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We propose a novel class of composite models that feature both a technicolor and a composite
Higgs vacuum limit, resulting in an asymmetric dark matter candidate. These Techni-Composite
Higgs models are based on an extended left-right electroweak symmetry with a pseudo-Nambu
Goldstone boson Higgs and stable dark matter candidates charged under a global U(1)x symmetry,
connected to the baryon asymmetry at high temperatures via the SU(2)r sphaleron. We consider,
as explicit examples, four-dimensional gauge theories with fermions charged under a new confining

gauge group Guc.

The nature of Dark Matter (DM) and the origin of
its relic density are arguably among the most important
open questions in particle physics [1]. An answer could
be found within existing solutions to other problems in
nature: for instance, we know that the bulk of the bary-
onic mass is due to strong dynamics while the baryonic
relic density is due to a particle/anti-particle asymme-
try. Furthermore, the baryonic and DM relic densities
are of the same order. Within Technicolor (TC) models
of the electroweak (EW) symmetry breaking [2, 3], this
observation has motivated DM candidates whose mass
is due to new strong interactions and whose stability is
due to U(1)x techni-baryon charge [4, 5|. The baryon
and DM relic densities can share a common asymmetric
origin if this U(1) x global symmetry is anomalous under
the EW sphalerons, paralleling the EW anomaly of the
baryon number [6]. This realizes asymmetric dark mat-
ter (ADM) [5] in TC models. In view of the progress at
the LHC, the main drawback of TC models is that, in
general, there is no simple parametric limit in which a
Standard Model (SM)-like Higgs is recovered.

One way out consists in engineering a vacuum mis-
alignment of TC into a Composite Higgs (CH) model [7-
9], which is possible for a subset of TC theories [10,
11].  The composite Higgs state now arises as a
pseudo-Nambu-Goldstone boson (pNGB) from the spon-
taneously broken (chiral) global symmetry. Hence, it can
be parametrically close to the SM Higgs. However, in
CH models the U(1)x techni-baryon or specie number
is either broken or no longer anomalous under the EW
sphalerons, thus the link between the baryon and DM
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asymmetric relic densities is severed (see [12-19] for mod-
els with thermal composite DM).

In this letter, we propose a new model building avenue
where the CH and TC limits are simultaneously present,
thus allowing for a successful description of the EW sym-
metry breaking and ADM. This requires:

i) a SM-like composite pNGB Higgs multiplet with
custodial symmetry [20];

ii) a composite DM candidate, stable due to a U(1)x
symmetry of the strong interactions;

iii) an EW anomaly of the U(1)x symmetry allowing
for shared asymmetry of baryons and DM,

iv) a suppressed DM thermal relic density.

The first ingredient i) is a key feature of CH models [7],
holographic extra dimensions |9, 21|, Little Higgs [22, 23],
Twin Higgs [24] and elementary Goldstone Higgs mod-
els [25]. Extensions of the global symmetries can accom-
modate ii), however these model types typically do not
satisfy ii) and iii) together.

To realize all four requirements of the Techni-
Composite Higgs scenario, we are led to consider an
extended Left-Right EW sector, with gauged SU(2);, ®
SU(2)gr ® U(1)ys symmetry, dynamically broken by the
strong dynamics via a left-right coset: G/H D G /Hr ®
Gr/Hpgr. The left sub-coset G /Hp is pinned in a CH
direction by appropriate interactions, while the right
sub-coset Gr/HFg is in the TC vacuum with an unbro-
ken global U(1)x. This symmetry is anomalous under
SU(2)r, and the lightest composite state carrying X-
charge plays the role of ADM. Imposing the requirements
i)-iv) also constrains non-trivially the form of the oper-
ators that generate the SM-fermion masses. Note that
the interplay between TC and CH limits was used in
Ref. [26], where the TC vacuum is only present at high
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temperatures. In our paradigm, the two limits coexist at
all temperatures.

For concreteness, we consider four-dimensional gauge
theories with a single strongly interacting gauge group
Guc, with hyper-fermions that generate the global sym-
metry breaking via condensation. For models with a sin-
gle fermionic representation, the symmetry breaking pat-
terns are known [27, 28]: Given N Weyl spinors trans-
forming as the HC R representation, the three possible
classes of vacuum cosets are SU(N)/SO(N) for real R,
SU(N)/Sp(N) for pseudo-real R and SU(N) ® SU(N) ®
U(1)/SU(N) ® U(1) for complex R [29]. The minimal
CH cosets that fulfil requirement i), within these three
classes, contain N = 5 in the real case [8], N = 4 in both
the pseudo-real [30] and the complex cases [13]. In terms
of pNGB spectrum, the pseudo-real case is the most mini-
mal, with only 5 states. Similarly, the minimal TC cosets
that fulfil the requirements ii)-iv) contain N = 4 in the
real case [31-34], N = 4 in the pseudo-real [35] and N = 2
in the complex one [7]. In the first two, the ADM can-
didates are pNGBs, while in the complex case it is a
baryon [7].

