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Thermal dark matter from a confining sector
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We study a class of dark matter models in which the dark matter is a baryon-like composite particle of a
confining gauge group and also a pseudo-Nambu-Goldstone boson associated with the breaking of an
enhanced chiral symmetry group. The approximate symmetry decouples the dark matter mass from the
confinement scale of the new gauge group, leading to correct thermal relic abundances for dark matter
masses far below the unitary bound, avoiding the typical conclusion of thermally produced composite
dark matter. We explore the available parameter space in a minimal example model based on an SU(2)
gauge group, and discuss prospects for experimental detection.
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L. INTRODUCTION

The gravitational footprint of dark matter in the
Universe provides irrefutable evidence of the existence of
physics beyond the Standard Model (SM). This new phys-
ics comes in the form of a new massive particle with no
electromagnetic or strong force interactions, composing
~25% of the Universe’s matter density. Despite decades
of experimental work, no unambiguous direct evidence of
the nature of this new particle has been found.

The leading class of theoretical explanations assumes
that the dark matter particle is a thermal relic of the early
Universe, with a present-day abundance set by the pair
annihilation cross section into Standard Model particles.
The interest in this solution is largely motivated by an
intriguing coincidence: a dark matter candidate with
approximately weak scale masses and couplings (a weakly
interacting massive particle, or WIMP) would naturally
freeze out with the correct relic density.

This “WIMP Miracle” has received even more theoreti-
cal and experimental attention due to the presence of such
particles in many of the solutions to the naturalness and
hierarchy problems of electroweak symmetry breaking. Of
these, the best known is the neutralino in supersymmetric
models. However, it should be noted that any particle with
the appropriate ratio of mass-to-cross-section can provide
a good thermal dark matter candidate. Such models are
sometimes known as WIMPless [1,2].

Dark matter as a thermal relic is of course not the only
possible scenario. It could be a nonthermally produced
axion [3-5]. Or dark matter might, like baryons, possess
an inherent asymmetry [6-36]. In this case, the two asym-
metries could be related, either by high-dimension inter-
actions that violate both baryon and dark matter numbers,
or through nonperturbative effects, such as the SU(2);
sphaleron. However, such asymmetric models require an
annihilation cross section in the early Universe at least as
large as that of a thermal candidate [25].
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In this paper, we introduce a new candidate for thermally
produced dark matter, in which the dark matter particle is a
composite stable pseudo-Nambu-Goldstone boson built of
fundamental fermions bound together by a confining gauge
force, which we call “ectocolor.”! We will assume the
fundamental fermion mass is much less than the confine-
ment scale (reversing this inequality leads to a class of
models known as “‘thetons” [37] or “quirks™ [21,38,39]).
The key feature of our model is the requirement that the
fermions are charged under a real or pseudoreal represen-
tation of the ectocolor gauge group. The canonical example
is the 2 representation of SU(2), which we will use
throughout this paper as an explicit realization.

We note that the possibility of using stable pseudo-
Nambu-Goldstone bosons as a thermal dark matter candi-
date has been considered previously in the context of
partially gauged technicolor [40] and little Higgs models
[41]. In these contexts, the direct connection to electro-
weak symmetry breaking gives additional motivation for
the strongly coupled sector which gives rise to the dark
matter, but it also leads to significant constraints on the
possible parameter space. In particular, thermal production
with the correct relic abundance is only found to be
possible for a relatively narrow range of pseudo-Nambu-
Goldstone boson (PNGB) dark matter masses near the
electroweak scale. Here we consider the dark matter sector
independent of electroweak symmetry breaking, leading to
a larger viable parameter space.

By restricting ourselves to real or pseudoreal represen-
tations, the spectrum of light pseudo-Nambu-Goldstone
bosons can contain both unstable mesons and stable bary-
ons of the ectocolor gauge group with masses much less
than the ectocolor confinement scale Aj. Identifying the
ectobaryons as our dark matter allows us to circumvent a
major hurdle of thermal production of confined baryonic
dark matter in models with fermions in complex represen-
tations. In such models, both the dark matter mass (~Apg)
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and cross section (~AEZ) are set by the same confinement
scale, and so obtaining the correct abundance forces the
dark matter to be extremely heavy, ~20 TeV, at the edge
of the unitarity limit [42].

In our model, the dark matter mass is proportional to the
fundamental fermion masses [as is the case with the pions of
SU(@3)¢], allowing for richer phenomenology in both the
early Universe and today. In particular, while many models
of confined dark matter with masses < 20 TeV are forced to
rely on asymmetric production mechanisms (see, e.g., tech-
nicolor/composite Higgs [6,14,26,43—45] and quirky [21]
dark matter), ectocolor dark matter is thermal, and so is
composed of ectobaryons and their antiparticles. This allows
for indirect detection signals, without requiring small
ectobaryon-number-violating terms [32,35]. Furthermore,
as the ectobaryons are themselves only in thermal equilib-
rium with the unstable ectomesons, the freeze-out process in
the early Universe is more complicated than the standard
solutions to the Boltzmann equation, potentially resulting in
thermal dark matter with present-day cross sections signifi-
cantly lower than the naive expectation.

In this paper, we first describe the general formalism of
ectocolor dark matter and the freeze-out process in the
early Universe. We then describe the possible direct and
indirect detection signals for these models, though these
are small for the minimal model. We conclude with some
of the unique collider phenomenology that can be realized
in ectocolor dark matter.

II. ECTOCOLOR DARK MATTER

The goal of this paper is to introduce a viable thermal
dark matter candidate which is composed of fundamental
fermions bound into a composite object by a confining
gauge force, with a mass much less than the unitary limit
of dark matter (~20 TeV). In particular, we will be
interested in models in which the fundamental fermions
carry electroweak charge, but form a stable composite
state which is neutral, leading to interesting and viable
phenomenology. An obvious starting point would be a
QCD-like theory, with the equivalent of the neutron as
the dark matter candidate; stability of the neutron equiva-
lent can be easily arranged by assignment of the “quark™
masses, my; << m,.

