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1 Introduction

With the discovery of the Higgs boson at a mass of 125 GeV at the Large Hadron Collider,
the particle content predicted by the Standard Model (SM) is complete. Yet, this does
not close the door to the presence of New Physics. Arguably, the presence of a Dark
Matter (DM) component in the present-day universe is the most compelling evidence for
new physics [1], as no part of the SM can provide a particle candidate for it.

Models of new physics based on a strong confining dynamics can explain both the
naturalness of the Higgs mass and the presence of Dark Matter. In fact, both the Higgs and
a set of stable new particles may emerge as composite states. The naturalness of the scale
is related to its dynamical origin, in the same spirit as the QCD scale. Composite models



applied to the electroweak (EW) scale are as old as the SM itself [2], where the Higgs
boson can be associated to a light pseudo-Nambu-Goldstone boson (pNGB) via vacuum
misalignment [3]. Finally, an attractive mechanism to generate the top quark mass may
be related to the presence of spin-1/2 operators with linear couplings to the elementary
top fields in the SM. This leads to the idea of top partial compositeness [4]. This old
idea has been revamped in the 2000’s thanks to the discovery of holography [5], based
on the idea of walking dynamics [6]. Realistic models have been constructed based on
underlying gauge-fermion theories, leading to a limited number of combinations of gauge
groups and fermion representations [7, 8]. In such scenarios, a DM candidate can emerge
as an additional pNGB that accompanies the Higgs boson [9]. In this direction, many
symmetry breaking patterns have been examined in the literature [10-17].

Fundamental composite dynamics models [18, 19], based on gauge-fermion underlying
theories, however, limits the symmetry breaking patterns that can be realised. Depend-
ing on the nature of the fermions representations under the confining groups, we have:
SU(N)2/SU(N) for complex representations, with minimal N = 4; SU(2N)/Sp(2N) for
pseudo-real, with minimal N = 2; SU(N)/SO(N) for real, with minimal N = 5. In the
SU(4)/Sp(4) and SU(5)/SO(5) CHMs, although the Higgs is accompanied by additional
pNGBs, the CP-odd one decays via the topological anomaly [20, 21]. For the last two types of
cosets, DM candidates emerge in the extensions of SU(6)/Sp(6) [13] and SU(6)/SO(6) [14, 22].
As discussed in this paper, in the real and pseudo-real realizations the dark parity of compos-
ite states naturally originate from a Zo parity carried by additional fundamental fermions.

In this work, we will reexamine these two cases by including the effect of top partners
in the properties of the DM candidates. Hence, the results presented here complete and
complement the literature. For the first time, we give the explicit embeddings of top partners
in two SU(6) CHMs. In particular, we discuss the effect of non-chiral Yukawa interaction
from the dark top partners on the DM relic density and the direct detection constraints.
The models we consider are predictive as the possible choices of partial compositeness
couplings is strongly limited by the requirement of preserving the dark parity, which keep
the DM pNGBs stable. The dark top partners can also be produced at hadron colliders,
like the LHC, as they will typically decay into a top quark plus a DM candidate, leading to
missing transverse energy signatures. It has been shown that searches for supersymmetric
tops effectively cover this signature [23], with the limits on the dark top partners mainly
stemming from the larger production rates as compared to the stops.

The article is organized as follows: after discussing the basic features of the models and
the origin of the dark parity in section 2, we present the dark top partners in section 3. In sec-
tion 4 we discuss the limits on the models stemming from electroweak precision tests, before
discussing the impact on DM in section 5. Finally, we present our conclusions in section 6.

2 Dark parity in fundamental composite Higgs models

In models with a fundamental composite dynamics, the global symmetry is broken due to
the phase transition of a strong gauge dynamics. The condensation of Hyper-Color fermions
leads to composite pNGBs and top partners. For the HC fermions v in the pseudo-real



and real representations, no dark matter candidates are allowed in the minimal cosets of
SU(4)/Sp(4) and SU(5)/SO(5) respectively. For these two types of realizations, a dark
matter candidate can be generated by extending the content of HC fermions. We will
consider here models containing the minimal set of fermions to generate a pNGB Higgs, and
enlarge with necessary number of dark fermions. As the dark fermions are not compositions
of the pNGB Higgs, they can be odd under a Z, parity. With an appropriate embedding,
the Zs symmetry will be preserved after the HC fermion condensation, as long as the
spurions of the electroweak gauge and Yukawa interactions are invariant under this parity.
Therefore, this dark parity emerging as an EFT symmetry is in fact associated to the HC
fermions in the UV theory.

In particular, the dark parity is conserved in the Wess-Zumino-Witten (WZW) topo-
logical term [20, 21] in the EFT. We start with the pNGBs embedded in the coset of

G/H:
H) dim(G/H) .
, with IT= Y mUX'U,?', (2.1)

i=1

N

Unze(if

where U, = exp(iv/2aX}) with Xj, being Higgs generator is the rotation matrix that
misaligns the vacuum and the generators are normalized as Tr XX/ = 6% (real) and
Tr XX/ = %5’7 (pseudo-real). However unlike QCD, there is a misalignment effect in the
composite sector. Here we will focus on the real and pseudo-real types of realizations, where
the vaccum along the EW symmetry breaking direction is defined as ¥, = Uy ZpwUL.
And in these two cases, using the differential form approach [24], the WZW Lagrangian can
be derived to be:
Loz > 229D epya o, (T [2(TT" + T 7%) 1]
48+/2m2 f o
—Tr [T IS, (T)'Sh + (1) Sf nT' s, ) (2.2)

with Vii, = 0,V;} — O, Vi, Vi = Wli(z =1,2,3), B, and g, being the corresponding gauge
couplings. The d is the representation dimension of HC fermion % in the UV gauge
theory. And the exact coefficients for anomaly terms in SU(6)/SO(6) CHM were first
calculated in [14]. Note that the dark parity needs to be a good symmetry after the vacuum
misalignment, i.e. QpMU.Q2pyv = U,. Hence under the Zs parity operation, the rotated
IT matrix transforms as QpyII(7moad)2pm = I(—7oad), where only the odd parity pNGBs
change to be in the opposite sign. In addition, because the Wﬁ, B,, gauge bosons are even
fields under this parity, the dark parity will prevent the odd parity pNGB from decaying
via WZW terms.

For the complex realization of CHM, in principal one can also define the dark parity
in terms of the HC fermion operators. While we can understand the Zo parity for the
breaking pattern SU(N); x SU(N),/SU(N), from an EFT perspective. In this scenario,
the dark parity is equivalent to exchange the flavor groups SU(N); <» SU(N),. Defining
X' as the SU(N) generators, the parity with the property of QDMXi’TQEM =+X'is in
fact the EW preserving vacuum that breaks SU(N) — SO(N) or Sp(N). As a concrete
example, the odd parity pNGBs in SU(5)2/SU(5) CHM decompose as (2,2) @ (1,3) @ (3,1)



Real || SU(2)r | U(l)y || SU@2)g | Zo
Y1 2 1/2 ) +
Y2 2 -1/2 -
Ps1 1 0 +
Ps2 1 0 1 -

Table 1. Hyper-Color fermions in the case of real realization, and their quantum numbers. The two
fermions 1 p; and ¢ py transform as bi-doublet under the SU(2), x SU(2) g with U(1)y C SU(2)g.The
last two columns indicate the global symmetries, i.e. the custodial SU(2)z and the dark parity.

under the EW SU(2)1, x SU(2)g symmetry. Due to this parity, the WZW term structure
in SU(N)2/SU(N) is the same as in SU(N)/SO(N) or SU(N)/Sp(N). In the following, we
will mainly illustrate the features of the resulting two minimal models with dark matter:
SU(6)/S0O(6) and SU(6)/Sp(6).

2.1 SU(6)/SO(6)

The minimal set of fundamental fermions consists of two doublets with opposite hypercharge
and a singlet. Hence, we include a second singlet, odd under the dark parity. The fermion
content is illustrated in table 1.