To realize our scenario, we need to introduce two sets
Si,r of hyper-fermions, charged under SU(2)1, r, respec-
tively. The representations Ry r may be different or
identical, and they determine the resulting coset struc-
ture. We will assume that the pattern of the L and R
cosets are the same as above even when the two repre-
sentations are different, while for R;, = Rpr the coset
is enlarged. The strong Gy interactions produce con-
densates of the Sy r fermions at scales fr g, which are
of similar size. Hence, the breaking of the EW gauge
symmetry occurs as follows:

SU(2)1, ® SU@2)r ® U(1)y: 25 SU2), @ U(1)y

fr sin0p=vEw (1)
where the hierarchy between the EW scale vgw and the
compositeness scale f;, ~ fg is generated in the Sy -sector
and is parametrized by a (small) angle ;..

The most minimal choice for the S; sector consists
in four Weyl spinors @r,, arranged in one SU(2);, dou-
blet (U, D) and two singlets U and D, transforming as
a pseudo-real representation Ry, of Gyc and as a funda-
mental of a global Gy, = SU(4)r. The minimal L coset
will, therefore, contain the longitudinal components of
the W# and Z bosons, a Higgs candidate and a singlet
7. We will focus on this scenario in the following, as
shown in Table I.! The minimal Sg also contains four
Weyl spinors Qg, arranged in an SU(2)g doublet (C,S)

1 The same gauge charge assignment can be used for a complex
R, at the price of including right-handed hyper-fermions with
the same quantum numbers. For real R; one would need two
SU(2)1, doublets with opposite U(1)y- charges and a neutral sin-
glet, thus 5 Weyl spinors in total.

Guc SU(?))QCD SU(Q)L SU(Q)R U(l)y/ U(l)x

(U, D) Rp 1 ] 1 0 0
U Ri 1 1 1 -1/2 0
D Rp 1 1 1 41/2 0

(C,S) Rr 1 1 O 0 +1
C Rr 1 1 1 —12 -1
S  Rrg 1 1 1 +1/2 -1

w: 1 ] O 1 +1/6 0
gri 1 O 1 O  +1/6 0
L. 1 1 0 1 =12 0
In: 1 1 1 o  -1/2 0

TABLE I. Fermion field content and their charges of the
Techni-Composite Higgs template models with the full left-
right gauge symmetry. All groups are gauged except for
U(1)x, which is a global symmetry in the R sector responsible
for dark matter stability.

and two singlets C and S. The quantum numbers, to-
gether with the U(1)x charges, are shown in Table I,
and are valid for all possible representations Rg: in
the complex case, however, the singlets C' and S trans-
form as the conjugate RF, while U(1)x is the techni-
baryon number. In the pseudo-real case, the coset is
SU(4)r/Sp(4)r and, besides the longitudinal modes of
the VVRi and Zy bosons, the spectrum contains a complex
neutral pNGB carrying X-charge. In the real case, the
coset SU(4)r/SO(4) g contains a complex neutral pNGB
and two charged ones carrying X-charge. In the complex
case, the coset SU(2)p1 ® SU(2)r2 ® U(1)x/SU(2)vr ®
U(1)x does not contain pNGBs carrying X-charge, so
the DM candidate is played by a baryon-like state. In all
cases, the U(1)x symmetry has a gauge anomaly with
respect to the SU(2)r ® U(1)ys symmetry. Note that, if
R # Rpg, there exists a global U(1)g symmetry under
which both sets of hyper-fermions are charged, which is
spontaneously broken by the condensates and generates
a light singlet pNGB, along the lines of Refs [36, 37].
Finally, if R, = Rr = R, the coset is enhanced: for
pseudo-real R, the coset is SU(8)/Sp(8); for real R, the
minimal case is SU(9)/SO(9); for complex R, we have
SU(6)1 ® SU(G)Q ® U(].)TB/SU(G)V ® U(].)TB, where the
U(1)x in Table I is a linear combination of U(1)rp and
a U(1) factor inside SU(6)y .

The remaining important ingredient for model build-
ing is the list of operators that generate the SM-fermion
masses. The operators play an important role in de-
termining the vacuum alignment in both L and R sec-
tors, particularly via the top mass [38]. To connect the
U(1)x anomaly to the baryon number via SU(2)g, we
require that the right-handed SM fermions transform as
doublets, as shown in the bottom rows of Table I. The
operators that generate the fermion masses, therefore,
appear as 6-fermion operators with the generic structure

QrQrQrQrYLYr. For instance, for the top quark

&

F< TPLQL)(QRPrQR)qL 3qR 3 + hoc., (2)
t



where P, and Pgr are two-index matrices in the G and
Gr space, respectively, selecting the appropriate combi-
nations of the hyper-fermions that ensure gauge invari-
ance and couple the top fields with the components that
acquire a non-zero condensate. As such, Pp, r transform
as doublets of SU(2)y, g, respectively. Similar operators
can be added for all SM fermions. Note also that, for
complex Ry g, it suffices to replace szR by the conju-
gate hyper-fermions. We also remark that the operator
in Eq. (2), reminiscent of the mass terms in the original
TC models [3], can be generated via partial composite-
ness [39] in models proposed in Refs [40, 41] via operators
of the form:

