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We propose a novel class of dark matter (DM) candidates in the form of a heavy composite axionlike
particle (ALP) with highly suppressed electromagnetic interactions populating vast yet unexplored domains
in the ALP parameter space. This is achieved for the first time in the simplest dark confining gauge theory
yielding a new composite glueball ALP (GALP) DM coupling-mass relation found in terms of two distinct
fundamental scales—the large dark fermion mass scale and the dynamical scale of dark confinement. The
presence of a heavy fermion portal between the visible (photons) and dark (GALPs) sectors ensures a strong
radiative suppression of the GALP-photon coupling naturally without any fine-tuning. The observable
features of heavy GALP DM in a minimal realization are controlled by only three physical parameters. Our
work paves the road for a novel research field exploring the theory and phenomenology of composite ALPs in

multimessenger astrophysics and cosmology.
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Introduction—Over past decades, several new funda-
mental particles have been proposed as possible particle
dark matter (DM) candidates, each with unique properties
and signatures. The most popular DM candidates are
typically separated into two different classes of models
based upon their mass scales—wavelike (light DM) and
particlelike (heavy DM). In the first class of models in the
light (sub-eV) mass range, the QCD axion and axionlike
particles (ALPs), collectively referred to as “axions,” are
considered among the promising DM candidates [1-5].
Axions may appear in various extensions of the standard
model (SM), such as QCD axions that address the strong
CP problem [6-10], or ALPs emerging in model inspired
by string theory such as the “string axiverse” [11-17].
Numerous ongoing and planned experimental searches aim
to detect axion-type DM particles, primarily through their
photon coupling [18-20]. While several models with the
axion mass above keV have been proposed [15,16,21] (for
a review, see, e.g., Ref. [10]), heavy axions are never
considered to be viable DM candidates due to their efficient
decay into lighter SM particles. In the second class of
models well above the eV scale, usually at the GeV scale or
beyond, weakly interacting massive particles (WIMPs) and
heavy WIMP-like states remain attractive DM candidates
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[22-25], which gained considerable attention for their role
in explaining the observed y-ray excess from the
Milky Way center [26-29]. The WIMP annihilation sig-
natures are searched for not only in energetic y fluxes but
also in cosmic rays and neutrinos [25] placing a bound on
the mass mypp 2 (20-100) GeV, or even lower [30,31],
depending on the annihilation channels [24,32].

There has been a great effort to probe parameter spaces
for both ALP and WIMP types of DM, placing severe
exclusion bounds on both classes of models. In view of the
negative results of the searches, it becomes highly relevant
to probe novel yet unexplored classes of DM models, with a
much larger parameter space sharing some of the basic
characteristics of both ALPs and WIMPs. In this Letter, we
propose a new type of DM candidates that serve this
purpose featuring both the ALP type of interactions with
the visible sector and WIMP-like mass scales, and beyond,
thus significantly expanding the parameter space available
for ALP DM searches.

Challenges of ALPs—Consider the case of an axion field
a coupled only to photons via the effective five-dimen-
sional operator

1 -
L= —ZgayaFle"”, (1)
where g,, is the axion-photon coupling, F,, is the electro-

magnetic field strength tensor, and F* is its dual. In this
case, the axion a — yy decay rate,
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has to be compared with the inverse age of the universe
15! ~2.3 x 10718 57!, revealing the instability of these
particles on the cosmological scale unless their photon
coupling is strongly suppressed, i.e.,

