2a) (gt + ¢5)
+ g7 +393) +2c0s(2a) (g7 +793)

+ 2cos(4a) (g} + g3) + 4(g1 +243)).

Vg.O(a’ 7) - =

(A9)

The tadpole terms are obtained by expanding until the
linear order:
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3
Vo) = S (asin(da)sin(y) (¢ + ) + sin(2a)(g + 763 + cos(21) (% — )

_ l an,O(a’ 7/) 71
f O '

V,() = =2 £ sin(a) sin(27) (2 cos(2a) 4 + ) + g7 + 32

B 1 8Vg_0(a, 7/) z B 1 an.o(a, 7/) ;1
=—-— 0=—"""—" 5 %o
fsina oy v oy

2. The bottom Yukawa potential

Vi = Cof*> Y, Te[P), E(x)] + Yy Tr[Pg, 2(x)] >
5

The vacuum term is
Vb,o(a, y) = 2C,f* Yy (Yb1>*Sin2(a)COSZ(V) (cos(a) —sin(a) Sin(7)>2-

The tadpoles terms are

Vy,(h) = 4C, Yy, (Yyy)'sin(a)cos?(y)(cos(a) — sin(a) sin(y)) (cos(2a) — sin(2a) sin(y)) A
_19V,o(a7) A
f Oa '

Vi, (do) = 4C, f3Y 11 (Yy; ) sin(a) cos(y)(sin(a) cos(2y) 4 cos(a) sin(y))(cos(a) — sin(a) sin(y)) 4,

_ 1 Wpola.r) %o

v Oy
3. The top spurion potential
Coof . - Cref* . -
V,= %fTr[D{ 2t.D -3+ R:f Tr[D% - = - Dy - 3.
Setting C;; = Crr = 1, the vacuum term is
4
Vo= % (2sin?(a)(2 cos(2a) + 3) cos(2y) — 5 cos(2a) — cos(4a) — 2)| Q4

4

+ S (8 cos(4a)cos*(y) + 8 cos(2a)sin?(2y) — 4 cos(2y) + 3 cos(4y))|Rg|> + Constant Term.

256

The tadpole terms are

3

V.(h) = f—sin(a) cos(a)(4(8 cos(2a)cos?(y) + cos(2y) + 5)|Qal* + |Rs|> (=8 cos(2a)cos*(y) + cos(4y) — 1))h

16
_ l aV:,o(a’ }') il
f  Oa '

3
V. (o) = L sina) sin(27) (2 cos(2) + 30,2 + [R5 2(sin* () cos(27) — cos2(e) o

N 10V, o(a, 7);1
=200,
v Oy
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4. The mass term potential

Bf3

V,=—-—=Tr[M"- %]+ H.c. A20
2v2 | | (20
with
im262
M= | —imyo, , (A21)
’ m 1,
for m; = m,, the mass matrix M is aligned with Zgy. First the vacuum term in the general case is
Bf3 -2 P
Vo = Wi (m,(2sin*(a) cos(2y) + 3 cos(2a) + 5) — m; (2 sin*(a) cos(2y) — cos(2a) — 3)). (A22)
The tadpole terms read
- Bf?* . 2/ W3
V. (h) = —=sin(2a)(my(cos(2y) — 3) — 2m cos*(y))h
V2
1 aVm 0((1, 7) 7
=———"h. A23
7 oa (A23)
Viu(do) = Bf2V2(my — my) sin(a) sin(2y)
1 avm ()(d, y) 7
=—-——— . A24
S L, (A24)

We can see for m, = my, there is no y dependence in the / and 4, basis because UyT -M - U, = M holds true. The explicit
symmetry breaking is SU(6) — SO(6) and the potential is equivalent to the one in an a vacuum.
Note that only for the bottom Yukawa potential, the tadpole term of 4 is proportional to cos(y), thus nonvanishing at

y = 0; but for the other potentials, the tadpole term of / is proportional to sin(2y). Furthermore, if we change y — —, the
minus sign for the 1 tadpole term will be flipped so that V(1) = %%}f"”io.
APPENDIX B: THE ANNIHILATION AMPLITUDES

Here we give all the amplitudes squared used for the relic density calculation:

et (12M%, — AM3, s + 5%)
M - WWo))P = 2 2
M = T6at, 5, (T5m + (=)

((2v cos(a)dy,e + sin*(a)(mj; — 5))* + [hmjsin* (). (B1)

 et12MY — AMs + 57)
16Cy, Sy M3 (Tymi, + (mj; = 5)?)