Yy Yy
iQL,B(szLQLXt) + £QR,3(Q£PRQRXI) +h.c., (3)

where x; is a new hyper-fermion, transforming in a
suitable representation of Gyc, and carrying appropriate
quantum numbers under the SM gauge symmetry. To
illustrate the new scenario, in the following we will focus
on a specific minimal model, and leave other examples
to the Supplementary Material.

The minimal scenario we illustrate here is based on
Guc = Sp(6)uc with Ry, = F (fundamental, pseudo-
real) and Rr = A (antisymmetric, real). We will also
include masses for the hyper-fermions in Sy, because
they help stabilize the CH vacuum [10, 42]. The relevant
physics can be described below the condensation scale
in terms of an effective theory, following the CCWZ pre-
scription [43], and based uniquely on the coset symmetry:

SU(4)L X SU(4)R X U(l)@
Sp(4)L X SO(4)R ’

(4)
At lowest order, the effective Lagrangian has the form

Lerr = Lypt — Verr , (5)

where the first term corresponds to the usual chiral per-
turbation theory for the pNGBs, and the second term
contains the effective potential generated by loops of the
SM fields, namely the EW gauge bosons and the fermions
(top). The latter plays a crucial role in determining the
vacuum alignment and the gauge symmetry breaking (see
the Supplementary Material).

To investigate the asymmetric relic, we analyse the
dynamics of the sphalerons associated with the left and
right gauge symmetries. The SU(2), x SU(2)g sphaleron
equations, when in equilibrium above fr, g, yield chemi-
cal potential equations of the form

d(Rr)

(Hur,i + 2pan,s) + por,i + > (uy +pp) =0,
6
d(Rr) B (©)

(Hur,i + 2pdR,i) + R, + 5 (ne +ps) =0,

where sums over the generations are left understood and
d(R) is the dimension of representation R. The labelling

of the chemical potentials p follows Ref. [35]. The align-
ment of the Sy, sector vacuum also results in the separate
equation py + pp = 0. Together with equilibrium condi-
tions from the 6-fermion operators in Eq. (2) and condi-
tions on the relevant charges, these sphaleron processes
yield a system that can be solved for the relic density of
X-charged states after condensation (see the Supplemen-
tary Material).

If all three families of SM fermions are gauged under
SU(2)r and all the operators, including both sphalerons,
are in equilibrium, then the total U(1)x asymmetry is
zero. However, due to the high scale of fr, r not all fam-
ilies are in equilibrium. A fermion 1), receiving its mass
my from a Yukawa interaction generated by a 6-fermion
operator such as Eq. (2), is in equilibrium at a tempera-
ture T if [44, 45]

10 TeV m f o/2
4 AL
2.3 x10% x4/ 7 omw ~ <T> . (7)

The system will have non-trivial solutions if the 6-fermion
operators are inefficient for at least one charged fermion
but efficient for at least one other charged fermion. By
evaluating Eq. (7) at the condensation temperature T =
f, until which expect the sphalerons to be active, we find
this to be realised for 20 GeV < f < 3 x 10'2 GeV.

In this window, 6-fermion operators are inefficient for
at least the electron but efficient for at least the top
quark. Solving the set of equilibrium under these con-
ditions we find, for both first- and second-order phase
transitions, the following ratio:

Yefed)

where X, B and L are the X-charge, lepton, baryon num-
ber densities respectively, and where we leave L and B
as free parameters in this work. For second-order phase
transitions, Eq. (8) applies even when all 6-fermion op-
erators are inefficient. For first-order phase transitions,
the system is under-constrained in absence of efficient
6-fermion operators. The ADM relic density can be ex-
pressed in terms of the charge densities as

oy | X |\ mpoy (mpy
Qp B| 2m, 2Ty )’

9)

where T is the temperature of the phase transition and
o(z) is the Boltzmann suppression factor [35, 46].

In absence of Boltzmann suppression (mpy < Tr),
the asymmetry sharing naturally fixes the DM number
density to the order of the baryonic number density, so
that QDM/QB ~ O(l) is found for mpas ~ O(mp) The
correct relic density Qpas /g = 5.36 [47], therefore, re-
quires either a small DM mass mpy; < fr, a tuning in
|X/B| < 1, or an exponential suppression in the Boltz-
mann factor for Tp < mpps. Another possibility is to
allow the decay of the heavy X-charged pNGB into an-
other light stable state [48].