< -7 L (ma\ T2

Gay S5.5x 1077 GeV (W) : (3)
In the standard approach, the axion-photon coupling cannot
be arbitrarily small because it is mainly set by the Peccei-
Quinn (PQ) energy scale, f,, considered to be a funda-
mental parameter of the theory. For example, in the case of
QCD axions, f, governs the breaking of the global PQ
symmetry generating the axion as associated pseudo-
Goldstone boson [33]. The PQ scale can be expressed in
terms of the axion-photon coupling as

a

famts

Ya -1
~ 107 GeV (10_207(?6\7_1> s (4)

ay
where the model dependent factor ¢ is assumed to be O(1),
and a is the fine-structure constant. The requirement for the
PQ scale to be below the Planck scale, i.e., f, < Mp with
Mp = 1.22 x 10" GeV, sets a lower limit on Jay and hence
on the largest stable axion DM mass scale, m, < 30 GeV,
which are being challenged by strong observational
bounds. In order to further suppress g,, and to push for
higher axion masses, there are certain attempts to accom-
modate “super-Planckian axions” (see, e.g., Refs. [34-36]),
which, however, face big challenges to achieve a strong
hierarchy f, > Mp. Therefore, new ideas are required to
go significantly beyond the current state of the art to unveil
new unexplored avenues in ALP DM research.

The above-mentioned challenges of the conventional
axion models are deeply rooted in the theoretical inter-
pretation of f, as a fundamental energy scale associated
with PQ symmetry breaking and with the axion being a
pseudo-Goldstone boson of that symmetry breaking. We
propose a new theoretical framework based upon
composite dynamics where f, appears as an emergent
scale which is not associated with any fundamental
symmetry breaking, while the ALP itself is no longer
considered as a pseudo-Goldstone mode. This framework
leads to a new class of composite ALP-like DM candidates
naturally reaching a much larger m,, as well as a much
smaller g,, and, consequently, much larger emergent
(seesawlike) PQ scale than in conventional ALP models
allowing for a strong f, >> Mp hierarchy. Below, we
demonstrate that such ALP-like states originate in confin-
ing Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs—We postulate the existence
of a dark sector with an additional exact SU(N) gauge
symmetry, with number of colors N > 3. The dynamics of
the corresponding massless gauge bosons (“dark gluons™)
is governed by the Lagrangian

1 9 -
Lsyny = — 1 GG + 1 G, G",
G4, = 0,A8 — 0,A% + gf " ALAC, (5)

with gauge fields Af, the coupling g = g(u) running with
the scale u, and the structure constants f*¢, a,b,c =
1,...,N? —1. Here, Gy, 1s the field strength tensor and

G4, =1e,,;G¥ is its dual. The 0 term implies the
Charge-Parity (CP) violation. The Lagrangian (5) features
color confinement phenomenon at energies below confine-
ment scale, 4 < A, such that only composite states neutral
under SU(N) appear in the low-energy spectrum [37-39]
(see Refs. [40,41] for other groups).

Confinement allows for the formation of a tower of
color-neutral glueballs represented by all possible
composite operators that are invariant under SU(N). In
previous studies [42,43], the authors discussed the cosmo-
logical dynamics of scalar glueballs, H =07, in SU(N)
theories with N =3, 4, 5. A low-energy effective field
theory (EFT) was used to describe this dynamics, where
dark gluon effects at high temperatures are characterized by
the Polyakov loop [44]. In this Letter, we incorporate also
the pseudoscalar glueball state, A= 0", featuring the
properties of standard ALPs, and uncover its important
phenomenological implications.

Specifically, the 07+ and 0~ glueball fields are defined
in terms of gauge-invariant operators of the lowest dimen-
sion as

. Bl
= _ G4 (;pu/a7
H 2 G

AH? = Ga,G",  (6)
in terms of f-function f(g), whose dynamics is led by the
composite EFT Lagrangian [45,46]

1 1
'Ceff — zaﬂHaﬂH + EaﬂAa‘A - Veff(H, A) (7)

Here, the effective glueball potential Vg satisfies the
nonconservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45,47,48]

4

a, D"
2g

" G4,G" = —H*, (8)
which is an important consequence of the running of the
gauge coupling ¢g(u) determined by f(g). This relation
holds at the nonperturbative level and enables us to
constrain the structure of the glueball interactions. The 6
term being a total derivative of the topological current does
not receive perturbative quantum corrections [49,50]. Thus,
its f function vanishes at all orders in perturbation theory
yielding no contribution to Eq. (8).