A strong constraint in building a QCD-like model of
dark matter is that the stable baryons have a mass set by the
same scale that sets their interaction cross section. As a
nonperturbative force, we cannot derive precise results
without the lattice, but for our purposes, an estimate is
sufficient. Roughly, the lightest baryon mass is set by the
confinement scale A, at which the gauge coupling is driven
nonperturbatively by renormalization-group evolution
(for QCD, A ~ 1 GeV). The resulting baryon has a self-
scattering cross section essentially given in the low-
momentum-transfer limit by a black disk approximation,
with a physical size set by the same scale, o ~ A~2. While
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low-velocity effects might greatly increase this cross sec-
tion, it is difficult to see how it could be reduced. In QCD
this naive estimate would give a cross section for low-
energy nucleon-nucleon annihilations of oyy ~ 0.4 mb,
whereas experimentally measured cross sections are
O(100 mb) [46].

In order to determine the relic abundance of a particle in
thermal equilibrium with the bath of Standard Model par-
ticles in the early Universe, we must solve the complete
Boltzmann equation. Later in this section, we will go
into more detail, but for the moment, it suffices to note
that—for a standard freeze-out calculation—the observed
dark matter abundance is obtained when the velocity-
independent (s-wave) cross section is o ~ 1 pb. Using
the simple black disk approximation, this translates into a
confinement scale—and thus a dark matter particle mass—
of A ~20 TeV. This is approximately the same as the
maximum dark matter mass allowed by unitarity argu-
ments [42], which is in retrospect not surprising.

Therefore, if we are to obtain a dark matter candidate
out of strongly coupled physics with the mass as a free
parameter, we must either turn to nonthermal production
mechanisms [6-8,14,21,26], or find some way to divorce
the annihilation cross section from the mass. In pursuing
the latter, we again build our intuition from QCD. While
baryons have mass ~ A, the pions are significantly lighter.
This is because they are PNGBs of an approximate flavor
symmetry. In the absence of quark masses, they would
themselves be massless. The interactions between the
pions and the other strongly interacting bound states is
set by a parameter F,, which is itself set by the confine-
ment scale 47F , ~ A through nonperturbative physics.

However, while the pions of QCD have the desired
relation between interaction strength and mass, it is non-
trivial to create a model in which they are stable on
cosmological timescales. This is because pions are funda-
mentally composed of a fermion and antifermion pair,
leading to many possibilities for self-annihilation and
thus pion decay. (It is possible to construct a dark matter
model with stable pions, by use of a discrete symmetry
similar to G-parity [47], although a Peccei-Quinn symme-
try in the new sector must be invoked in order to forbid
higher-dimension operators which would violate the dis-
crete symmetry.) Stated in this way, the solution to our
model-building problem is clear: we want our dark matter
candidate to be a PNGB of an approximate flavor symme-
try and also a gauge singlet combination of fundamental
fermions, rather than fermion-antifermion pairs.

This cannot be achieved in models where the fermions
are charged under complex representations of the strong
gauge group; again using QCD as our example, since
quarks are in 3 and antiquarks in 3, we cannot build singlets
out of quark pairs only. However, if the gauge group
has fermions in real or pseudoreal representations, then
new composite operators are possible. The most familiar
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example (and the one we will use for explicit calculation in
this paper) is SU(2), the fundamental representation 2 of
which has the property that 2 =2 (up to a symmetry
rotation). In such models, the spontaneous breaking of
chiral symmetry will yield two types of PNGBs: mesons
composed of quark-antiquark pairs, which decay, and bary-
ons of quark-quark pairs, which can be stabilized by an
analogue of baryon number.

For the remainder of this paper, we specialize the dark
matter-confining gauge group to SU(2) (E for ectocolor).
Other choices are possible—such as SO(N) or Sp(N) gauge
groups or fermions in adjoint representations of SU(N)—
and may add additional complications to the cosmology
and collider phenomenology. However, our simple model
captures the salient features. The confinement scale of
SU(2)g is Ag; as we will show, to have dark matter with
masses of O(100 GeV), Ay will generally be on the order
of a few TeV.

The particle content of our benchmark model is shown
in Table I. The light fundamental fermions consist of two
ectoquarks, Q, and Q, (up- and down-type), with opposite
electric charges. Unlike in technicolor models, we assign
only vector-like charges to the ectoquarks, and in our
minimal scenario do not give SU(2); charges. We impose
a global U(1)y symmetry on the ectoquarks, which results
in a conserved ‘“‘ectobaryon number” (equivalently, dark
matter number). As a result, the Lagrangian is

£ 2 iQ_u¢Qu + lQ_dﬁQd + muQuQu + mdQ_de: (1)

with m, and m, free parameters. By assumption Ay >
my, my >0, with m,, ~ m, = m,, leading to an approxi-
mate global symmetry in which the Q,, Q,, O,, and Q,
fields can be rotated into each other. Additional ectoquarks
could be present in the full theory, but we assume that they
are heavy enough that there is no approximate flavor
symmetry (again, this constraint can be relaxed, and leads
to a more complicated PNGB sector).

In QCD, the light quark sector of N flavors contains an
SU(Ny), X SU(N)g approximate global symmetry. When
the SU(3)c gauge coupling becomes nonperturbative,
the quark-antiquark vacuum expectation value becomes
nonzero: for small Ny, {Ggq) ~ A%CD. For QCD, with the
quarks in complex (triplet) representations of SU(3)c,
this vacuum expectation value leads to the breaking
SU(N;), X SU(Ny)g — SU(Ny)y. For the two light
quarks, the resulting three broken generators become the
pion PNGBs.