To assure condition iv), the DM pNGB needs to ef-
ficiently annihilate to suppress the thermal component
of the relic density. For heavy DM candidates (mpys >
mwy = 9rfr/2), the dominant annihilation channel is in
a pair of SU(2)r gauge bosons, which has a cross section
of the form:

4, 2 2
IJrRMDM My,
<0U>WR :32 4 - 2 =
My, M (10)
My, | 3 Miy,
X |\ 1T—-—"*+4+-— .
mpy  AMpy

This channel is effective in wiping out the thermal relic
if (ov)wy > 3 x 10726 cm3s~! [49], implying

2
mpn > 0.073 TeV x <1{§/) , (11)

for mpyp > mwy. For lighter DM masses, mpy <
myy,, the main annihilation mode involves a pair of
pNGBs that do not carry X-charges: by studying the
potential, we found that the dominant channel involves
the U(1)e pNGB ©, which can be parametrically lighter
than the other pNGBs [37]. The annihilation cross sec-
tion reads

A2 / m2
(ov)e = 32;(;;?@ 1— m2@ , (12)
DM DM

where the quartic coupling is suppressed by the misalign-
ment in the L-coset, Axxoo ~ Ao(vsm/fr)?. This pro-
cess can wipe out the thermal density for

TeV >
mpar < 0.21 TeV x (Jf) o, (13)
L

for mg < mpy.

The strongest bound on the compositeness scale comes
from direct searches at colliders for Wg, as this state can
be produced via Drell-Yann if it couples to the first gener-
ation. The most recent CMS bound from di-jet resonant
searches [51] reads my,, 2 5.2 TeV, which implies for
gr = gL a bound fr 2 16.4 TeV. If fr = fg, this bound
also implies a bound on the misalignment in the EW sec-
tor (L-coset), which we can best express in terms of the
fine tuning parameter £ = v,/ f? [52]: the Wr searches
imply a bound ¢ < 2.25-107%. This is much stronger
in this model than the bounds on Higgs compositeness
from the Higgs couplings to the SM particles set by the
LHC data [53] (£ < 0.1), and the EW precision measure-
ments [11] (£ < 0.04). On the contrary, as we expect
mpny ~ fr, the values seem compatible with the limit in
Eq. (11). The fine-tuning of one part in 4-10% should not
discourage the study of this model, as it represents a huge
improvement over the fine-tuning in the SM, which for
the Higgs mass amounts to one part in 103* against the
Planck scale. As already discussed, due to the large DM
masses, additional tuning is needed in Eq. (9) to obtain
the correct relic density via the asymmetric production.

100}
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FIG. 1. Constraints on mpy and the compositeness scale
f = fr = fr. The red shaded region is excluded by thermal
overproduction, while an upper limit on mpy S 110 TeV
comes from unitarity bounds [50]. The low mass limit of the
excluded region depends on Ao, and we show three sample
values. A lower limit on f comes from direct searches of Wgr
at colliders, which crucially depends on the value of gr (we
show three sample values: gr = 1, gL, gy, with the last being
the minimum allowed value). The high mpas edge of the red
region has a mild dependence on gg, illustrated by the thin
orange band, moving to the right for larger gr.

Another valid possibility consists in tuning the mass
of the DM to be mpy < fr. Assuming |X/B| = O(1)
in Eq. (9) (and Tr > mpyr), saturating the relic density
would require mpy = 1 GeV. This low mass can be
achieved by properly tuning some couplings in the
effective potential in Eq. (5). As the DM pNGB is nearly
massless, this limit is technically natural according
to 't Hooft naturalness principle [54] as it reveals the
restoration of a global symmetry.

In summary, we have presented a family of Techni-
Composite Higgs models which employ new strong dy-
namics to produce both a pNGB Higgs and an asym-
metric DM candidate. The key novel ingredient is a
Left-Right symmetry and the contemporary presence of
a Composite Higgs vacuum in the L-sector and a Tech-
nicolor vacuum in the R-sector. An illustrative example
of the allowed parameter space is shown in Fig. 1. This
shows model-independently the main features of Techni-
Composite models: a successful ADM relic density can be
obtained for masses above 10 TeV or for masses around
the GeV scale. This family of models can thereby nat-
urally explain the observed Higgs mass and DM abun-
dance with a minimum of tuning, although some tuning
remains necessary to ensure the correct vacuum align-
ment and DM mass.
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Supplementary material

I. EFFECTIVE LAGRANGIAN AND VACUUM ALIGNMENT

We consider the scenario with Ry real and Ry pseudoreal of Gyc, which applies to the model studied in the
main text. To describe the general vacuum alignment in the effective Lagrangian of this scenario, we identify an
SU(2)1, x U(1)ys subgroup in SU(4);, by the generators

; oi 0 0 0
TLL = (O O) ) TLBY' = (0 0.%“) y (El)
and an SU(2)g x U(1)ys subgroup in SU(4)r by the generators
TRR = (O O) ) T}%Y’ = (O —0;) ’ (E2)

where o; are the Pauli matrices with i = 1,2,3. Note that the Y'-charge generator is identified as Y' = T3y, + Ty,
while the standard hypercharge is given by Y = T3+, + Tar + Ta+ after the breaking of SU(2)r. Furthermore, T}y,
and T3+, are part of global SU(2) symmetries that define a custodial symmetry in both cosets [20]. This is required
in the L-coset to reproduce the correct Z/W mass ratio.