From the Lagrangian in Eq. (7), the dilatation current can
be calculated for a field ¢ = {H, A} that transforms as

021001-2



PHYSICAL REVIEW LETTERS 135, 021001 (2025)

@' (X') = ¢'(A7'x) = Ap(x), leading to
1% OV st
0. DV — _@M — 4V eff Zleffay eff .A, 9
H H eff — H aA ( )

where ©,, is the canonical energy-momentum tensor.
Therefore, comparing Eqs. (8) and (9), the composite
EFT potential is restricted to be in the following form:

H\ 0, . (A
eff—COH 1H(A>+4AH +H f<H>
+ ClH4 + Csz.Az + 6'3./44 + C4H.A3, (10)

in terms of an arbitrary continuous function f. Here, the
CP-noninvariant terms with odd powers of A are permitted
due to 6 # 0 in the fundamental theory, see Eq. (5). The
parameters 6, c¢;, i =0,...,4 and the function f can, in
principle, be fully determined by lattice simulations.

Furthermore, the potential in Eq. (10) can be expanded in
power series over glueball excitations # = H — 7y and a =
A — ay around its minimum located at the vacuum expect-
ation values (VEVs) of the glueball fields {1, ao} ~
O(1)A. Then, turning to the mass basis of these excitations
by means of rotation by an angle J, the resulting EFT
potential can be represented as follows:

¢2+ZZA1H 4¢I¢]

i=0 j=0

, (1)

i+j>3

chf -5

where ¢ = csn1 — ssa and ¢, = ssn + csa are the physical
glueball fields, with masses m; and m,, respectively, with
cs=cosé and s;=sing, while 4;; are dimensionless
coefficients. The higher-dimensional operators for i + j >
4 in the above potential are suppressed by increasing
powers of A, hence can be ignored at low energies.
Glueball dark matter—Dark glueballs are often consid-
ered in the literature as viable DM candidates (see, e.g.,
Refs. [42,43,51-67] and references therein). Starting with
the two-glueball EFT formulated above, let us focus on the
mass hierarchy satisfying m;/2 < m, < 2m; such that
both glueball species ¢; , would be stable and contribute
to the DM abundance after their freeze-out. By naive
dimensional counting, in the strong coupling regime the
glueball self-interactions happen with rates of order A
being extremely efficient on cosmological scales close to
the dark confinement phase transition epoch at the critical
temperature 7. ~ A, i.e., A> H(T,). Both glueball spe-
cies freeze-out with respect to particle number changing
processes m — n, with the 3 — 2 scattering being the last
one to become inefficient. This occurs soon after the
confinement phase transition when the glueballs are non-
relativistic at temperature Ty < T'.. Since then the resulting
total DM density is impacted by cosmological dilution
only. The relative abundance of ¢,, may be roughly

estimated in terms of their mass splitting Am = m; — m,
as ny/ny ~ (my/my)=3/? exp(—~Am/T;) > 1073 that holds
at freeze-out and is preserved until today. The exact ratio
n;/n, is not relevant for generic properties of the glueball
DM, as will be discussed below.

As demonstrated in Refs. [42,43], the first-order phase
transition in the glueball system washes out any significant
dependence of the relic density on the initial conditions. In
addition, the energy of the dark sector in the comoving
volume is conserved since the rates of glueball electro-
magnetic interactions I', are well below the Hubble
expansion rate H at T <T,., and hence interactions
between the dark and visible sectors can be safely ignored.
These two conditions imply that the total glueball DM relic
density [42,43],

A
QDMhzzO.12C;3A—, 100 eV < Ay <400 eV, (12)
0

with visible-to-dark sector temperature ratio {7 =T,/T,
holds approximately in the considered two-glueball DM
framework scaling linearly with the confinement scale A,
which is constrained to be in a very wide range [43]:

20 MeV < A 10" GeV. (13)

Here, the upper limit is due to the requirement that the
glueballs constitute the totality of DM while the phase
transition does not happen before inflation, thus avoiding
exponential dilution of DM. The lower limit applies only in
the case of glueballs constituting the ballpark of DM for
¢7!' £0.01 and is dictated by avoiding too strong DM self-
interactions that would affect the innermost regions of
galaxy clusters, ultimately in contrast with observations of
their surrounding hot plasma [68]. Indeed, the self-inter-
action GALP cross section og; is determined by the GALP
mass and satisfies o5y < Ggeom ~ 1/mgap [69]. We also
emphasize that for A < 20 MeV, only a small fraction of
DM can be in the form of glueballs. Note, the linear scaling
of (12) highlights the long-standing dark glueball over-
abundance problem at large A [70] that can only be
alleviated by suppressing the dark-to-visible sector temper-
ature ratio {7!. In a limiting case of thermal equilibrium
between visible and dark sectors, i.e., { ;1 — 1, the confine-
ment scale A — A, is constrained to low values within a
narrow range in Eq. (12). Note that {7! < 0.37 is required
to avoid cosmological bounds on dark radiation [42,43].
Glueball-photon interactions—In order to introduce
feeble interactions between the visible and dark QCD-like
sectors, we adopt the minimal QCD-like framework with a
single heavy Dirac fermion, W, acting as a portal coupled to
both dark gluons and photons. At variance with standard
QCD, such a fermion is assumed to have a very large mass
My > A that implies its negligible impact on the confine-
ment dynamics and, hence, on the composite glueball EFT
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discussed above. Furthermore, the effective interactions
between dark gluons and photons are given by higher
dimensional operators generated at one-loop level by
integrating out ¥ in the loop. Thus, the strength of
electromagnetic interactions of glueballs is suppressed
and is controlled by a fermion mass My and the gauge
coupling at that scale, g(My).

Consider the fermion ¥ with an electric charge gy (in
units of e). Then, the dark SU(N) gauge coupling at the UV
u = My scale can be written as g(¢) = re(u)qy. Assuming
no additional new physics below the UV cutoff scale, we
find 7 ~ 1 following the one-loop RG evolution with N = 3
and gy = 1, under the requirement that the IR Landau pole
is located close to the confinement scale A < My.
Consequently, relevant dimension-8 operators read [52,71],

2.2
Loy D % le,Ga, G F (s FP + &,Go,GHF o FP), (14)
where @ = a(My) = e(My)?/4x is the fine structure con-
stant, F% and F* are the photon field strength tensor and
its dual, respectively, while dimensionless ¢, and ¢, can be
evaluated perturbatively at the scale My. The EFT descrip-
tion in Eq. (14) is valid as long as A << M. As soon as the
temperature drops below 7.~ A, one turns to composite
EFT. Using Eq. (6), then expanding the glueball fields
about their VEVs, and keeping linear terms in a and # only,
we get

_ 8gmn
Blg)

where g/f(g) should be computed in the nonperturbative
regime of the dark Yang-Mills theory at u ~ A correspond-
ing to a large g(u) > 1. According to the recent lattice
results [72], in this regime g/f(g) ~ 1. Turning to the mass
basis {n,a} — {¢1,$,}, the glueball-photon interactions
are governed by the Lagrangian

a va
Go,Gre =

G%,G"* = n3a + 3agndn. (15)