TABLE I. Particle content and charges of the ectoquarks in our
minimal model.

SUQR)  SUQB):  SU@),  Ul)y Ul
0. 2 1 1 +1/2 +1/2
Q4 2 1 1 -1/2 +1/2
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In an ectocolor model with ectoquarks in real or
pseudoreal representations, the fields Q and Q exist in
the same representation, and additional global rotations
are preserved. As a result, the chiral symmetry group is
enhanced from SU(N;) X SU(N;) to SU(2Ny). For
SU(2)g, the field redefinition

J/i,L =i0,70; ks ()

makes the enhanced symmetry manifest in the Lagrangian.
Here o, and 7, are the second Pauli matrix acting in spin
and ectocolor space, respectively, and i = u, d are the
flavor indices.

For the pseudoreal representations which we focus on,
the resulting breaking induced by the nonperturbative
physics at Ag is

Wi = —i0; 0,7y,

SU (2N) = Sp(2N). 3)

As SU(2Ny) has 4NJ%—1 generators and Sp(2N) has
2N]%+Nf, for our minimal model (N;=2) there are

15 — 10 = 5 broken generators, and so five PNGB fields.
These fields can be broken down to three mesons without
U(1)x number and two neutral baryons with U(1)y = *1:

_ _ 1 _ _ -
n*=9,0,, M~=0,0, HO:\/_E(QMQM_Qde)J
4

N = Qqu’ ]\_] = QuQ_d‘ (5)

The fields N and N will be our dark matter.

If the ectoquark masses were zero, then the Il and N
fields would be exact Nambu-Goldstone bosons and hence
massless. Assuming a common mass term m, = my; =
m, < Ag, all three fields would have a common mass M
at tree level, related to the confinement scale by

FiM? = m,(QQ) = m,A}. (6)

Here, Fyy is the ectocolor pion decay constant. Its value
must be extracted from the nonperturbative physics, either
from measurement or by lattice calcuation, but we can
make the approximation (true in QCD) that

47TFH -~ AE' (7)

Therefore, if M is to be on the order of, say, 200 GeV, then
M )2 (700 GeV)

200 GeV Fr ’

m, ~ 30 MeV X ( )]

The charged meson II* will gain an electromagnetic
loop correction, raising its mass above that of the N and
I1°. We may estimate this mass splitting as AM? ~
aM? /4, lifting the charged meson’s mass by ~2% above
the neutral states. Introduction of an ‘“‘isospin” splitting
ém = (m, — my) # 0 does not shift any of the PNGB
masses at leading order [48], so we will assume ém = 0
for this work. Due to the small splittings between the
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charged and neutral states, the LEP-II bounds on new
charged particles limits M = 90 GeV [49], as we will
discuss in more detail in Sec. III C.

A. Early-Universe interactions and decays

To determine the phenomenology of these ectocolor
singlets—in particular the relic abundance after thermal
freeze-out—we must calculate their self-interactions and
interactions with the Standard Model at energies much
below A, where sensitivity to the internal ectoquark
structure is suppressed by Fpy. Since we are working
with PNGB states which are light relative to the strong-
coupling scale, we can work in the effective framework of
chiral perturbation theory (yPT), expanding in the interac-
tion momentum p*/A% = p*/(4wFy)?. This expansion
will work well both in the early Universe at temperatures
T < 4wFy, and for decays and self-interactions of
cold dark matter in the present Universe. We also assume
M < 47Fyy, since the convergence of yPT requires the
violations of chiral symmetry induced by the ectoquark
masses to be relatively small.

Chiral perturbation theory is an effective field theory,
whose parameters are determined by the dynamics of the
underlying strongly coupled gauge theory. In general, these
parameters are very poorly known for theories other than
QCD. With the enhanced symmetry arising from real or
pseudoreal fermions, the form of the chiral Lagrangian is
changed somewhat [50], but it is still qualitatively similar
to the familiar structure arising from QCD.

We begin with the PNGB self-scattering. As the N and
I1° fields are electrically (and color) neutral, this is the
only interaction which can keep them in equilibrium with
other fields (in particular, the I1*) when the temperature is
< Aj. At leading order in the chiral expansion, the scat-
tering cross section of any two PNGBs P ={I1*,I1°, N, N}
with center-of-mass energy +/s is [48,51,52]

M2 (s/M2— 1)?

(PP, — PP,) =
(P1Ps 3P4) 16mF  s/M?

€))

Because of the residual chiral symmetry making all of the
PNGB masses degenerate, this is a process occurring at
kinematic threshold, which is unusual for an inelastic
process relevant for studying the thermal history of the
Universe. In particular, since the cross section at low ener-
gies is independent of the incoming particle velocity, we
have that (ov) o v, which complicates the derivation of the
thermal average. We make use of a general result for the
calculation of {ov) from the cross section in an inelastic
2 — 2 process [53]:

1 ()
(ov) ZWLMZ o/sK\(\[s/T)(s —4M?)ds,
(10)

where K, are Bessel functions of the second kind, v is the
Mgller velocity as defined in Ref. [53], and the thermal
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average is taken over Maxwell-Boltzmann thermal
distributions at temperature 7. The analytic result of this
integration for the cross section Eq. (9) cannot be expressed
in simple terms, so we carry out the integration numerically
for our study of the thermal abundance to follow. However,
the result can be expanded in the limit of large x = M/T,
yielding

(ov)(P1Py— P3Py)l 1<t

_ M (9 255
~ 2F \16x! 2 256x32

+ @(x_s/z)). (1)

Unusually, the leading scaling of the thermally averaged
cross section is T1/2, rather than 7°. This will lead to a
suppression of the annihilation rate in the current Universe,
when compared to the early-Universe rate. Essentially, the
velocity-averaged cross section is ‘“‘half-way” between
s-wave (¢ v%) and p-wave (*v?) processes. We will return
to this point when we consider indirect detection signals in
Sec. III B.