The alignment between the extended EW subgroup SU(2);, x SU(2)gr x U(1)ys and the stability group Sp(4) x
SO(4)r can then be conveniently parameterized by one misalignment angle, ;. To do so, we identify the vacua that
leave the SU(2)L, x U(1)y symmetry intact, Fi, and the one breaking SU(2)r, x U(1)y to U(1)gm, EE. In the R-coset,
there is no vacuum that preserves SU(2)r x U(1)y~, hence we define the one breaking the gauge group to U(1)y, E5.
They are given in term of two-index SU(4) matrices as:

+ iO’Q 0 B _ 0 ]lg
EL o < 0 ii02>’ EL B (]].2 O)7
B_ (0 1
m-(0%)

Either choice of Ef is equivalent [30], and in this letter we have chosen E . The true SU(4); vacuum can be written
as a linear combination of the above vacua, Ep(01) = cg, Ef + so, EPf (a CH vacuum), while the vacuum of the
Sk sector is Er = Eg (a TC-like vacuum). We use the short-hand notations s, = sinz, ¢, = cosz and t, = tanx
throughout.

The Goldstone excitations around the vacuum are then parameterized by

S1(z) = exp {m ; (HW) ; H@(x))] Ev(6r),

(E3)

fr Je (BA)
> . \[ . (Mgr(x) e (x)
r(z) =exp [2V24 T - To Eg,
where the pion matrices 11, are defined as
5 . .
My (x) =Y X} € GL/Hy,
i=1
(E5)

9
Hp(z) = > N4Xf € Gr/Hg,
To(x) = O(x) % €U(l)o/o.

The last one encodes the diagonal pNGB state © associated with the broken global symmetry group U(1)e, acting
on the two fermion representations and having no gauge anomaly with the HC group. The matrices X! are the
fr-dependent broken generators of SU(4)r, while X§, are the broken generators of SU(4)g. While in general the
decay constants are different, for simplicity from now on we will assume f = fr g = fo.



In the Sy, sector, we identify the would-be Higgs boson as h =111 ~ ¢, (UU + DD) + 59, Re UTCD and the singlet

pNGB as n =113 ~ Im UTCD, while the remaining three HIL’Z’3 are exact Goldstones eaten by the massive W=+ and
Z. In the Sg sector, we identify the complex isotriplet scalars,

1%, + 4119
M, = % ~CTes,
I, + 413, + 1%, + 4117,
e = o~ ~ cTcc, (E6)
_ IT% + i1, — 116, — 4I17,
HS’S = R R 5 R R STCS,
where H% 5 TS is identified as the DM candidate. The remaining three, H}%Z’B, are exact Goldstones eaten by the

massive WRjE and Zg. Note that, following Ref. [35], we have used Dirac spinors to indicate the hyperfermions,
combining the SU(2)1, g doublet and singlet Weyl spinors.
Below the condensation scale Agc ~ 4w f, the effective Lagrangian is given by

Lot = Lxin — Vesr- (E7)

The kinetic part of the Lagrangian is given by
_ t pisy ] t i ES
Lyin = gTr[D,uELD EL] + gTI'[DMERD ER] ( )

with
DY p=0Y5r —i(Gr/ruSL/R + EL/RGz/R,M)a
Gr/rp = 9u_Wi R Tim + 9v B Tiv: myss

where g1, g v/ are the gauge couplings of SU(2)y,, SU(2)r and U(1)y-, respectively. Here the hypercharge coupling is

given by g{,Z = g{{? + gﬁQ. Henceforth, the minimal value gr can acquire is gg'" = gy
At leading order, each source of symmetry breaking contributes independently to the effective potential in Eq. (E7):

Vveff D) vaauge + Vvtop + Vm + VB- (Eg)

Here the EW gauge interactions in Eq. (E8) yield the gauge loop contributions to the potential Veg:

Veauge = — CLf* {91% Z Tr [Ti S0 (Ti20) ] + 65 Tr [Tiv S0(Tiy:3L)"] }
:
(E10)

where C'1, g encode non-perturbative low energy constants. The top loop contributions arising from the six-fermion
operator

&t

F(Q{PLQLXQEPRQR)QL,BQR,S +h.c. (E11)
t

yield the effective potential contribution:
1
Viep = =7 Co P | e [PEE.] | T [PRER]
+ Te[PES] Te[PEEe] Tr [ PES] | Te|PASL] (E12)
+ L+ R)},

where C; is a non-perturbative coefficient for the top loop, y; (proportional to (Agc/A:)°&;) is identified by the top
Yukawa coupling and the projectors,