1 ~ Touv
£eff ) Z Z [gt/),‘yqsiFva#D + gz/),-y¢iF;wFﬂ } (16)
i=1.2

GALP mass-coupling relation—A strong CP-violation
in the dark sector implies that the glueball VEVs satisfy
no ~ ay ~ A while the 7 — a mixing angle 0 is large. As a
result, from the viewpoint of particle astrophysics the
physical glueballs ¢, , interact with photons with similar
rates while having similar masses effectively acting as
axion DM. Hence, we refer to these states as glueball
axionlike particles (GALPs) whose effective couplings

satisfy g4, ~ 94, = goaLp,, Where
A T4
— e AL
g = ka A\ [—}
GALPy My

S M
— 245 x 10~7 GeV-x | GALP || 2w
% ¢ K{ GeV

GeV }_4' (17)

Here, as a proof of concept, we introduce a universal GALP
mass scale m; ~ my = mgarp = 6A [73], and a universal
dimensionless coefficient x expected to be of order 0.1-10.
The relation (17) is a defining property for the whole class
of novel GALP DM scenarios featuring a specific depend-
ence on two distinct scales: mgap < My and My. This
can be compared to an analogous relation for QCD axions,
e.g., oy = 2 % 1071° GeV~!(m, /eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33,74].

Given a remarkable similarity between GALPs and
standard axions, it is instructive to determine an effective
PQ-like scale by plugging Eq. (17) into (4)

A 13 My 14
~4.1x10° GeVi! | ——| |21 .
fa x 107 GeVie [GeV] [GeV]

(18)
It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
reach in any other model adopting it as a fundamental scale;
e.g., in string theory, f, < 10Mp [34,35].

In the minimal EFT approach developed above, the
GALP coupling to photons, ggarp,, is linked to the
GALP mass, mgarp- Let us investigate how this relation
correlates with the DM relic abundance. Assume that for
sufficiently high temperatures 7 > My the SM bath and
the dark-sector W fermion are in thermal equilibrium. As
the universe cools down to T ~ My, ¥ and P start to
annihilate into the SM Xgy; and dark gluon § g final states,
with rates I'yg_y, and I'yg_;;, respectively. For these
processes to efficiently reheat the SM bath relative to the
dark sector, hence to suppress the dark-to-visible temper-
ature ratio, ¢ }‘, we introduce a small parameter

r P57
e=—12200 1, (19)
F‘I“i’—»XSM

such that W fermions annihilate mostly into the SM
particles. This parameter € is a key observable characteristic
of the portal interactions between the dark and visible
sectors and depends on the details of the UV model.

At the temperature of the dark sector, T =T;~ My,
when WY annihilation completes, the resulting densities of
photons p, and dark gluons p; are related as

Z_f~€~(1v2—1)<T1>4, (20)

7
where the prefactor indicates the number of dark gluon
degrees of freedom. Then, as the universe cools down to the
modern temperature Tﬁo) , the entropy production events in
the visible sector also affect the photon temperature increas-
ing it by an additional factor of [g*,x(Tﬁo)) /Gs.s(My)]71/3.

Here, g*,S(Tﬁo)) = 3.909 is the number of entropic degrees

of freedom of the relativistic (photon) bath today, while
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The GALP-photon coupling ggapp, versus mass mgarp = 6A. The upper hatched domain is excluded by the GALP DM

stability constraint, requiring GALP stability on cosmological scales I', < tﬁl; the left hatched domain is excluded by bounds on self-
interacting DM [42], while the blue region is ruled out by astrophysical DM searches as well as by the cosmological bound specified in
the text. The red dashed lines represent the GALP coupling-mass relation in Eq. (17) for four distinct values of My. The upper axis
shows the value of ¢7!' needed to make GALPs the totality of DM for a given mass, considering Ay = 100 eV.