Upon condensation, the symmetry breaking pattern SU(6)/SO(6) emerges, leading to
20 pNGBs. A subset of them will be odd under the dark Zs, hence playing the role of Dark
Matter candidates [14, 22]. We summarise here their main features, in preparation for the
inclusion of top partners. The SU(2);, x SU(2)r generators that are invariant under Zo are:

123 1 [1a®o0; 123 1 [o®1s
) 140 2'

that satisfy the condition S’f: / REEW + X EWSiT/ r = 0, with the EW preserving vacuum to
be:

109
Sew = | —io . (2.4)
1y
The IT matrix in the SU(6)/SO(6) CHM can be written as
o+ o A V2H, V2H,
At~ Tl —V2H, —V2H,

211 = (2.5)

= : 9
VaH[  —VEH 2(Zp-n) Vo

1
VZH]  —V2H, V2 =2 (% + %)
where the columns and rows correspond to the fermions in table 1. We can see that the first
doublet Hj is composed of HC fermions (¢p1,%¥p2) and g1 in even parity. The matrices ¢

and A represent the triplets, transforming as a bi-triplet of the custodial SU(2),xSU(2)r
symmetry, like in the SU(5)/SO(5) model [25]. The two Higgs doublets read:

1 G +iGy oy ~ ]
Hy = — . Hy= ' | . Hig=iooH,, 2.6
1 \/§< h—iGs ) 2 (HO;%AO 12 = 102H7 (2.6)



Pseudo-real || SU(2); | U(l)y || SU2)g1 | SU(2)r2 | Z2
oL 2 0 1 1 n
. 1| F1/2 2 1 +
bro 1 [ q12] 1 2 |-

Table 2. Hyper-Color fermions in the case of pseudo-real realization, and their quantum numbers.
The last two columns indicate the global symmetries, i.e. the two custodial SU(2) gy xSU(2)r2 and
the dark parity.

where the second doublet stems from (¢¥p1,%¥p2) and the odd parity singlet g9, while
ni,1 = 1,2,3 are gauge singlets. Note that the Goldstone bosons G123 inside the first
doublet H; are eaten by WI}’Q and Z, respectively.!

Following the Hyper-Color fermions in table 1, the dark parity in the EFT is defined as

1o
Opm = 1y ; (2.7)

o3
that acts on the pNGB matrix ¥ = UnpX,Uf in the following way [14]:
QpmX(Ha, n2)pm = E(—Hz, —12), (2.8)

hence the Zs-odd pNGBs are the second doublet Hs and the singlet 75. We will discuss the
dark parity of the top partners of this model in the next section. Since the top partners
normally are much heavier than the pNGBs, they mainly participate in the pNGB DM
production as calculated in section 5.

2.2 SU(6)/Sp(6)

For pseudo-real realization, the minimal HC fermion content consists of one SU(2), doublet
11, and two singlets with opposite hypercharge, forming a doublet of the global SU(2)g;.
When one extends this type of model, the dark sector needs to consist of two additional
Zo-odd fermions. In order to avoid pNGBs with semi-integer charges and gauge anomalies,
these states must have opposite semi-integer hypercharges. Here, we follow the minimal
choice as shown in table 2. The odd and even singlets can be organized as doublets of two
custodial SU(2)r symmetries, where the first acts on the SM-like Higgs, while the second
acts on the odd doublet.

The pNGB in the SU(6)/Sp(6) CHM was investigated in [13] and the generators of
SU(2)1 X SU(?)Rl X SU(Q)RQ are:

e 1 0; 00 e 1 0 OTO e 1 00 O
S’v —— OOO , 577 25 O_O-Z 0 R S” :5 00 O . (29)
000 0 0 0 00 —af

!The broken generators for the eaten Goldstone bosons Gy, = 1,2, 3 are slightly adjusted compared with
the ones in [14] in order to get a universal formula in eq. (3.3)—(3.4).



They are left unbroken by the condensate

icy 0 0
Segw=| 0 —ioy 0 (2.10)
0 0 —ioy

that obviously preserves the dark parity. In table 2, the gauged SU(2)r group is the first
flavor SU(2); subgroup and the gauged hypercharge U(1)y is defined as:?

Y =Thy + Tia, (2.11)

i.e. the sum of the two diagonal generators of the global SU(2)r symmetries. Note, however,
that the abelian gauging still leaves two U(1) global symmetries unbroken, U(1) g1 xU(1) 2.
The first is broken by the Higgs vacuum expectation value, while the second remains
unbroken. Hence for the EW gauge group embedding in table 2, the discrete Zo parity is
actually enhanced to a dark U(1) symmetry protecting the DM.

The model in table 2 generates the coset SU(6)/Sp(6), which has 14 pNGBs, which
can be expressed as in eq. (2.1), with

% (\/3771 + 772) Iy H, Hy
21 = i ~ = (Vam-m)1, @ , (2.12)
H] 3 —/2m

with the bi-doublets explicitly to be

—Gi1+iGy Gz—ih H+ Ao—iHy nat+ins n_
Hi=| o ¥ |+ He= | agin, _\g_ o= vz T | (213)

V2 V2 V2 AREYE)

Here we can recognize the components of the SM Higgs doublet H; and of a second doublet
H,, like in the previous model. Furthermore, (14, WT;’“) in ® are singlets that form a
bi-doublet of SU(2) g1 xSU(2)ge. Finally, 71 and 72 are singlets. Note that in terms of the

HC fermions condensation, Hs is from ¢ r, and ® is from ¥ p19¥r2. Hence in the EFT,

1, 0O
Q = 2.14
= (55, 214)

the dark parity reads:

under which the odd states are the second doublet Hy and the singlets 74, %(ng + i),
i.e. the only pNGBs that transform as doublets under SU(2) ga. Due to the enhanced U(1)
symmetry, the \%2(773 + iny) will be a complex DM. And like in the previous case, Qpy will
also be used to classify the top partners as discussed in section 3.

2The other option is to gauge SU(2)1 4+ SU(2)re as SU(2)r, and let Y = T3;. In such a case, the EW
quantum numbers of pNGBs will change, but the global symmetry breaking pattern remains the same.



3 Dark top partners and partial compositeness

Top partners are spin-1/2 composite state that generate the top mass via linear mixing
with the elementary top fields [4, 26]. Hence, the mass eigenstate corresponding to the
physical top is a mixture of elementary and composite states. This mixing plays a crucial
role in determining both the vacuum misalignment and the properties of the Higgs boson
and preserve dark parity in the extended models. Here we will study the compositions of
top partners as condensation of HC fermions and provide their embeddings in the effective
Lagrangian. In particular, the properties of the odd top partners are investigated, which
were not considered before.

In fundamental composite models, the top partners are determined by the microscopic
dynamics of the confining interactions. In general terms, top partners are resonances
associated to some spin-1/2 operators made of the HC fermions. As such, they transform
coherently under the unbroken global symmetry in the confined sector. In the models of
refs. [7, 8, 27|, such operators are built of two species of fermions: the electroweak ones v,
which we introduced in the previous section, and a new species x, which carries QCD charges
and the appropriate hypercharges. The y sector will be extended in order to accommodate
the top partners and we will follow the nomenclature of models introduced in ref. [28].

For the two SU(6) CHMs, the top partners correspond to the operators of ¥y, Dby
and 1Y that are singlets under the HC gauge group. In table 3, the top partners are
classified according to their transformation property under the unbroken flavor groups of
SO(6) x SO(6) or Sp(6) x SO(6), with the second flavor group related to the QCD sector.
Depending on Gy, the first two 11y, 1y will either be in the 2-index symmetric Sy or
antisymmetric Ao representations of the flavor group SU(6). While the third composition
YnpY contains the adjoint and singlet representations of the global SU(6). Under the
unbroken group, the adjoint decomposes into Se and Az of the SO(6) or Sp(6) global
symmetries in the EW sector. In the following we will study top partners belonging to the
anti-symmetric, ¥4, leaving the others for future studies. We only accompany a singlet ¥y
with W4 in the SU(6)/Sp(6) model, as A¥; is symmetric in SU(N)/SO(N). Their effective
Lagrangian can be written as [29]:

Leomposite = 17 [@A i /D\IJA] — My tr [@Ah] +tr [@1 i D \1:1} — M, tr [@1%}
+ K tr [\T/A ,d\IIA] + K <tr {\T/A [llIll} —|—h.c.> , (3.1)

where the two masses M4 and M; are naturally expected to be a few times the pNGB
decay constant f. The covariant derivative reads

Dy = (0 —iE, —ig1 X By — igsGj\a) 5 (3.2)

with X to be the hypercharge carried by the x and including the misalignment effect,

fj (9T} + 0BT+ Ti) — 53 Y- (W} — 015, (T}~ Tiy) -

' i (3.3)

By



SO(6)xSO(6) | Sp(6)xSO(6)
Gue SO(7) | SO(9) | SO(11) | Sp(4)
Yipx or Ypx | (15,6) | (1,6) | (21,6) | (1,6)
(20,6) (14, 6)

YYx (1,6) (1,6)
by (15,6) © (20,6) | (14,6) @ (21,6)

Table 3. Top partners in two SU(6) CHMs are classified with respect to the unbroken flavor
subgroups and Gg¢ is the Hyper-Color gauge group.