1 1
(PfRr)ij = 5 (01035 % 833015, (P? R)ij = 5 (02i045 % 04:02), (E13)



select the components of Qf rQr,r that transform as doublets of SU(2)r, . Moreover, the explicit hyper-fermion
bilinear mass terms yield potential contributions:

Vi = 272, Tt [MLEH +he, (E14)

where M, = diag(mie, —mqe) is the mass matrix of the Sy, hyper-fermions. Finally, it is relevant to consider possible
four-hyper-fermion operators in the Sg sector of the form QrQrQrQr which yield potential contributions [33]:

Vi = Cpg’ f‘W‘r[BZEBZR}. (E15)

The coefficients Cf, g, Ct, Z1, and Cp in Eq. (E10)-(E15) are O(1) form factors that can be computed on the lattice [55].
At leading order, the effective potential for the misalignment angle is given by

Vi = — 8nf°Zimupeo, — f*Criics, — [*Cryiss, s (E16)
where myp = mq +ms and g7 = (3¢g7 + ¢g3,)/2. By minimizing the above potential, 95, V.% = 0, we obtain

4Tl'ZLmUD

= (Ot - Cu)’ (=170
where the G, /H, part of the vacuum is aligned in a composite Higgs direction (0 < ¢g, < 1), while the Gr/Hp part
of the vacuum remains in a TC direction. The conditions for this vacuum alignment to be a stable minimum in the
presence of these terms are dp, 9, V.3 > 0 and that all the squared masses of the pNGBs are positive. However, the
condition dp, ¢, V% > 0 is fulfilled by requiring m? > 0 due to the fact that 9y, 0, V.4 = f?mi. Therefore, we need
that all the pNGBs have positive squared masses. The Higgs and 7 masses are

mj, = 2(Coyf — CLgi)viw,  my =mj/s5,, (E18)

while the masses of the complex isotriplet composite scalars, 11 Héc, H§57 in the Sg sector are

0
Ccs,CS’
m2ngs =2(Cpgy — Crir + Cewisg, ) f* (E19)
2 _ .2 _ 2 2 2

Mps = Mg = Migo,_ + 2CRrgy f~,

where g% = (—g& + 93/)/2. To obtain a stable vacuum, we therefore need mj7 > 0 and m2, > 0. Following the
cs

common lore that the top loops tend to break the electroweak symmetry while gauge loops preserve it, we assume
that the form factors C, g+ > 0. Hence, the masses squared are always positive, as long as the top loops dominate, as
expected as the Yukawa coupling is larger than the gauge ones. Furthermore, in the R-coset, we find that @% > 0 for
gr > V2gy, while it becomes positive for gy < gr < v2¢gy. In the latter range, it tends to cancel the contribution of
the top. As mOHCS = mpnr, the magnitude of the Dark Matter candidate mass crucially depends on the value of these
coefficients. In general, the first Eq. (E19) implies that the DM mass is of the order of the pNGB decays constants,
i.e. mppy ~ f. Small masses, of the order of GeV, could be obtained if a tuned cancellation is enacted. This could
happen if the gauge contribution is large and positive, for gr 2 gy, or for Cp < 0.

As discussed in the main text, for light DM mass the annihilation is dominantly into the light pNGB associated to
the U(1)e symmetry. If either of the vector-like masses my or my are vanishing, the pNGB © state mixes with the

St pNGB 7 state, resulting in that the mass eigenstate ©, consisting mostly of O, is massless while 7 has a mass of
order f:

1 m?
m= =0, m%ziTh(f)-i-ngL)z
S

2
3my,

5
2$9L

(E20)

L

However, the © state can achieve a small mass from its mixing with a ©’ state corresponding to the U(1) symmetry
which is quantum anomalous. In addition, the mass of © is generated by instanton effects related to the U(1)
anomaly [37].

Thus, for DM masses below the Wy mass, the dominant annihilation channel is I xITx — OO with the coupling
A x5 given by

Lo O Ay xa5l1LsIEz00 (E21)
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with
Co L

7~icy2 (UEW)Q—)\ (”EW>2
2_‘_05 \/g tYt f = 0 f .

This implies that A\ ~ %Cf/yf, which could be an order 1 number.

2 .2
Axxe6 =4Ctisp,

In the scenario with Rz = F (fundamental, pseudo-real) of Ggc = Sp(2NVuc), the DM candidate is identified by a
complex isosinglet, II~¢ &5, where its mass is given by

M. = 2(Cpgh — Crgn + Coyisi, ) f2, (E22)

where g% = (3gf + 93,)/2 which is always positive. Due to the fact that sg, < 1, mfj_ is negative when Cpg = 0
and therefore a small DM mass, my., < f, can be achieved by tuning Cpg% to a certain value of order unity.
Furthermore, in the scenarios with the top mass arising from PC operators, the DM mass can also be tuned by the
term Cpg% to small values in both scenarios. These models are inspired by the work in Ref. [41].