..s(My) refers to the same quantity at the ¥'P-annihilation
epoch (equal to 106.75 for pure SM). As aresult, the dark-to-
visible sector temperature ratio in the modern epoch reads,

(e \YAlg ()
(7 = <N2—1) [g*.s(qu) < 1. (21)

The condition for GALPs constituting the totality of DM,
ie., {7Pmgarp/(6/Ag) = 1, effectively connects the dark-to-
visible portal information encoded in € with the GALP mass.
In numerical analysis we explore the parameter space
{96ALpy- MGaLp} particularly relevant for DM searches
setting bounds on it for the first time by taking x ~ 1 without
any loss of generality. We note that it is straightforward to
rescale the allowed values of ggarp, by a suitable value of k
once it becomes available from lattice simulations. For a
direct connection of the GALP-to-photon decay rate with the
nonperturbative matrix elements that would be probed by
lattice calculations, see Ref. [71].

Discussion and conclusions—In Fig. 1 we show the
parameter space of GALPs constituting the totality of DM,
{96aLpy» mcaLp } being represented by Eq. (17). The upper
hatched domain is excluded due to the cosmological bound
of the GALP stability while the left hatched domain for
light mgarp 2 120 MeV is due to DM self-interaction
constraint [69]. GALPs decaying into photons during the
big bang nucleosynthesis would affect the primordial nuclei

abundances. We extended the bound of [75] toward the
higher mass limiting it to be below the reheating temper-
ature which gives rise to the upper bound of the excluded
blue domain. Its lower bound represents the constraint from
the ultramassive decaying DM searches [76,77] reaching
the mass of up to 10'! GeV and the decay rates of down to
~O(1072¢ s71), or even lower. The slices of the parameter
space for each fixed value of My are represented by red
dashed lines. Note that above the EFT boundary mgayp ~
My the considered EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agreement
with the existing constraints.

Due to GALP DM being heavy with W-loop suppressed
interactions to the visible sector, the unitarity constraint
[78], required by DM freeze-out of thermal equilibrium
with the SM bath, can be naturally avoided. GALPs were
not produced by freeze-out, but via confinement in the dark
gauge sector, while equilibrium with visible one was
reached only asymptotically at 7 2 My > A, ie. in
deconfined phase. The GALPs were formed at T =
{7'T, ~A with (7' <1, such that they were not in
equilibrium with the SM bath since their formation until
the present epoch. This can be seen by comparing the
GALP-photon interaction rate I, ~ ggarp, 77¢7° With
H~ T? /My, leading to the equilibrium condition ggarp, 2
(T,(7°Mp)~1/2. The latter suggests that GALPs with
gearp, < 107" GeV~! have not been in thermal equilibrium
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since their production epoch, in agreement with [79].
Figure 1 shows large domains of the yet unexplored
parameter space for ultra-heavy DM GALPs which are
expected to be probed by indirect DM searches [25,80].

In conclusion, our work provides an innovative frame-
work suggesting a whole new class of composite DM
models featuring ALP-type interactions with photons
characterized by the novel electromagnetic coupling-mass
relation (17). In the suggested framework, ALPs emerge as
glueball states (or GALPs) of a confining dark Yang-Mills
sector. We build the first minimal realisation of GALPs
with yet unexplored vast domains of the physical parameter
space naturally featuring large masses mgarp > 120 MeV
and highly suppressed photon couplings ggarp, <
1072 GeV~! that arise without any fine-tuning due to
an emergent PQ-like scale. The minimality of the GALP
DM framework is twofold: on the UV theory side, it
contains just an extra confining dark gauge symmetry and a
heavy fermion ¥, while on the low-energy EFT side, it
exhibits only three phenomenologically relevant parame-
ters entering (17): mgarp =~ 6A, My > A, k ~0.1-10. The
unique feature of GALPs stems from the dark gluon
condensation phenomenon associated with confinement
leading to distinct two-scale (seesawlike) dependence
JGaLp, & Ma p/ My unattainable for standard ALPs char-
acterized by linear mass scaling, g,, o m,. Our pioneering
studies suggest that the heavy ALP DM research could
become one of the important new avenues in astrophysics
in the near future. Finally, our work comes as an important
motivation for the lattice community to analyze the glueball
self-interactions and thermal evolution reaching the next
milestone in exploration of composite dynamics.
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