As a neutral particle under the Standard Model gauge
groups, the N field cannot be directly in thermal equilib-
rium with the bath of Standard Model fields (barring op-
erators suppressed by powers of Ay which are not relevant
when temperatures are at or below M; see Sec. II[ A).
Instead, the interaction of Eq. (9) keeps the baryons in
equilibrium with TT1° and IT*, and the electromagnetic
interaction of the IT* keeps that field in equilibrium with
the bath. In the kinematic regime of interest, the velocity-
averaged thermal cross section of this interaction is

(TV)em =(ov)(ITTII™ > yy) +(ov)(ITT I~ & fF)

127a?

~=7 + O0(W?). (12)

Here, f are Standard Model fermions with mass m, and
N, colors, and we have assumed that mp < M. Again
using the M = 200 GeV benchmark, the s-wave compo-
nent of the cross section into photons is ~20 pb. While
this is much greater than the canonical cross section for
dark matter, it still implies that the ITT* must decay, other-
wise they would constitute a significant fraction of the
Universe’s matter density after thermal freeze-out. We
ignore velocity-dependent corrections, which will not mat-
ter in the thermal history of our model.

The decay of the charged mesons must proceed through
additional high-scale physics, as no particle in Table I
couples to the W=. One possibility is to add new heavy
ectoquarks that are doublets of SU(2); (either in vector
or chiral representations). As long as their masses m are
> m,, they will not be part of the approximate flavor
symmetry which leads to the light PNGB quintuplet.
Therefore, after SU(2); becomes nonperturbative the mini-
mum mass for the bound states containing these heavy
quarks is the confinement scale Ay (though they can be
heavier, if my = Ap).
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In this scenario, the decay of the light [T* — (W=)* —
ff' proceeds through a loop of strongly coupled bound
states containing these SU(2);-charged ectoquarks. This
loop factor leads to a suppression of the coupling to the W
boson by a factor of (M/4mFy)?. Interestingly, because
the IT* is a scalar decaying through the chirally coupled
weak force, there must be a spin-flip in order to conserve
angular momentum. This results in a preference to decay
into the heaviest Standard Model weak doublet that is
kinematically available, with a width of

G%m%M(MZ—mJ%)z( m3, )2
2075 F2 M?>—m3, )’

(13)

I(II*—W*=ff)=N,

where N, is the color factor of the Standard Model parti-
cles (3 for quarks, 1 for leptons). Again using our bench-
mark numbers, this leads to a decay of a 200 GeV I1 * into
top-bottom quark pairs with a width of 3.8 X 1078 GeV.
For M < m,, the decay prefers 7/v, and charm-strange
pairs, with approximate branching ratios of 0.6 and 0.4
respectively.

An alternative possibility that can lead to IT* decay is
that both the ectoquarks and (some) Standard Model fields
are charged under a new gauge group with a W/, allowing
direct coupling between the ectoquarks and the Standard
Model. The most obvious possibilities for such a new
gauge group are another SU(2); coupling to the Standard
Model left-handed quark and lepton doublets, or an SU(2)z
group coupling with the right-handed quark and lepton
doublets (including a right-handed neutrino) [54,55].

While other gauge groups might be found, both these
options share the preferential decay into the heaviest
kinematically allowed fermion pair that was found in the
ectohadron-mediated decay Eq. (13). If the new gauge
group has the same coupling strength g as SU(2),
we can parametrize the coupling strength by G} =
Gp(my /my»)?. Depending on the assumptions placed on
the flavor structure of the W’ model, the current collider
bounds limit the W’ mass to be above a few TeV. The most
stringent bounds come from the W — € channels; here
myy > 2.5 TeV, assuming a Standard Model gauge cou-
pling [56,57]. Similar bounds can be set by low-energy
observables; see Ref. [49] for a review. From this, we can
estimate the IT* width when mediated by a W' (assuming
myy > M):

GRn 3y (MP — m2)?
47M3

which, for my, =3 TeV, M = 200, F; = 700 GeV, gives
a width of 2 X 107® GeV into top-bottom pairs.

Finally, we must consider the decay of the neutral me-
son, I1°. Unlike the charged meson, no additional physics
is needed to allow this particle to decay. Just as with the
neutral pion of QCD, the two charged constituents inside

M —Wwr—ff)=N,

, (14)
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the T1° will allow annihilation directly into gauge bosons.
However, unlike the 7% in QCD, decays to two gauge
bosons do not necessarily dominate; for a wide range of
parameter space, nearly 100% of decays will go to SM
fermion pairs.

We start with the decay to two gauge bosons. Since in
our minimal model the Q, and Q, only have U(1)y hyper-
charge, the annihilation will proceed into photons and Z
bosons. Critically, with only two ectoquarks with equal and
opposite charges, there is no contribution from the axial
anomaly, and so the decay is suppressed by an additional
factor of (M /47 Fy;)?> compared to the equivalent rate for
QCD pions. Therefore,

M? 2 M3 aM’
r HO—’ :( a ) = X 15
( 2 wFy 16772F%] 64 2]47T7F% (15)
a*tan?6y, M’ m
F(HO—»yZ)=7W( ——Z), (16)
2137T7F% M
a*tan* 6y, M’ 4m2i\1/2
(10— 2Z) = W ( - Z) . (17)
21477 FS, M

In Eqgs. (16) and (17), we have assumed that M is greater
than the mass of m; and 2m, respectively. For our bench-
mark this leads to a width of 3 X 107! GeV. The decay
amplitude into pairs of W bosons vanishes at tree level.