II. EXAMPLES OF THEORIES FEATURING THE TECHNI-COMPOSITE HIGGS MECHANISM

In the main body of the article, we studied in detail one specific model based on a gauge symmetry Sp(2N)uc
and with fermions in two different representations. However, the same mechanism can be found in many other
models, with different possibilities for the L and R-cosets, as listed in Tables T1 and T2, respectively. Here we list the
quantum numbers of the HC fermions needed to obtain the minimal cosets, for the three classes of HC representations:
pseudo-real, real and complex.

Guc SU(2)r, SU(2)r U(1l)yr U(l)rs,L
pseudo-real

(U,D) R, O 1 0 0
U Ry 1 1 —1/2 0
D Ry 1 1 41/2 0

complex

(U,D) Rr O 1 0 1
U Ry 1 1 —1/2 1
D Ry 1 1 +1/2 1

(Ue, D) Ry O 1 0 -1
e Ry 1 1 +1/2 -1
D° R 1 1 —1/2 -1

real

(U,D) Rr O 1 12 0

(U,D) Ry O 1 -1/2 0

Ry 1 1 0 0

TABLE T1. Fermion field content and their charges for the minimal L-cosets.

Finally, in Table T3 we provided some examples of gauge-fermion theories generating various combinations for the
L and R-cosets. In the cases with R, = Rpg, the global symmetry is extended to a single simple group that contains
the L and R sub-cosets



Guc SU(2)r, SU(2)r U(l)yr U(l)x U(l)rs,r
pseudo-real

(C,S) Re 1 O 0 +1 0
C Rr 1 1 -1/2 -1 0
S Rp 1 1 +1/2 -1 0

complex

(C,5) Rr 1 O 0 +1 1
C RE 1 1 —12 -1 -1
S Ry 1 1 412 -1 ~1

real

C,S) Re 1 O 0 +1 0
C Rr 1 1 -1/2 -1 0
S Rp 1 1 +1/2 -1 0

TABLE T2. Fermion field content and their charges for the minimal R-cosets.

IGHC [ Rr [ dim(Rpr) [ Rr [ dim(Rr) [Annotations ‘
SU(4)/Sp(4)r ® SU(4)/SO(4)r ® U(1)e /2
Sp(2N)uc| F 2N A |N(2N —1) — 1| N odd to avoid Witten anomalies
Sp(2N)uc| F 2N Adj | N(2N +1) |N even to avoid Witten anomalies
SU(4)?/SU(4)r ® SU(4)/SO(4)r ® U(1)e/2 @ U(1)rB,L
SU@nc | F 1 A 6 -
SO(10)uc | Spin 16 F 10 -
SU(4)?/SU(4)L ® SU(2)*/SU(2)r ® U(1)e/@ ® U(1)re,L ® U(l)rs,R
[SUB)uc | F ] 5 [ As | 10 - |
SU(5)/SO(5)r ® SU(4)/SO(4)r ® U(1)e /@
[SO(Muc | F | 7 [Spin] 8 - ]
SU(5)/SO(5)r ® SU(4)/Sp(4)r ® U(1)e /2
[SP2N)uc] A [N2N-1)—1] F | 2N [N >2 ‘
SU(5)/S0(5)r ® SU(2)?/SU2)r ® U(1)e/2 @ U(1)rB.r
SU@ne | A 6 F 1 -
SO(10)uc | F 10 Spin 16 -
SU(8)/Sp(8)
[Sp2N)uc| F | 2N [ F ] 2N [-
SU(9)/S0(9)
SU(4)uc A 6 A 6 -
SO(10)uc | F 10 F 10 -
SU(6)?/SU(6) ® U(1)rs
SUMN)uc | F N F N -
SU(5)uc A 10 A 10 -

TABLE T3. Examples of gauge fermion theories leading to the Techni-Composite Higgs models.
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III. ASYMMETRY SHARING

We here in detail show how the asymmetric dark matter relic can be calculated [35, 46]. First, note that at high
temperatures the particle number density n, and the anti-particle number density n_ of a given species are given by

d3k g ... 1= +1 for bosons
ny = 9/ (27)3 e(BFWE — ) with n = —1 for fermions (E23)

where g is the number of internal degrees of freedom, p is the chemical potential of the particle species and 5 =1/T
(with kg = 1). At the freeze-out temperature of sphalerons, Tr, we have p/Tr < 1 such that the difference in particle
numbers of a given species is given by

o 1 o(m/T)

n=ng —no=gTpp =,

(E24)

which reveals that the chemical potentials are the relevant quantities. Here the statistical suppression factor o is

6 [*° dza? cosh ™2 (l Va +(m/Tr 2) for fermions
O’(m/TF) _ 472 fOOO ) 2 ( / ) (E25)
225 [, dwa?sinh™ (%\/xQ + (m/TF)Q) for bosons.
The statistical factor o(m/T%) is normalized such that
1 for fermions
li Tr) = ’ E26
m/TlWI;l%O o(m/Tr) {2 for bosons, (E26)

while o(m/Tr) ~ 2(m/2rTr)>?e~™/TF for large m/Tr > 1. In therms of chemical potentials, the ratio of DM and
baryon energy densities can be expressed as
MpuM
E27
o (2, (27)

where we neglected the o(m/2TF) for the SM fermions. The task is then to calculate the total chemical potential px
of all fermions charged under U(1)x and the total chemical potential of all baryons up