The dots indicate higher order terms with the presence of pNGBs. The k terms contain the
Maurer-Cartan form aligned with the broken generators, which reads

V2 Sa o i i3\ vi

with XiG being the generators for the eaten Goldstone bosons shown in eq. (2.6) and
eq. (2.13). As discussed in [29], the CCWZ forms E, and d,, are universal at the leading
order for a generic CHM. The covariant derivative and the x terms parameterize the 1/ f
suppressed interactions with the pNGBs, as well as corrections to the EW gauge couplings
due to misalignment. The effect of the latter on EW precision tests has been first discussed
in ref. [29] in a minimal model. Note that the self-conjugate ' term only appears in the
extended models thanks to the unbroken SO(6) or Sp(6) symmetries, but it is absent in the
minimal models.

The linear mixing with the elementary top fields crucially depends on the properties
of the composite operator generating the top partners. While the elementary fields need
to be embedded in an incomplete representation of SU(6). In this paper we choose the
spurions to be in the adjoint. The matching is performed by dressing the pNGB matrix Uty
in eq. (2.1), leading to the terms of partial compositeness (PC):

Loise = yof tr [DiAoUnUaSi US| + yrf tr [ DhyoUn®aSiUf] +he.  (3.5)

where Y, is the misaligned vacuum, and Dy, and Dpg are the spurions of the left-handed
doublet and the right-handed top, respectively. Their explicit form depends on the model
and will be discussed below. Finally, y; and yr parameterize the strength of the linear
mixing of the top partners with the elementary fields. The Lagrangian in eq. (3.5) gives
rise to the mass matrix of spin-1/2 states and determine the Yukawa couplings at the
higher order, that connect the top partners to one SM field and one pNGB. The couplings
involving the dark top partners relevant to DM production are listed in appendix B.

3.1 SU(6)/SO(6)

For the SU(6)/SO(6) coset, the desired top partners are obtained for models with confining
gauge groups SO(7) and SO(9), where the 1 fermions are in the spinorial and the x fermions



in the fundamental representation [28]. In table 3, the combination 1) (or 1)) inside a
top partner ¥y (or ¥abx) is a fundamental representation in SO(7) or SO(9) with specific
symmetry as a decomposition of tensor square.

For G = SO(7), the iy gives rise to a two-index anti-symmetric representation 15
in SO(6). Under the custodial SU(2)1,xSU(2)g, it decomposes as

15— (2,2) @ (2,2) @ (1,3) & (3,1) & (1,1). (3.6)

The top partners carrying a single Zs-odd HC fermion will be odd under the operation of
dark parity. Hence, the top partner field can be written as

Wis = W) + P + Yo + Yoo + P, (3.7)
where the various components are expressed in the following form:
X5 X2 Ys Yo
0 0 ——2 =2 00 0 ——2 0 200
2 2
X\g/i X 1 Ys v Yy
0 0 == 500 2 0 ——=2 0 00
2 2
X5 X2 v V2 Y2 Y_ 1
Uap=i| = —=5 0 0 00| w,p5=i|] 0 5 0 200 |,
(3.1) \égz 2, (1,3) Yo v, V2
3 _ 3 __3 _ 3
5 & 00 00 2 0 7 000
0 0 0 0 00 0 0 0 000
0 0 0 0 00 0 0 0 000
0 0 0 0 X0 0 0 0 00X
0 0 0 0 TxO 0 0 0 0 0Ty
v _ L0 0 0 0 TO G _ L0 0 0 00T
= Al 0o 0o o o BoOo|l” Al 0 0 0 00B]|’
—X -Tx —=T —B 0 0 0O 0 0 000
0 0 0 0 00 X -Tx =T -B0 0
N 09
- Ty
U= — 0 : 3.8
=5 2 (3.8)

where the tilde fields satisfy Qpy ¥ Qpy = — VU, i.e. the bi-doublet (T, B, Tx, X) and the
singlet T} are Z-odd. And the other even states can mix with the top fields, according to
the chosen SM spurions.

In order to conserve the DM parity, the elementary top spurions needs to be even under
the DM parity Qpy Dz r Qpm = D r. Under this condition, the adjoint representation of
SU(6) allows 2 possibilities for the left-handed doublet and 3 for the right-handed singlet:

00 00
0 00
Dy 4= ool Pis= oo | (3.9)
by tp 2 by in 2
v 500 v 00
0 O 0 0O 0 00



and

(3.10)
02 15
o3 09

In the above, the “A” and “S” subscript indicate if the spurion is in the anti-symmetric or
symmetric part. Therefore the top and bottom spurions appearing in eq. (3.5) are:

Dp=QmDj 4+ Qs2Di g, (3.11)
Dg = Rg1Dp g+ Re2D% g + RasD3 .- (3.12)
Another constraint stems from avoiding tadpoles for the pNGBs other than hg, as their

presence would lead to a spontaneous violation of custodial symmetry. The following
conditions need to be satisfied [14]:

Qa1Q%: — Rs2Q%1 =0, Qa1Qs + Qs2Q% =0
Ras (\/3R51 — \/§R52)* + R (\/3R51 — \/§R52> =0, (3.13)
that will be satisfied given that ¢;, and tr are paired in opposite parts (A-S or S-A) of

spurions. In fact, the adjoint is a realistic choice to allow for a tadpole free potential.
Expanding (3.5) to the leading order, we obtain in the gauge basis:

Lunix = ngtL (Qai (cos(2a) (T = Tx) + cos(a) (Tx + 1)) = sin(a)Qs2 (X2 = V2))

+ %ER (4RA3 <X§ sin? % + Y% cos? g) + sin(2a) (T — Tx) (\/§R5*1 - \/§RS2))

+yrfbr, (\/§B cos(@)Qa1 — sin(a)Qs2 (Xfé - Yfé)) + - (3.14)

Note that the spurion choice fixes the structure of DM Yukawa interaction (appendix B)
and the mixing pattern for the even states that has impact on the EW precision observables.
Diagonalizing the resulting mass matrix, the top quark mass is given by:

f2M sin o (ﬁQggRAg +Qm (\/6R51 - 2332)) YLYR
2 /07 2P2QR 3\ [MP 1 PR |

(3.15)

my =

3.2 SU(6)/Sp(6)

A similar analysis can be conducted for the pseudo-real case. This scenario is realized by
the confining gauge symmetry Sp(4) with ¢ in the fundamental and x in the two-index
anti-symmetric and with SO(11) with ¢ in the spinorial and x in the fundamental [28].