In addition, there is a decay through a virtual Z to
Standard Model fermion pairs (decay through an off-shell
photon is forbidden since the initial state is spin-0). In
the Standard Model #°, this mode is highly suppressed
(branching ratio ~1078 to e e™ pairs). However, due to
the wide range of M and Fj available, and the additional
loop suppression inherent in Egs. (15)—(17), generically we
expect this decay channel to completely dominate the T1°
decay. As with the W- or W'-mediated decay of the IT*,
this decay mode of the I1° requires a spin-flip of the SM
fermion, and so will couple to the heaviest state kinemati-
cally available (bottom quarks for M < 2my,; tops other-
wise). The width is given by

I(I1°—Zz*— ff)
Gsin® 0y Q7 Ffm7(M? — m}%)( m’
¢ &M M? —m?,

)2, (18)

where Q, = T§ - Qfsin20W is the Z-coupling of the SM
fermion f. For our benchmark mass point, the decay into
bottom quarks has a width of 1 X 107> GeV, and so is
completely dominant over the two-gauge boson decays. In
Fig. 1, we show the two widths as a function of Fy; for a
fixed M = 200 GeV. As can be seen, only at very small
Fyp does the two-gauge boson mode dominate. However,
this is precisely the region of parameter space where our
XPT expansion is untrustworthy.
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% — bb

3 HO—>AA]

10715]
1.0 . . 1(30 . . 10b0
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FIG. 1 (color online). Width I' of II° decaying into gauge
boson pairs AA = vy, yZ, ZZ [Eqs. (15)-(17)] and into bb pairs
[Eq. (18)], as a function of Fy;. I1° mass M is kept fixed at
M = 200 GeV.

B. Thermal history

We now have all the requisite pieces to calculate the
early-Universe history of ectocolor dark matter. In princi-
ple, the story is relatively straightforward: above Ag, the
ectoplasma is kept in thermal equilibrium through the
hypercharge interactions of the ectoquarks. After confine-
ment, the N/N pairs are kept in thermal equilibrium with
both the T1° and I1* fields by the hadronic scattering of
Egs. (9) and (10) ({ov)y). The II= fields are in turn in
equilibrium with the Standard Model bath, due to the
electromagnetic interactions of Eq. (12) ({0 V) ). At the
same time, I1° and I1* particles are decaying away, but
this cannot deplete the overall number density as long as
the particles are strongly coupled to their respective baths.
The differential equations controlling this behavior are a
set of three coupled Boltzmann equations:

s(x)x[ A(ov)y

Yim(x) = (Y]%M(x) = Yy=(x)?)

H 2
T - A¥e?) | (19)
R RN (E R
~(oon (P07 0°)
S (1)~ Y] 20)
-0 = (0 ) V)

_ <";’>N (Y- (x) —4Yp(x)?) — %(Wni (x)

VoD |- e - v} @D
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Here, prime refers to differentiation with respect to
x =m/T, H is the Hubble parameter, s(x) is the entropy
density, and the Y functions are the particle number
densities normalized by the entropy density. Y, is the
equilibrium number density of the background bath. In
reality there are five such Boltzmann equations, but the
conditions Yy = Yy = Ypu/2 and Y+ = Y- = Ypp=/2
allow us to reduce these to three.

The presence of the decay terms I'rjo and I';j= modifies
the standard freeze-out cosmology somewhat. Without
those terms, the charged ectomeson would freeze-out
from the thermal bath at some x;,, when the rate of inter-
actions mediated by (o v).,, falls below the expansion rate
of the Universe H. If {ov)y > {0V, then the T1° and N
fields would still be bound to Y=, and depart from thermal
equilibrium as their charged partner does. Since, at this
point, all three annihilation channels (NN, IITII~, and
I1°T1%) are in equilibrium with one another, but only one
combination (IT*II7) can annihilate into the bath, the
extra degrees of freedom pull the charged particles out of
equilibrium earlier than one might expect, resulting in a
larger relic abundance (by a factor of 3) than a single
particle would possess.

If the cross-section inequality were reversed, (o v)ey >
(ov)y, then the I1° and N particles would have already
decoupled from the IT= when the latter decoupled from the
bath. Therefore, if decays were negligible, the present-day
relic abundance of N would be set by the ectohadron-
interaction cross section, as this defines the time that the
link connecting N to the thermal bath is severed.

However, in our model, the charged and neutral ecto-
mesons will decay. If that decay occurs quickly enough, the
particles will be unable to freeze-out from thermal equi-
librium. Instead, the decay and reverse decay processes
will cause the decaying species to track Y, past the point at
which they would naively have departed from equilibrium.
Roughly, this occurs when I' is large enough so that the
time when decays are relevant (Xgec,y) satisfies

H
xdecay = \/; < Xfo (22)

where x;, ~ 25 is the time at which freeze-out would occur
if the particles were stable. For all reasonable values of M
and Fpp, this inequality is satisfied. Indeed, in order for
decay to occur sufficiently late that freeze-out would occur,
I' must be less than ~10~!7 GeV, corresponding to a
particle lifetime c¢7 ~ 20 m. At least for the charged T1*
with masses =1 TeV, such long lifetimes are experimen-
tally ruled out by collider constraints (see Sec. III C), even
if the lifetime were unexpectedly large; for example, by a
very high W’ scale in Eq. (14). For the neutral I1°, Eq. (18)
indicates that Eq. (22) is satisfied for all M and Fpy of
O(100-1000 GeV).