(M (mann = ZZ)? ((2v cos(a)yg + sin (@) (mj, = 5))? + Tymjsin’(a)).  (B2)

_ i 24(s — 4m?) m, cos(4a) 2
2 _ i ; 2 2,2 290
Mz = ) = v2(Toms + (m3 — 5)?) ((cos(Za) cos(a) A + 00y = ) |+ Dy A ) (B3)
. . 24(s — 4m3) my, cos(2a) 2
Mz = B = e — o) \ Tcos() i U0 e | iy ). (B4)
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_ , , 64/1‘;"72 (s —2m3?)?
M hh)|” = 4| 445, :
(M (22 — hh)| ( s + (cos?(6) (4m3 — s)(s — 4m2) + (s — 2m2)?)?
12mj; cos(2a) sec(a)dzzAnz (s — mj,) 9/1fmgmf,C082(2(1) sec? (a)
v(Tmy + (mj, = 5)?) v (Lmy, + (mj, = 5)?)
48m? cos(2a) sec(oc)/lfm2 (2m} = 3mis + 5?)
2

~o(T3m} + (m], — 5)7)(cos?(0) (4m3, — 5)(s — 4m2) + (s — 2m3)?)

n 32}%”1%1;[2”% (Zm%l - S) ) (BS)
cos?(0)(4mj — s)(s — 4m3) + (s — 2m},)?
_ (ﬂi 5 /12 5 + 2/1,72,72 ﬂhnz /1;”72 (S - mﬁ))
M )2 = 16( 22, ™ e : B6
[M(n212 = Mt <,E,1,zn + 22 + (m2 — 5)? (B6)
2 2 2
Ml — mon) 2 = 4 (22 (/lhrlmﬂplhﬂg + 2Azn, A, A (s = mj)) (B7)
212 plm TN Fim% + (m%l —5)? )
For [M(na1, = n,1,)| we can simply replace A, = A and App = Ayap in Eq. (B6).
APPENDIX C: THE VERTICES
The Lagrangian relevant to DM annihilations can be written as three parts: £ = Ly + Lg + Ly
2
Ly = % (2hvcos(a) — ndsin?()) QW5 Wi + Z2sec(6,,)), (C1)
Ls= _(Ahzrlﬁhz + ’1713”'7377%1 + /17717f7mf7§’7m7717 + /1"%0377%3)’7%
m? cos(2a) sec(a
- (/?'lmgrlg + lh;ﬁ,’ﬁ) + ﬂh;ﬁ,’?zm + +ﬂ“hnpnmr]p'7m)h -k (21}) ( ) h3’ (Cz)
4m,cos(4a) ,_  2mycos(2a) - 5= 07
Lp=— 7 sin(aa) t— 7 sin(2a) hbb + lnghnztt + /1,,5;;,,77217[7, (C3)
where those 4 couplings are complicated functions of (e, C,, Bm, r), imposed by the minimum % = 0 and Higgs mass
conditions after extraction from the potentials. We explicitly list their expressions as the following:
misec?(a) , o 5
A = “laar ((8r* — 50r + 20) cos(2a) + 6r* + 7(5 — 4r) cos(4a) — 34r + 11)
2v2B
+ \g ™ (21 — 1) sin(a)(14 cos(2a) — 2r + 1)
v
2CgM?
9g1]2 Y (7(2r = 1) cos(2a) — 2(r — 1)r + 1)(cos (20y,) + 2)sec2(9W)). (C4)
2 2C M2
A = <%(;(a) ((7—8r)cos(2a) +3 —6r) + ;U ~cos(a)(16r — 7 + (87 — 5) cos (20y ) )sec? (Oy)
8
+ 3 V2Bm(2r — 1) sin(2a)> . (C5)
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m2sec? ()
D, = (=TI XU (64(7 — dr)r + 636) cos(2a) + (1287 + 41) cos(4a) + 64(5 — 3r)r + 251)

288002
45;%‘2” ((8r —4) cos(2a) — 8(r — 1)r + 39) (cos (20y) + 2)sec? (0y)
+ 7\/234"1557?((1) ((64r 4 25) cos(2a) — 64(r — 1)r + 159)> . (Co)

hnp = <M((r(4r —7)+1)cos(2a) + (1 —2r) cos(4a) + r(3r—5) + 1)

300?

ngi‘f ((2r 1) cos(2a) = 2(r = 1)r + 1)(cos (20y) + 2)secX(0y)
+ 2B (167 - 5) cos2a) - 16~ ) -9)). 7

2

A, = (mhsecz ) (=4(4r(4r —=7) +29) cos(2a) + (32r — 31) cos(4a) + 16(5 — 3r)r — 61)

120v/612
16,/3¢,Mw?
+ 1572 (1 =2r)cos(2a) +2((r = 1)r + 2))(cos (20y) + 2)sec?(Oy)
v
8B,, sin(a) )
+———=((15=16r)cos(2a) + 16(r — 1)r +19) ). C8
15730 (( ) cos(2a) +16(r — 1) ) (C8)
8 5 4 Fipm s
Ap, = 3 2Bm sin(2a)Ay, 5, = 5 3Bm sin(2a). (C9)
4 , mysin®(a)
A, = —EﬁBm sin(2a) Ao = bT (C10)
) _
D = m,sin*(a)(2 cos(2a) — 2r + 1) . (1)
2

v* cos(2a)
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