For G = Sp(4), the traceless part of ¥ty corresponds to a two-index anti-symmetric
14 in Sp(6), which decompose under SU(2)7,xSU(2) g1 xSU(2)r2 as:

14— (2,2,1)®(2,1,2) @ (1,2,2) @ (1,1,1) & (1,1,1). (3.16)

~10 -



Explicitly, the top partners can be written in the following form

92 (T1 + %Tz) 22,1 %ZJ(Q 1,2)
\1’14 = /I;Z)(Q 2,1) (Tl ) Q;Z)(l 2,2) ; (317)
w(2 1,2) w(ji,m) Z\%}B

with Ty and T being singlets, and three bi-doublets under the global symmetry SU(2)3,

1 (T X . 1 (T X . 1 (X 13 X3
= — y = — ~ ~ 5 = — ~ ~ 318
V(2,2,1) NG (B Tx> V2,1,2) /2 <B Tx) V(1,2,2) V2 ( Yos3 Xss (3.18)

where 1;(2,172) and 1;(17272), that contain one gy in the condensations, are Qpy-odd. And
the singlet top partner involving in the interaction of Tr[Wi4 AW¥4] is:

g (o2 00
Uy==2| 0 —ioy 0 |. (3.19)
V6 )
0 0 —102

The elementary (t,b) are embedded in the spurions even under the DM parity. We can
write down the options for the left-handed fields:

¢ ¢
0 00 },TLQ 0 0 0 b—\/%
(1], 00 ﬁ bO (Z 0 ﬁ
_bL tn b _ tr
pL,—| vEVE0 O , Dig=|vi va00 , (3.20)
’ 0 000 ’ 0 0 00
and for the right-handed top:
’ I 0 O y I 0 0 ; 000
D} 4= ?R 0 —150 ,D?M:% 01y 0 ,D;}S:% 0050
0 0 O 0 0 —21, 000
(3.21)
The general spurions are the linear combinations:
Dy =QumDrp 4+ Qs2Di g, (3.22)
Dr = RAlDII:i’A + RAQD%’A + RS3D?¥,S . (3.23)

Due to the DM parity, there is no tadpole for H?, A° and n3,4. To avoid the tadpole for 7,
we need to impose the condition:

Q52Qa1 — Q5207 = 0. (3.24)
Hence expanding eq. (3.5) for the SU(6)/Sp(6) model, we obtain:

Lomix = %nyt_L (\/§Q52T1 sin(a) — Qa1 (cos(a) (T — Tx) + Tx + T))
- %Z/RfER (2R A1Th cos(a) + 2R 49275 + sin(a)Rss (T — Tx))

—yrfcosabrQai + ... (3.25)
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And the top quark mass is derived to be:

f*M sin o (\@QSQRM - QAlRSS) YLYR
t pr—
2\/M2 + JCQQQAW%\/}V[2 + [2(R, + Roy)vk

m

(3.26)

4 Electroweak precision observables

Before discussing the DM property, we investigated the impact of the EW precision
observables (EWPO) on the parameter space of the models. The leading effects can be
encoded in the Peskin-Takeuchi parameters [30, 31], in particular the S and T" parameters,
which are typically modified in all composite Higgs models by various sources.

Firstly, the vacuum misalignment via the reduced Higgs coupling to W, Z gauge bosons
leads to the well-known logarithmic contribution:

3 A
AT, = ——— [ sin? alog — + log 1 ) (4.1)
87 cos? Oy mp Mp ref
1 A
ASy, = — | sin® alog — + log T ; (4.2)
6 mp Mhpref

with A = 4nf. The EW triplets and inert doublet also contribute to S and T at one
loop level. The S parameter from the scalars is relatively small, while the T parameter
can be relatively large if there is a large mass splitting in the component fields. Both the
SU(6)/S0O(6) and SU(6)/Sp(6) models feature an inert Higgs doublet, whose contribution
to T can be estimated as [32]:

om?

ATy =
H 247 sin? Oy M3,

om? = (mp+ —ma) (my= —mpo) . (4.3)

In these CHMs, a characteristic property is that the mass splitting inside each SU(2),
multiplet is of the order of a few GeV. For example, 6m2 ~ 10 GeV? leads to ATy ~
9.0 x 10~°, that is negligible compared with the AT}, in the case of sina ~ 0.1. This also
applies to the contribution from the triplet pNGB.

Another important source to EWPO comes from the top sector. First of all, all the
top partners that are odd under the DM parity will not contribute to S and 7T'. As pointed
out in [29], two effects in the top sector are relevant: One stems from the rotation to
the mass eigenstates, and it is usually included in the literature; The other emerges from
the misalignment effect inherited in the CCWZ objects d,, and E|,, as first considered in
ref. [29]. Both effects arise at the sin? o order. In particular, the misalignment violates the
unitarity and will mix the top partners in two different multiplets. Following [29], we can
simply consider a scenario where a single multiplet of top partners is involved in the partial
compositeness mixing. Hence, the contribution from the basis rotation decouples from the
misalignment one at the O(sin? o), so that two effects can be separately computed.

We investigated two mixing patterns for the top quark mass generation via partial
compositeness, i.e. the bi-doublet scenario common to both SU(6) models, and the triplet
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(3,1) + (1,3) scenario in SU(6)/SO(6). For the latter, a large negative contribution
AT < —0.18 from the basis rotation pushes the top partner masses to O(10) TeV for small
mass splitting in the inert doublet. Henceforth, we relegated the full results of this scenario
to the appendix C. Interestingly, the bi-doublet scenario permits masses of a few TeV order.
We will first discuss the rotation effect in the bi-doublet scenario. At the zeroth order, the

mixing from egs. (3.14) and (3.25) gives:

my) =m\Y = 4.4
T B cos ¢L ( )
with the mass of other top partners to be M at the leading order. As the custodial symmetry
is conserved up to O(sin? a) for the bi-doublet mixing, the T parameter received very small
contributions ATy, = O(sin? a). Instead, the mixing contribution to S from a bi-doublet
can be written in the universal form as follows:

N, | m? [ cos? ¢r, - 4 — cos? ¢y,
ASmiX = 70 715 -~ , s : _ ’
2x lsz <Sin2 oL V(e yr) sin? 2¢y, Y (yrcs 1) sin2 ¢y, X+ (¥, yr)
4 n —
~ Tz 0 ) |+ 204 () + 20 (ux v | (4.5)

2
where the variable is y, = % and the explicit expressions of y+ along with other well-known
zZ

functions 94,6+ are presented in appendix C. The 1), is a new function defined in [29]:

V(v ) =

Wl N

(vi-vi) - 5Y"log (;/j) : (4.6)

with Y7 being the hyper-charge of the vector-like quark. In eq. (4.5), the coefficients of
2

the first four terms are proportional to % ~ sin? & that comes from the rotation of gauge
T

couplings, while the remaining two terms encode the contribution from the mass splitting

within one representation. For the SU(6)/SO(6) coset, we find that:

S cos? ¢y, m? B 3sin? o sin? qum(o) . — e — 2cos ¢y, m? (@7)
T B 2 5in2 oL mgg)) 4 T > Tx X sin2 201, mg&)) . .
Instead, for the SU(6)/Sp(6) coset, only the mass difference among (7, B) changes:
e e COS2¢L m? sin? o sin? ¢Lm(0) e — 2cos ¢, th (4.8)
T B 2 Sin2 ¢L mg—‘()) 4 T > TX X Sin2 2¢L mé—‘o) . .

The misalignment effect will modify the gauge couplings as well. In contrast to the
rotation effect, the S, T parameters from the misalignment receive divergent contributions
in the low energy effective theory, as the consequence of unitarity violation. In the following
we will focus on this effect in the bi-doublet mixing scenario.
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4.1 SU(6)/SO(6)

In the SU(6)/SO(6) CHM, the misalignment is encoded in eq. (A.2)—(A.3). Note that
the d,, term will generate gauge interactions connecting the bi-doublet with the triplets.
Substituting the zeroth order rotation of (¢,7") and (b, B) into eq. (3.1), the custodial
symmetry is broken at O(sin? ), and we can derive the misalignment contribution to 7"

N_sin? ¢,
167 sin? Oy cos? Oy

ATmis =

H/2 ) ) Q
[8 sin® v [0+ (ye, ynr) — O+ (yar, yp)) — 2sin’ §0+(yt7 Yb)

Lo K? A2 1
+ (2 sin? 5 + 5 sin? a) l(yt — Up) <log it B 2(y logye — yplogyp) | | ,
A

(4.9)

where the second line is related to the divergence (y¢ — vp) (log Tﬁ—; — %) Differently from
zZ

the bi-doublet case of the minimal SU(4)/Sp(4) coset, the coefficient of divergent term is
definite positive for sin « # 0. Using the same approach from ref. [29], the ASy,s turns out
to be:

12

N. k"> . )
ASmis = ASgiv — 27:§ sin? a[sm2 L (X (e, ynr) + 2x+ (U, Yar))

+3 (cos? g + 1) x4 (yr, ynr) + 6 cos o [x—(yr, ynr) — - (yr,yar)] |, (4.10)

with yur = %—22 standing for any top partner other than (7, B) and ASg;, including all
A

logarithmic terms:

N, 2 2 1 1 2
ASgy = 2—7:_ [sin2 o1 [(3 sin? % — % sin? a) (3 —3 log yf) —3 sin? 3]

2 3K’ 11
+ (cos® ¢r, + 1) ( sin? S — 2 gin? oz) ( - = logygp)