Therefore, the II= and II° particles will remain in
thermal equilibrium, and the N/N system will decouple
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FIG. 2 (color online). Relic abundance Q4? of the N/N par-
ticles as a function of M and Fyy, assuming I1* and II° are
prevented from going out of thermal equilibrium due to decays.
The parameters providing the observed dark matter abundance
Qpph? = 0.112 + 0.006 [49] are shown in red.

at x;,, determined by the standard Boltzmann evolution of a
particle in contact with a thermal bath with interaction
cross section 2(ov)y (the factor of 2 accounts for the
NN < II7I1~ and NN < II°TI° channels); effectively
this is coannihilation [58] when all particles concerned
have identical mass. It is interesting to note that the ecto-
baryon dark matter provides a natural way to allow the
present-day annihilation cross section of the dark matter N
to differ by an integer factor from the cross section that
controls freeze-out. The ratio between the two cross sec-
tions could presumably be increased in models with more
light PNGBs, either by increasing the number of light
fermion species charged under SU(2); or by placing the
ectoquarks in real or pseudoreal representations of larger
Lie groups.

Figure 2 shows the relic abundance of the N/N particles
resulting from this set of assumptions. In Fig. 3, we show a

1074

Ypm
10712

10—20

10—28

10 20 50 100
T

FIG. 3 (color online). Relic abundance evolution for dark
matter N/N (Yp,, blue), charged mesons I (red), and neutral
mesons I1° (green) assuming M =200 GeV, F, = 700 GeV, and
decay with widths given by Eq. (18) for I1° and Eq. (13) for I1*.
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sample relic abundance calculation for M = 200 GeV and
Fpp =700 GeV; at large x, the decaying particles depart
from the thermal distribution due to the slow pair annihi-
lation of NN — II II. For this benchmark point, the relic
abundance of the dark matter N + N is Qh? = 0.105,
very close to the experimentally measured value of
0.112 = 0.006 [49]. As can be seen from Fig. 2, this choice
of parameters is not particularly fine-tuned. Though only
a small region of (M, Fyy) space gives the correct relic
abundance, this is due to the precision of the experimental
result, not to any required cancellation in the theory. Thus,
we can say that ectocolor dark matter can provide a viable
thermal candidate for dark matter over a wide range of
parameter space.

III. EXPERIMENTAL SIGNATURES

A. Direct detection

Although our dark matter particle is an electroweak-
neutral bound state, we expect it to interact with ordinary
matter through photon and Z-boson exchanges with the
bound ectoquarks. In the present Universe, such interactions
will occur only at very low energy, so they must be described
in terms of electromagnetic form factors of the ectobaryons
(we ignore weak exchanges, which will be further sup-
pressed by m and sin?6,,, in the context of direct detection).

The interactions between composite dark matter particles
and electromagnetic fields can be treated in an effective
theory, expanding in the velocity v# of the dark matter. The
spin of the dark matter, in particular whether it is fermionic
or bosonic, determines which operators will appear [59].
For the model which we are considering in detail, the
ectobaryon is a spin-0 boson. The leading interactions
will then proceed through the charge radius operator,

1 _
'["CR D) PNNUV(:)#F’U’V, (23)

and the electromagnetic polarizability,

1 - oL
Ly o D5NNv, v, FFIF?,.

1 _ .
Lo D-—5NNF,,F*, 3

A3
(24)

In terms of the nonrelativistic fields, the corresponding
Hamiltonian for the interaction of the ectonucleon with
the electromagnetic field of an ordinary nucleus is given
by [60]

e Jd

1
H = _EVZDEEI _E(XEEZ +XBBZ), (25)
with resulting scattering cross-sections
dar
oR = ?,U,I%IDZZazr‘}), (26)
1447 X2
oy e whpZie? L, 27)
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with unp the reduced mass of the nucleus-dark matter
system, and r, the charge radius of the target nucleus.
We will follow the choice of Ref. [60] by taking ry ~
(1.2 fm)-/A, with A the mass number and Z the atomic
number of the target. We neglect the interaction with the
magnetic polarizability, which is generally sub-leading.

The coefficients rp and yj are given by low-momentum
dynamics of the strongly coupled dark sector, and non-
perturbative techniques (such as lattice simulation) should
be used in order to accurately determine them. However,
for M < 47Fy; we can reliably compute these quantities
in the framework of chiral perturbation theory (yPT),
although at higher orders these expressions will depend
on unknown low-energy constants. Many quantities have
been computed to high order in yPT for QCD, but we
cannot in general use these results directly, since the chiral
Lagrangian for symmetry breaking with pseudoreal fermi-
ons must be modified to accommodate the enhanced sym-
metry group [50,52]. A one-loop computation of rp, and yj
within this modified framework would be quite interesting,
but is beyond the scope of this work; here we will use
symmetry arguments and the known QCD expressions in
order to make order-of-magnitude estimates.

Because Q, and Q, carry equal and opposite electro-
magnetic charge in our model, in the limit m, — m,; we
find a Z, symmetry of the theory with respect to the field
redefinition Q, — Q,; and A, — —A, [21]. Since the
electric field is odd under this symmetry, it is clear that
the charge radius must vanish identically, 73, = 0. In the
presence of a mass splitting 6m = m,, — my, the Z, sym-
metry is broken, and we expect to generate a charge radius
in some way parametrically small in dm. For example, the
charge radius of the K° in standard QCD yPT and at one
loop is equal to [61]

(rh)go = log(My/M?,). (28)

1
167%F?
As expected, this expression vanishes in the limit m; — m,.
Although the K? is similar to the ectonucleon with §m # 0
in that both are composite states of two equal-charge fer-
mions with different masses, it is clear that the expression
for the ectonucleon charge radius must be qualitatively
different, since—as we have noted—all of our Goldstone
bosons have masses proportional to (m, + m,). At best the
expression for 72, for the ectonucleon will arise at one loop
and be suppressed by 0m in some way, so we claim that as a
conservative upper limit for small dm,

(ripdnlsmeo < (29)

1
167 F % '
We can convert this to an upper bound on the direct-
detection cross section, using Eq. (26) and adjusting by
the factor w2,/(A’uip) to convert to the standard
“WIMP-nucleon” cross section. We thus find
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Z\2(130\2 (700 GeV\*
o < (7.2X107% cm2)<%) (%) (%) . (30)

The electromagnetic polarizabilities can be obtained
in yPT by examining the Compton scattering process
ym — ym. For QCD, the leading contribution to polar-
izability of the 77° occurs at @(p*) and involves only the
leading-order low-energy constants, since vertices of the
form 7°7°%y and #°7°yy are forbidden in the yPT
Lagrangian through next-to-leading order [62]. The argu-
ment given in the reference does not apply trivially to the
pseudoreal case, but it can be verified explicitly that the
generators corresponding to the N/N states commute with
the charge matrix Q, leading to the same result.