To study the chemical potentials we adopt the we adopt the notation of Ryttov-Sannino [35] and Harvey-Turner
[46]. The equilibrium condition from sphalerons, as written in this convention, was already given in the main text.
Additionally, the 6-fermion operators, given by Eq. (E11), lead to equilibrium conditions of the form

1
Qpym  ;MbDMm

1x
"B

QB mp

MUL — BUR + SR — 1SL — HuL, + HuR,i = 0,
MUL — MUR + WSR — MSL + MdL,i — MR, = 0,
=0
=0

(E28)
BUL — MUR + USSR — USL — HuLi + HuR,i ;
pUL — MUR + SR — HSL + HeL,i — HeR,i )
and
“pL — UDR + HCR — HOL — MPuRyi + HuL,i = 0,
— fipR + HOR — por + far,i — fari = 0,
UDL — UDR + HCR — MHCL + HdR,i — HdL,i (F29)

UDL — UDR + HCR — MCL — MwR,i + L = 0,
UDL — UDR + HCR — HCL + HeR,i — MeL,i = 0,
where the index ; refers to the three generations of SM fermions, each of which has equilibrium conditions of this
form. However, depending on the temperature, only some generations of quarks and leptons have efficient 6-fermion

operators. As was pointed out in the letter, a fermion ¢, receiving its mass m, from such an interaction is in
equilibrium at a temperature T if [44, 45]

[10 TeV m F\?
23 x 104 x ([ — - % > () ) E30
 oew ~ \T (E30)
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We assume that the conditions corresponding to (E28) and (E29) apply for any fermions for which the condition
(E30) is satisfied for all participating species at the condensation temperature T = f.
Furthermore, thermal equilibrium in the electroweak interactions imply the following conditions:

PuLi = HdL,i + BWL, HuRi = HdR,i T BWR,
MeL,i = MyLi + BWL, HMeR,i = lR,i + LWR, (E31)
Upr = pur + BwiL, BsL = por + UWR-

The equilibrium is constrained by conditions on the net charge of plasma. To quantify this, consider the eigenvalues
of third the components of the isospins of SU(2)y, g, which are

1 1
T}y, =3 X Z ( Pl — 2,UdL Z> + Z ( HwL,i — 2NeL,i) —dpwr +2 <2MUL - 2#DL> ) (E32)

1 1 1 1
TRR =3 X Z ( MRy — udR Z) + Z (2,U/VR,i - 2,ueR,i) —4pwr +2 <2HCR - 2MSR> . (E33)

i

The overall electric charge, Q@ = T3, + Tar + Y, is then

1 1
=3 x Z ( Mul,i + MuR i = gL — 3MdR,i> + Z (—=1pteri — Lpter,i + Optur,i + Opiur.s)

i

1 1 1 1 1 1 1 1
d(R - - — = — = d(R - - — = — = E34
+d(Rpr) (2MUL + 2MUR 2MDL 2MDR> + d(Rr) (2MCL + 2MCR 2NSL 2MSR> ( )

— 4pwr, — 4pwRr-

The conditions imposed depend on the type of phase transition. Above the transition, where SU(2) g are good
symmetries, T3 _pr Must vanish. If the phase transition is sudden, i.e. first order, then thls property is assumed to
be inherited by the relic such that relevant condition is

Q=0, T} =0, Tpg=0. (E35)

Below the transition, SU(2), g are broken, such that TSL, rr heed no longer vanish. If the phase transition is gradual,

i.e. second order, then this leads to violation of TEL rr conditions. Instead, the VEV drives the chemical potentials
of neutral condensates to zero, such that the relevant condition is

Q=0, pyr—pur=0, pcr—pcr=0. (E36)

We are ultimately interested in comparing the total baryon and DM densities, which depend on the total chemical
potentials of the baryons and technibaryons (charged under U(1)x), which are

uB = Z (Bul,i + Hur,i + HdL,i> +10dR,i) 5 (E37)

%

px = d(Rr) (tcr + por + st + Usr) - (E38)

(3 + g) (E39)

if 6-fermion operations are inefficient for at least one generation but efficient for at least one other generation. Since the
occupation numbers are proportional to the chemical potentials, we can identify |ux/ug| = |X/B|. If all generations
are in equilibrium, then the lepton number is constrained to L = —3B so that px = 0. Furthermore, if 6-fermion
operators are inefficient for all generations, then px is unconstrained in the case of first-order transitions while Eq.
(E39) applies for the case of second-order transitions.

Solving all the above conditions for px and up we find

HrX
“B
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