3 2 16 3 3
+ 2 <3; sin? % — %/—;'2 sin? a> <?1) — ;logy?\/[>
+ ,fsinQ o — K; sin® asin? ¢, (Zl,) - %log yl?)
+ (16 sin? % — K% sin? a) <log ;};Z — Z)] ) (4.11)

In the limit of sin¢y, = 0 (yr = yar), similarly to the minimal SU(4)/Sp(4) case, the
misalignment contribution can be largely simplified to:

N, L9 O ) A% 2
ASpis = 277: (16 sin? 5 K% sin? a) <log m—QT - 3) (4.12)

that vanishes for ' ~ 2/ cos §.
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4.2 SU(6)/Sp(6)

As we can see from eq. (A.6)—(A.7), the xk and «’ terms in the SU(6)/Sp(6) case generate the
same interactions between the components fields in the bi-doublet and one singlet T (in 1 4)
or T3 (in 7). For simplicity, we take the degenerate limit mp, = mp, = M, which gives:

K? + 2K?
24

N.sin? ¢,
167 sin? Oy cos? Oy

2 2
2
— 25sin? %H+(yt, up) + <2 sin? % _Eres sin? a)

ATmis =

sin® o {9+(yM, yp) — O+ (ymr, yt)]

24
A? 1
X | (g = o) (log —5 — o | = 2(velogys — yplogus) | | - (4.13)
my 2
This contribution enjoys the same structure as in the minimal SU(4)/Sp(4). For ASp;s,
we obtain:
Nesin?a s+ 2621, 9
ASmis = ASaiv — 5 { 51 {Sln LX+(yt, ym) + (cos™ or + 1)x+(yr, yM)}
K% + 2k2
5 cos oL [x-(yrym) — ¥-(yr, ym)l (4.14)
with
N |8 . oa  K?P427% . 9 AZ 7 K% +26% . 9
ASgiy = 5 l?’ <2 sin” 5 — ————sin oz) <log mZ TS + 35 Sin”«
.. 92 2 .o« K2 +26% . 9 1 1 2 2 . s«
+ sin” ¢, [(3sm 5 ag S a) (g—glogyt) — 3 sin 2]
2 . 74267 11
+ (cos2 or + 1) <3 sin? % -k r ® gin? a) (3 — glogy%>
10 . 2« K2 4+26% . 1 1 2
+2 (3 sin” 5 — —c——sin a) (§ -3 logyMﬂ . (4.15)
In analogy to the SU(6)/SO(6) case, ASmis can be estimated in the limit of sin ¢, = 0 as:
4N, oo K?P42k% A2 2
ASmis = 37TC <2 Sln2 5 - T Sln2 « ].Og mi% — g 5 (416)

which is consistent with eq. (4.12) with the coefficient difference originating from the repre-
sentation of the top partners. Note that the divergence of ATh;s and ASyis simultaneously

vanish at the point vk + 2k2 = 2v/3/ cos §.

4.3 EWPT bounds

We performed a x? analysis for the parameter space spanned by (k, k', mr,sin ¢r,,sin @) in
the two SU(6) models, using the EW precision data provided in the Particle Data Group
(2022) [33]. In the bi-doublet mixing scenario, the positive contribution from AT can
be large enough to compensate the negative one from ATj. The plots in figure 1 display
the regions permitted by the S and T bounds by assuming U = 0. The cyan band for
sin ¢;, = 0.8 and the region between the two red lines for sin ¢;, = 0.3 are allowed by EWPO
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Figure 1. Regions satisfying the S, T precision constraints at 99% C.L. for the bi-doublet mixing
scenario, with the left one for SU(6)/SO(6) and the right one for SU(6)/Sp(6). The cyan region is
for sin ¢y, = 0.8 and the region between the two red lines are for sin ¢y = 0.3.

at 99% C.L.. In fact, the patterns in two plots are mainly determined by ATy as the
k2 and (k2 + 2k2) contributions have opposite signs in the two models. We find that, in
order to allow x’ = 0 in the region of mp ~ a few TeV, a small symmetry breaking angle is
preferred for the SU(6)/SO(6) model. Instead, in the SU(6)/Sp(6) model, the sin o can be
of order 0.1 and smaller under the EWPO constraint. In figure 1, we projected the EW
bounds either on the (k’,my) plane (left panel) or on the (v k2 + 2k2, mr) plane (right
panel). Both plots show that with a larger sin ¢, ~ 0.8, the lower bound for the top partner
can be relieved.

5 pNGB Dark Matter

Due to the existence of a dark parity, the odd pNGBs (S, H3) and the top partners T in
the composite inert Higgs model constitute the dark sector. In this paper, we consider the
scenario of my > mpy, > mg, so that the singlet S is the DM candidate. The rationale is
the inert odd Hy would most likely be excluded by direct detection bounds, due to a large Z
boson coupling. The parity-odd scalars Hs and S were kept in a thermal equilibrium with
the SM particles in the early universe and froze out as the temperature drops to T ~ mg/25.
When the mass difference between the doublet Hy and singlet S is large enough, the co-
annihilation effect will be suppressed by e~ (muy=ms)/Ty - Hence for mpg, > 1.2mg, it is
adequate to consider just the singlet annihilation. The Lagrangian relevant to the DM
phenomenology is:

L5 —ChshSts — at% hitt — G L TRS — GriRTLS + )\t%STSELtR +he

2m? Zrz
+ M <h cosa — aVSTS> <W+”W + “)
v

v 7 2cos? Oy
2_ (1 2,510 S + Z,q7" -
m( —cos@) Z,510"S + 2uq7" (9v.g = 9a.a75) 45 (5.1)
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Model | DM | Partner Jr, JR At ay
A 7o Ty 2\[]0 sin 2¢, sin 2ac | —iyq "t Sin1¢L %(1 +cos? ¢r) % sin? o
+i S . . V2 1
% X% 47\7}% sin 2¢, sin « e oL
B icos2 or 3 sin? (%)
—q = V2 1
% Y% 4ff sin2¢p sina | =Y oL

Table 4. The couplings relevant to DM annihilation in Model A (SU(6)/SO(6) CHM) and Model

B (SU(6)/Sp(6) CHM) for the bi-doublet mixing scenario, with y4 = ﬁ%. In the 3rd row,

the partner is a Zs-odd heavy quark that mediates the interaction with a scalar DM and SM tops.

with a; ~ 1 — O(sin? ), gy 4 = 206‘7% (T} —2Q,sin? Oy) and gqq = 2c059 T3. Note that
the DM is a real scalar singlet S =72 in SU(6)/SO(6) and a complex one S = \/5(773 +ing)
in SU(6)/Sp(6). The Z coupling to DM only exists for the complex singlet, and it is
proportional to (1 — cosa) via the EW misalignment effect. The STStt term is connected
to the generation of top quark mass and derived by expanding the trace part in eq. (3.5)
till the 1/f2 order. In the mass basis, the coefficient of this quartic term can be expressed
in the form of /\t%, that matches the structure derived from an EFT approach in [22]. In
fact we can comprehend this operator as the effect of integrating out the even top partners
in ¥4 that mix with SM tops. In table 4, we report the dark Yukawa couplings §r g from
the bi-doublet mixing scenario and the quartic couplings (A, ay) in the two models. For
the right-handed top spurion in SU(6)/SO(6), we set Rs1 = 0, Rga2 = 1 for a gr of O(1).
Since my is generated collectively by the left and right handed pre-Yukawa spurions, two
couplings 91, r are present in the Lagrangian to couple the DM with the dark top partners.
This feature extends the simplified vector-like quark portal DM model, where only one
chiral (either left or right) Yukawa coupling is taken into account [34-36].