Again explicitly for QCD, the electric susceptibility of
the 7¥ is given at leading order by the expression [63]

@ _ 1

XE T 96 Fom, G
Based on the arguments above, we expect the N/N polar-
izability to be the same at this order, up to O(1) factors. We
therefore use this formula to obtain a rough estimate for the
direct-detection constraints on ectocolor dark matter
through this operator. Taking Eq. (27) and again adjusting
by the factor w2, /(A’u%p) to convert to the standard
“WIMP-nucleon” cross section, we find

Z\4/130\8/3 /200 GeV\2
700 GeV\4
x(ie) : (32)
F

These cross-section estimates are relatively crude, and a
more rigorous calculation in the framework of yPT, as well
as lattice studies to fix the values of the low-energy con-
stants in the chiral Lagrangian, will be needed for a precise
understanding of direct detection in this model. However,
these estimates are quite far below existing experimental
bounds, so we can at least be confident that our minimal
construction is not constrained by direct detection currently.

B. Indirect detection

As the dark matter is composed of both ectobaryons N
and their antiparticles N, self-annihilation can occur in
the current Universe. However, the N — II scattering
equation (9) provides the primary annihilation cross sec-
tion in the minimal model, with the resulting unstable
ectomesons decaying into visible Standard Model parti-
cles. Since this cross section is proportional to the velocity
v, indirect signals are highly suppressed in the present day.

Dark matter in the Galaxy has v ~ 10 3¢. As the mass
splitting between the charged and neutral states M= —
M ~ 100 MeV is much larger than the available kinetic
energy Mv?, annihilation will primarily proceed through
NN — TI°TI9. As discussed in Sec. ITA, the I1° will
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quickly decay into the heaviest kinematically available
fermion pairs (bb for M < 2m,p; tops otherwise).

Currently, the best bounds on dark matter annihilating
into bb are obtained in the data set collected by the Fermi
Gamma-Ray Space Telescope (FGST). In particular,
bounds from the Galactic Center [64] are the strongest,
even for conservative assumptions on the dark matter
profile in the Galaxy’s inner region. We also include the
somewhat weaker stacked dwarf galaxy limits [65-67].
Note that, when applying indirect detection bounds, the
2 — 4 annihilation in our model contributes an overall
factor of two which cancels with a factor of 1/2, as our
dark matter is not Majorana.

The bounds from the Galactic Center and dwarfs have not
been calculated in the 7 channel. However, the resulting
spectrum is not significantly different from the bounds on
the bb channel [68], and so we are justified in extrapolating
the bottom quark limits for the full range of mass M. In Fig. 4,
we show the upper limits on {ov)y followed by I1° decay
into bb from both dwarf-stacking and Galactic-Center
bounds, as well as the prediction for the values of M and
Frr which give the correct relic abundance. As can be seen,
this places essentially no constraint on the (M, Fyj) parame-
ter space required for thermal dark matter in this minimal
scenario.

C. Collider searches

The charged ectomesons I1* will be produced in pairs at
colliders through Drell-Yan processes. For large Fpy, the
internal structure of the ectohadrons is not relevant, and
production will proceed as if the II* were elementary par-
ticles. Though the small F[; regime can provide interesting

10724
107%
;E
g 1072
E
10727
10—28
100 200 500 1000 2000
M (GeV)

FIG. 4 (color online). Cross section for N/N annihilation in the
Universe today as a function of M for fixed Fj (red lines) as well
as the (M, Fyy) combinations that provide the correct relic abun-
dance after thermal freeze-out assuming (v) = 1073¢ in the
Galactic Center (blue line) or the unphysically large 102 ¢ (dotted
blue line). Also shown are the upper limits for annihilation in bb
from the FGST dwarf-stacking analysis [65—67] and the Galactic
Center assuming an Navarro-Frenk-White profile [64]. Note that
for M > 2mp,, we expect annihilation to proceed into top pairs,
but we can safely extrapolate bb bounds to this region.
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and unique collider signatures (becoming ‘“‘quirks”
[21,38,39] as F; — 0) we will leave such considerations
to a later work, and assume that F'py is large enough so that the
internal structure can be ignored.

The lack of observation of new charged particles in the
stau channel at LEP-II allows us to extrapolate a fairly robust
limit of M = 86.6 GeV [69], as I1* decays predominantly
into 7 v in this mass range, and so mimics the signal of 7
pairs decaying into taus and massless neutralinos.

At the LHC, the IITII~ production cross section
depends only on the mass M, and is shown in Fig. 5. For
M < my,, + m;, = 176 GeV, decays proceed through taus
and neutrinos. Assuming this decay is prompt, the bounds
from stau pair production followed by decays to taus and
massless neutralinos are applicable. However, the current
limits on such cross sections are O(3 pb) [70], which does
not place significant bounds on the ectomeson production.