The Higgs portal coupling C}g is generated by the effective potential for the pNGBs and
it depends on all the parameters in the underlying theory that break the global symmetries
of the strong sector. In principle, the numerical values of this coupling need to be consistent
with the non-tachyon condition (i.e. mIQJNGB > 0) and with the stability of the dark parity (i.e.
the absence of a VEV for the dark pNGBs) [14, 22]. As this exercise is strongly dependent
on the details of the model, general and assumption-free bounds cannot be obtained and
we will consider C},g as a free positive parameter with a reminder that over large or small
values may be unphysical. Assuming the shift symmetry is dominantly broken with dark
top partners running in the loop, one would expect Chg to be of the same order of the Higgs
quartic times its VEV, i.e. Cpg ~ Apav ~ 20 GeV, as the Higgs mass is generated by the same
spurions. However, this value should not be too large to conflict with DM direct detection
bounds. Nevertheless, the DM candidate is not strictly correlated to the Higgs dynamics.
With the cancellation from different contributions, values of Cjg can be in a few GeV and
even smaller in corners of the parameter space, that agrees with ref. [11] for instance.
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In this paper we will consider the DM annihilation STS — ¢, WHW~, ZZ, that is
justified when the mass region of interest is 2mg < m; + mp. The main focus of this work
is on the ¢t channel, where the top partners directly contribute. The WW and ZZ channels
are included as a comparison and to prove that the t¢t channel dominates. The hh channel
is expected to contribute at the same order as WW and ZZ ones, however it receives
model-dependent contributions from the pNGB potential. Hence, to keep the focus on the
top partners, we do not include it explicitly and consider its effect as an O(1) uncertainty
on the WW + ZZ channels. Note that the (k, ') terms are neglected as well because they
only entail the derivative couplings of DM at the leading order. But non-zero (k, ') can
make the parameter space more natural under the EWPO constraint and have impact on
the fractions of DM annihilation into ¢t and di-bosons.

5.1 Relic density computation

The DM relic density is determined by the thermal average of the annihilation cross section
times the velocity (ov), expanded in terms of v,. We can first calculate the un-averaged
ov by summing over all the kinematically allowed channels:

JU—Z 2 235 /deMWP (5.2)
‘ N2 1/2 o N2 1/2
with k= [1 B <m+m>] [1 _ <mm>] | (5:3)

where S;; is a symmetric factor for identical final states and s = EZ,, is the Mandelstam
variable, with Elo¢ being the total energy in the center of mass frame. Due to the derivative
coupling of Z-ST-S, its cross section is proportional to (pgt — ps)? = —(s — 4m?%). Hence in
the s-wave limit, the Z-portal interaction does not contribute to relic density. We will focus
on the top Yukawa and Higgs mediating channels. Under the s-wave approximation, the
thermal average of (ov)z in the two SU(6) models is:

3
302 m2\? [ _
lovle = (2 4 w2 — ) (1 - m%) [QQLyR + |1 + [
2
am% —m2  Chs \ M? +m?% —m?
Y S h S t 5.4
+/BS ( t f2 v 4m% _m% ) ( )

with Bg = 2 for a real scalar (ST = ) and S5 = 1 for a complex scalar, where the difference
shows up in the Higgs mediating channel. From table 4 we can see that 7175 can be of
the same order as 7%|gg|?, while the 7%|g,|? term is negligible. Note that for Cjg = 0
and in the limit of M > mg > my, our results agree with the calculation in ref. [37]. In
particular, two dark top partners (X' 2 ff% ) participate in the annihilation of the complex
scalar DM in SU(6)/Sp(6), which is equivalent to the ¢ and u channels for the real scalar
DM in SU(6)/SO(6). Thus in our models, there is no } factor difference among the real
and complex cases in the top partner mediating cross section as pointed out by [37].
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Similarly for the di-boson annihilation channels, at the leading order, the thermal
average of (ov)yy with V =W, Z is:

4 2
e <4$§/ — 4% + 3> 3% 2
lovlww = 2 4 2 22 gy
8mZ sy, (4m% —ms3) mg
2
X (av (4m% — m,%) — Chs vcos(a)) , (5.5)
and
2 (4ms _ 4m% 2
lov)zz = 2.4 A 2 n2 " m2
16m%sjy, ey (4m%g —m3) <
2
X (av (4m% — mfl) — Chs vcos(a)) . (5.6)

Without the Higgs portal interaction, the di-boson annihilation rate is roughly proportional
to m% and becomes larger for heavier DM. Assuming Cpg = 0 and mg ~ 200 GeV, we
obtain (ov)ww + (ov)zz ~ a3 8% x 2.0 x 10723cm?/s. For a light DM and ay < 1072, the
di-boson channel alone can not saturate the relic density.

From the perspective of the Boltzmann equation, the freeze-out epoch is fixed by the
condition that the DM particles stop to track the equilibrium distribution. By defining

Ty = "73—;, this freeze-out temperature is determined as:
y 9smsMpr,
V9= f

with ¢ = /2 — 1, Mpr, = 1.22 x 10" GeV and g« ~ 100. Since gg counts the internal DM
degrees of freedom, we set gg = 2 for a complex scalar and gg = 1 for a real scalar. For

xy = log |0.038¢(c + 2) (0 vtot (5.7)

a total cross section (ov)ior ~ 2 X 10726em3 /s and mg ~ 102 — 103GeV, the freeze-out
condition gives xy ~ 20 —25. The relic density can be estimated using the following formula:

1.07 x 10° GeV~!
g« () MpL{(ovtot) /Ty

Oh? ~ gg (5.8)
5.2 Direct detection constraint

To evaluate the spin-independent DM-nucleon scattering, we can start with the effective
Lagrangian in terms of gluons and quarks:

_ o as At A A
Lo = C, q%s mgSTSqq + o (4 Cy—Cy— 3}02) stsgAmvas,
<~
+ > %S08, (5.9)
q=u,d

where the vector interaction term is obtained by integrating out the Z gauge boson with

92 gv
0L — 4 1— 5.10
Z 4m22 cos Oy (1—cosa), ( )
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Figure 2. The colored regions provide the correct relic density Qh? = 0.12 4 0.002, and satisfy
the direct detection constraint, with the upper panels for SU(6)/SO(6) and the lower panels for
SU(6)/Sp(6). The red line is the EWPO bound at 99% C.L. with k = &’ = 0.

and the vector-axial interaction is not listed as its contribution to the spin-independent
cross section is velocity suppressed. For the gluon operator in the first line of eq. (5.9),
the C; term is generated from the Higgs portal triangle diagram with heavy quarks (c,t,b)
running in the loop, while C¥ comes from the top partner box diagram. These Wilson
coefficients in the first line are given by [38-40]:

o _ Cns g 1 [ (7 +5%)mE 4GLGrM
q

_ s oo , 5.11
vmg, S 24Bs | (M2 —m%)?  (M?—m%)m, (5:11)

where g takes into account the difference of mediators in two SU(6) models. Then the
coupling fp, for DM interacting with protons or neutrons are factorized as the Wilson
coefficients in eq. (5.9) times the nucleon matrix elements. Expanding in the non-relativistic
limit, the spinor structures inside (N|gy*q|N), (N|gq|N) and <N|GﬁVGA“"\N> are the same.
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Hence the operators from eq. (5.9) contribute to f,, in an interference way:

A n 2 n
= 3, flem (c +3f 409) f 4+ mso(p ', (512)

q=u,d,s

where the last term is from the Z portal in the complex scalar DM scenario, with the sign
=+ standing for the scattering of a particle or anti-particle DM. Note that my is the nucleon
mass and the form factors are C,, = 2C% + C%, cy =05+ QC’%. For C% = C%D’n) =0,
eq. (5.12) goes back to the pure Higgs portal scenario [22]. And the matrix elements related
to Higgs portal are defined by [41]:

() = M9 NGgINy = — (N2 gA g N 5.13
q mN< |q(I‘ >’ fTG 8mN< ‘71’ nv | > ( )

Operating the nucleon states on the trace of the stress energy tensor gives the following
relation [42]:

o — (1— 3 fépf”)) , (5.14)

q=u,d,s

where fy (P1) s the quark mass fraction that can be calculated by lattice simulation or chiral
perturbation theory, and we will use the values listed in [40]. Finally, the spin-independent
cross section is

os] = (5.15)

m%ﬂ%( mymg )“’(pr+<A—Z>fn)2

4rm% \my + mg A2

As indicated in eq. (5.12), the Z-portal interaction of particle and anti-particle DMs is
either constructive or deconstructive with the Higgs portal one in the DM-nucleon coupling
fpn- For the complex DM in SU(6)/Sp(6) CHM, we need to average over this two effects,
e off =3 (O’SI + ds1). The measurement of ogy at the underground detectors [43-47] will
impose constraint on (mg, fpn). With mp > 2TeV and mg € (0.2,1.5) TeV, the dark top

0~%8 cm?, several orders of magnitude smaller than the

partner induced ogy normally is < 1
upper limit. Hence, the direct detection malnly constrains the parameters related to the
Higgs or Z-portal interactions, i.e. (Chs, mg) in SU(6)/SO(6) CHM and (Chs,ms,sin «) in

U(6)/Sp(6) CHM. For the complex DM, the Z-portal interaction places a stringent upper
bound on sin a. Using the latest LUX-ZEPLIN measurement [47], we find with Cps =0
and mg € (0.2,1.5)TeV, the upper limit of sin v in SU(6)/Sp(6) CHM falls in the range of
(0.024,0.04). Adding the Higgs coupling Cpg will further reduce the allowed sin o value.
The benefit to include odd top partners is that the dark Yukawa interaction brings in
sufficient additional annihilation rate that compensates the smallness of Higgs portal one,
while is not sensitive to the direct detection in the preferred (mg, mg) parameter space.

Therefore, the dark top partners in fact relieve the tension in a Higgs portal DM model.
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5.3 Combined analysis

There are 5 independent parameters in our DM models, i.e. (Chg,mg, mp,sina,sin ¢r),
where the last 3 ones are related to EWPOs. A comprehensive analysis is conducted to find
the viable parameter space. However we will not include the bound from indirect detection,
e.g. the gamma rays observed in dwarf spheroidal galaxies or the Galactic Center. The
signals normally impose constraint on the low DM mass scenario (< 100 GeV) [48, 49]. A
recent interpolation pushed up the bounds near several hundred GeV for the bb, WW, ZZ
channels, but lack of ¢t information [50]. Note that our analyses in both CHMs are restricted
to a small sin @ and this results in S5 — ¢t playing a dominant role with more than 90%
contribution to the DM annihilation. For the DM mass in (0.2, 1.5) TeV, the upper limit on

0—26

(ov)g is around 5.0 x 1 cm3s™! from the 11 years of Fermi-LAT observations [49], with

almost no constraint on the parameter space.

In figure 2, we require the scalar DM to accommodate the correct relic density 0.118 <
Qh% < 0.122 [51] and simultaneously satisfy the constraints from the direct detection
and EWPOs. In addition, collider experiments impose direct constraints on the dark top
partners and the (T'x, X) in the Zs-even bi-doublet [52-54]. Henceforth, the points in the
plots need to satisfy M = my cos ¢, > 1.3 TeV. The upper panels refer to SU(6)/SO(6):
In figure 2(a), we set Cpg = 2GeV, and the relic density dominantly comes from the top
partner channel. We can see that the DM mass is constrained to be 200 < my, < 255 GeV
for mp < 8TeV. A lower DM mass from this region will demand for smaller sin ¢7, and mr,
thus is excluded by EWPOs. Corresponding results for SU(6)/Sp(6) are displayed in the
lower panels. For this case, the allowed value of sin a derived from the direct detection
strictly constrains the lower limit of DM mass, while the bound from EWPO is relatively
loose. In figure 2(c) with Cpg = 2GeV, sina = 0.02, the DM mass populates in a wide

range 200 < Mapzring < 1500 GeV. Increasing sin o will cut off the lower mass region. The
V2
impacts of Cj,g for two models are visualized in figure 2(b) and 2(d), with its value limited

by the direct detection bound. From eq. (5.4), we find that a positive Cg makes the Higgs
portal deconstructive with the top partner channel, hence requires a lighter top partner.
The narrow bands from the variation of Cjg indicate that the Higgs portal only offers a
subleading contribution.

6 Conclusion

Extending the global symmetries of composite Higgs models allow to accommodate for
stable pNGBs, which can play the role of Dark Matter. In fundamental CHMs with real
and pseudo-real realizations, this amounts to add the HC fermions that are odd under a
Zo dark parity. In return, odd resonances as condensations of HC fermions appear in all
sectors of the theory. However for the complex realization of CHM, a simple Zs for the
HC fermions is not adequate as the conjugate operation plus internal flavor rotation might
be involved.
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Partial compositeness for the top quark mass generation plays a crucial role in this
class of models. On one hand, the couplings of the elementary top fields must preserve the
dark parity, hence imposing non-trivial constraints on the UV completions of the models.
On the other hand, the presence of odd top partners relieves the tension of Higgs portal
coupling with the direct detection.

We have considered in detail the role played by the dark top partners in two models
based on fundamental dynamics, where the composite Higgs boson and Dark Matter stem
from the cosets SU(6)/SO(6) and SU(6)/Sp(6). Following ref. [29], we considered the impact
of electroweak constraints on the models. Furthermore, we studied the properties of the
pNGB DM in the presence of the dark top partners. They enter as mediators for the
annihilation of the DM candidate in the early Universe and at direct detection experiments.
This effect can dominate over the Higgs mediated processes, with non-trivial interference
effects taken into account. As a result, phenomenological constraints require the mass of
the even top partner to be in the multi TeV regime, with viable masses above 4 TeV for
SU(6)/SO(6) and lower to 2 TeV for SU(6)/Sp(6). These masses can only be directly probed
at future high-energy hadronic colliders.
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A EW gauge interaction

We will write down the EW gauge interactions with the top partners not rotated into the
mass basis. In the SU(6)/SO(6) CHM, the ¥4 gauge interaction includes a standard part:

Tr [par (Via+vaV,) +91 B X haypa)
_QQWJ~MNTM~ T AP X 5 K X o K
=2 [T B+ Xy T + T B+ Xy*Tx +v2 (X29"X_1 — X357 X:3 )| +hee.

3
92w,

+ [Tv“f’—éy“é—ki(v“f(—fx'y“’fx +TA*T — By B+ X" X —Tx~"Tx

—2X 1" X 1 +2X59" X5
3 3 3 3

1 — ~ = ~ — —
+g1B% [6 (T7“T+B¢LB+TWT+BWB)

EN|

— ~ e ~ -— -— 2 p— — —_
4 (X’y“X +Tx’y“TX+X7“X+TXfy“TX> +3 (X_%WX_% +X29" X +X%7”X%>

(=}

3

1- 2 - 5~
__ H - 1 _ 1
Y 1Y Y %+3Y%’Y Y%+3}/g’7 }/g‘| (Al)
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with V, = gngT}; + g1BgT 3. And the misaligned effect is separately encoded in 0E, =
E, —V,. We can expand the relevant Lagrangian to obtain at the leading order:

Tr LZA'Y“ (5EM¢A +$adE, )} -
D [ (B R) (- 7) + (B %) #0130
= VB (gt (Xy - X_y) + Tyt (Vg - 1))
WS T)0-) 01 )
VB (X (Xy + X5) =V (Vg +1))
+ Q(WS - Bﬁ tan(QW)) [T’}’“T — ?X'YHTX + THMT — Txy"Tx

—X_;’y”X_; +X§7“X§ —i—Y_;’y“Y_ — 5’)/“Y5”. (A.Q)
3 3 3 3 3 3 3

W=

The ' term in eq. (3.1) will also modify the gauge interactions:

Tr[ledu'y“qu] D égngu sin(a) (\/§ (E — }) yufl — (B + X) Yo <X§ -+ Y%)
VAT (Xg =Y ) 4 VR (v - Xy )
+ %LCJQWQ“ sin(a) (\/5 (E%—}) v, Ty — (B - X') Yu (X% + Y%)
VAT (X5 473 ) 4 VR (X 7))
+ égg (Wi — Bf tan(fw)) sin() (\/5 <? + ?X) v.T1 + V2B, (X_% + Y_%)
+ (T =Tx) w (X2 = ¥2) + V2X5, (X5 +Y3)) + hoe. (A.3)

Note that because the charge operator () is conserved, only Wf and Z, couplings are
misaligned by the sin o corrections.

Similarly for the SU(6)/Sp(6) CHM, the Lagrangian of the covariant gauge interaction
can split into the SM part plus the misalignment one as following:

Tr [y (Viba +0aV,l) + g1 B X haya

QQWJT ~ —_ ~ _ _

=2 [TV“B + XAMTy + TAH*B + XWTX} +he.