Above ~176 GeV, the II* decay into top/bottom quark
pairs. This is a somewhat unusual signature: while searches
exist for single #b resonances [71], we are not aware of any
search for (tb) (7b) final states. As the production cross
section is small, dedicated searches for 7 — ¢! pair pro-
duction [70,72-75] are not sensitive to this production,
even neglecting the difference in event acceptance due to
the presence of two extra b-quarks. It is interesting to note
that charged pseudoscalars are generically expected to
decay into the heaviest fermion pair available, and so
searches for (tb) (7b) final states might be relevant beyond
this paper’s particular dark matter model.

The previous discussion assumed the II* decayed
quickly on detector time scales. Roughly, this translates
into widths greater than that of the b: T = 4 X 10713 GeV.
If stable on detector timescales (i.e., requiring ¢ > 1 m,
= =2 X 10710 GeV), constraints from the LHC on
stable charged particles place a bound of M = 220 GeV
[76]. This bound only applies if the charged particles live
long enough to pass through the calorimeters of CMS
Collaboration. As can be seen from Egs. (13) and (14),

100

10

o (tb)

0.1

0.01

100 200 300 400 500 600 700
M (GeV)

FIG. 5 (color online). II*II~ Drell-Yan production cross sec-
tion at the LHC assuming /s =8TeV as a function of IT* mass M.
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this is far longer than the expected lifetime of the charged
ectomesons, unless the decay is mediated by a new W’
with mass

Fn \f( M Migp\2

, = (250 TeV 1—- ,

my = (250Te )<700GeV) (200GeV)< M2)
(33)

or via additional loops of heavy ectoquarks charged under
SU(2), with Fr ~ 10® GeV. However, with a more mod-
est my, scale, the lifetime of the IT* could be on the scale
of um to cm. Such small displaced vertices would provide
a very unique signature at the LHC, but it is unclear
whether any existing analysis would be sensitive to the
events. It should be noted that, as the decay would proceed
through top and bottom quarks, the additional displace-
ment of the b decay makes such a search difficult.

IV. CONCLUSION

In this paper, we have introduced a new thermal dark
matter candidate which is composite under a new confining
force, which we dub ““ectocolor.”” Critically, we require the
ectoquarks to be charged under real or pseudoreal repre-
sentations of the ectocolor gauge group: the canonical
example which we have considered in detail is the funda-
mental representation of SU(2). The extra symmetry that
this allows in the Lagrangian results in two types of
pseudo-Nambu-Goldstone bosons of an approximate flavor
symmetry: stable ectobaryons with a conserved quantum
number, and unstable ectomesons. As the PNGBs have
masses proportional to that of their constituent ectoquarks,
the mass and couplings of the dark matter can be set
independently of each other. This allows viable thermal
dark matter from confining gauge groups with masses well
below the unitary bound of ~20 TeV.

Ectocolor dark matter has a number of interesting fea-
tures that distinguish it from a standard thermal candidate.
As one of a number of PNGBs with degenerate masses, all
of which are in thermal equilibrium in the early Universe,
the dark matter candidate N essentially undergoes coanni-
hilation with a potentially large number of particles. This
allows the present-day self-interaction cross section of
dark matter to appear significantly lower than the canonical
value of 1 pb. In the explicit model we demonstrate in this
paper, the “coannihilation factor” is 2, but this can easily
be increased in models with a larger flavor symmetry.

Additionally, the dark matter annihilates into unstable
ectomesons, which decay preferentially into the heaviest
fermions kinematically available. This has potentially
interesting predictions for the LHC, where the charged
ectomesons can be pair-produced directly, though the
production cross section is low. The resulting (th) (7b)
final states for some values of the parameters (possibly
with displaced vertices) are an interesting—and so far
unexplored—signature at the LHC. This signature is
furthermore a generic feature of charged pseudoscalar
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composites, which will generally decay with a mass flip
in the final-state fermions.

The bounds from direct detection experiment on the
model presented here are quite weak. This is primarily
due to a discrete symmetry of our minimal model under
the interchange of the equal- and opposite-charged Q, and
Q, fields, which eliminates the contribution from the
charge radius operator. It remains to be determined whether
inclusion of a large mass splitting m,, — m,, or constructing
a more complicated model with additional charged states,
can lead to more significant direct-detection signals.

The predicted rate of indirect detection is too low in the
minimal model to provide a visible signal. However, if an
annihilation channel was available that was not at a kine-
matic threshold, then the cross section today would not be
suppressed by v. Though loop annihilations into yy in our
minimal model are present, they are suppressed by several
orders of magnitude even from the wv-dependent cross
section. It is again perhaps useful to consider nonminimal
models, where this would not be the case.

Interestingly, the minimal model does not provide a
significant signal of NN — II°TI°® — 4. This is some-
what surprising, as the Standard Model pion decays pre-
dominantly to photons. However, the combination of larger
meson mass and fermion mass (b instead of e) relative to
the Z, as well as the lack of an axial anomaly greatly
reduces the photon channel relative to the fermion final
state. This makes it difficult to use this model to provide an
explanation of the suggested 130 GeV line in the Fermi
data [77,78] (see also Refs. [79-81]). Although confining
dark models have been suggested as a source of the anni-
hilation line [82,83], a more complicated construction than
our minimal scenario would be needed in order to explain
this possible signal of dark matter as the result of a thermal
ectocolor dark matter candidate.

Despite the fact that the dark sector is strongly coupled,
the use of PNGB states as the dark matter makes analytic
calculations using the framework of chiral perturbation
theory quite tractable. Explorations of the present model
using YPT would be quite interesting, and will be
necessary for, e.g., the calculation of the direct-detection
operators, and for exploration of the effects of mass split-
tings among the PNGBs. The parameters of the chiral
Lagrangian are determined by the underlying strong
dynamics, and for the present example of SU(2) the use of
1/N, expansion is particularly unappealing, so lattice cal-
culations of these low-energy constants may be an impor-
tant input for more a precise study of ectocolor models.
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