V2

92W37u” BB 4 XARX — T o~HT [P TN
~I—T[T7T—B7B+XWX—TX7TX—|—T7T—BVB

_ _ 1 = - = . _
+ X" X = Txy"Tx] + +g1BY [ (To*T + By B + Ty*T + B+"B)

T = s = ~ - = 1_ 5 -
+ - (X’y“X + Txy"Tx + XyHX + Tx’)’“TX) — X VX 1+ S XX
6 3 3 3 3 3 3
9 ,_ _ _ _
+ 3 (Xg’y“Xg + Yo yHYe + TyyH Ty + TQ’V“TQ) (A.4)
3 3 3 3
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Tr [QZA’YM (5EM1/JA + 1/JA5EZ>] D

_ gasin® (5)
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5
3

wlu

%'y“f/% - QT)(’)/“TX + 2T’Y”TT| (A5)
Finally the &/, x terms in eq. (3.1) from the CCWZ formalism can be expanded as:

g2 sin(a)

TT{J’A/Z¢A}D Wi

+V2(W (B +X)y"Ty +iW? (B - X ) y'T3)

(V3 (W) —iw?) (VarB+ XsyTx — Ty"X s — Xy %)

+ (WS - B, tan(@w)) (ﬁ(By”X_é +?X7“X%

+ ?'7“17% + Xg'y“)?) +v2 (T — TX) 7“T2> + h.c. (A.6)
Tr[fad,y 1] + b D ”j\r/léo‘) (Wi (B+X) 4T +iW2 (B = X) /" T
+ (W2 = B tan(ow)) (T — Tx ) v T + h.c. (A.7)

B DM Yukawa interaction

We will derive the couplings between the odd pNGB and dark top partners generated from
the partial compositeness in eq. (3.5). For the SU(6)/SO(6) CHM, we find that:

Ly, = —ingyrtr <sin 2@@A1T1 + \/ing (T cos? % — T sin? g))

+ %U2yRER (Sin aR a4 (TX + T) -7 (Sim2 o} (\/6}251 - 2R52) + 4R52))

— ingyLELB\@cos a@Qgo + h.c. (B.1)
‘CHO/AO = —%H()th_L (\/5@,41 (Sin 2 (T . Tx) + sin o (TX + T)) + QQSQT1)

+ %HonyR (cos2 a (\/§351 - \/iRSQ) + 2\f2R52) (T - TX)

+ %AOQLEL (\@sin aQ a1 (T — TX) 4 2 cos OCQSQTI)

— éAoyR{R (\/5 sinaRasTy — (\/5R51 + \/iRSQ) (TX + T)>

— V2Hyyrbr BsinaQ a1 + h.c. (B.2)
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In the SU(6)/Sp(6) CHM, due to the remaining global U(1) symmetry, the parity odd
PNGB are complex scalars. The relevant couplings are:

1 . .
Logting = JyrtrsinaQa ((773 +ina) X2 — (03 — ina) §>

- %nyLQsz ((773 — ing) T cos® % + (13 + ina) Tx sin® ;)

+ 2\1ﬁthR sin aR 41 <(?73 +ing)Tx — (93 — z'm)T)

- %nyR cos® %ng ((773 + i14) Xg — (03 —ina) f%)

- % (3 — ima) yrbr (BQSQ - X’_% sin aQAl) + h.c. (B.3)
Liy+idg = i (Hy —iAo) yrtr (T sin a@Q a1 + 217% sin? 3Q52>

+ i (Ho + 1A0) yrtr, <2X§ cos? <Z> Qg2 — Ty sin aQAl)

— i (Ho — iAo) yrtr (\/5 % sin R4y — 27 sin® 3R53>

+ i (Ho +iA0) yrtr (\/5 ~% sin R 41 — 2T sin? (;R53>

+ % (Ho —iAo) yrbr ( B sin aQ; — X_%QSQ) + h.c. (B.4)

C Mixing with (3,1) + (1,3) top partners

The calculation of oblique parameters in the bi-doublet mixing scenario is given in [29]. Here
we will show the relevant detail for the triplet mixing scenario. When the top quark mass
is generated by the mixing among the SM (¢,by) and tg and top partners in (3,1) + (1, 3)
representations, the fermions can be arranged into up and down sectors:

T T
U= <t7X2/37Y2/3) D= (57 X71/37Y71/3) (C.1)
0 —7“\%52 [sina 7“\%52 [sina
M3 = | ypRaafsin®g M 0 (C.2)
yrRasf cos® § 0 M
0 —yrQgsofsina yrQgssf sina
M_1/3 = 0 M O (Cg>
0 0 M

where we can rescale yrQs2 — yr and yrRa4 — yr without losing generality. The
up and down masses are diagonalized by the basis rotation, i.e. QTLMQ /3R = Mg/lgg

and Q%TM_l /39% = Mfila /gg. And the rotation matrices for the triplet scenario at O(e?)
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(e =sina) are:

4
f262 ( M 1> y2
(rer2g)? )7 _few Mey,
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e 1 fPeyi-M? 0+~ -+

which observe QTLQ L= QCLlTQdL =0 RQTR =1+ O(€3). Note that the unitarity will ensure
the contribution to S, T from the rotation effect to be finite. For the triplet mixing, the

fermion masses are determined to be:

f*yLyrsina
V2/M? + fAy}
f*sin® a (fyp + M* (v — y1))
4 (ny%% +M2)3/2

1 .
My, = M+ mﬂy% sin” o

my =

my, ., =\ M? + f2yf —

1 .
mx_,,, =M+ Mny% sin my._, ., =mx,, =M (C.7)

In the SU(6)/SO(6) model, the basis rotation contribution to oblique parameters is:

N, m? 1
ATnix = . : 3604 (ye, yar) — 30+ (yp, yar) — O (e,
163y chy md, [Sinz or cos? ¢R( + (e ynr) = 304 (s, yar) — 04 (e yb))
cos? ¢
+ — D) 1 <0+ <yY25yb> - 9+ (ytayY2> - 6+(ytayb)> (C8)
sin® ¢ 5 5
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N my 4 cos® pp
st [ o oo o ) o)
mix o [m%é/g [sin22¢R X+ ytva% + X+ yb,yy_% +sjn2¢)RX+ i yY%

8 YX_1 1 m? 1 ye 1 mi cos’op Yt
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where the first term in the second line is also in O(sin? &) because the mass splitting inside
the triplet is

_ 8cospp mj Tyr

mx —mx = 5 > singbR:—.
1/3 5/3 San 2¢R m%@/g /MQ I ny%f

However as the misalignment connects the bi-doublet with the triplets, for its contribution

(C.10)

to S and T', we need to include the interactions of all top partners in ¥ 4. In the triplet
mixing scenario, the custodial symmetry is conserved at O(sin? ). Hence we derive the
corresponding S parameter to be:

Nk .
ASuis = ASgiy — 27:; sin” o [SHP drX+ (Yt ynr) + (0082 bR+ 1) X+ (yyg , yM)

+2cos g {x (yyg,yM> - <yY§ayM)H (C.11)

with the divergent term included in:

Nc 2 1 1 1 1
ASgiv = o [_’IG sin? o [sin2 o3 (3 —3 logyt2> + (cos® pr + 1) <3 —3 logy%)}

11 11 2
+ (245in2 % - §f£/2 sin? a) (3 -3 log yﬂ) - % sin? o

2
+ (16 sin? % — K sin? 04) <log A 7)] (C.12)

- -
ms 6

which will recover eq. (4.12) for sin ¢ = 0, just like the bi-doublet mixing scenario. Note
that the loop functions we used in the oblique parameters are defined in [55]:

2y1y2 log (‘%)

0+(y1,y2) = y1 +y2 — (C.13)
Y1 — Y2
(y1 + y2) log (£
0—(y1,92) = 2y/y1y2 ( (yQ) -2 (C.14)
Y1 — Y2
Buiya(yr +y2) —yi —y3)log (L) 5(y2 4+ 42) — 22
X (Y1, y2) = (yz) L 5 (it y2) = 22y1y (©.15)
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X-(y1,y2) = —V/y192 6y1y2 (y1 —2)? (y1 — y2)? (10
Y1+ Y2

. _ C.17

Y (y1,92) N | )

Another loop function can appear in the S parameter originating from a pure rotation
effect:

Vi (Yar ) = % (Qa — Qp) — % (Qa + Qp) log (Z:) (C.18)

that is generalized for the VLQ in a non-standard doublet or triplet representation [29].
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