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Important physical examples of gauge fields are realised in Nature:  
QCD and electroweak interactions
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Non-perturbative QCD phenomena are far from being understood:  
quark confinement, mass gap, QCD phase transitions,  
hot/dense QCD phenomena etc
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Non-abelian gauge (Yang-Mills) fields are present in most of  
UV completions of the Standard Model:  
GUTs, string/EDs compactifications etc
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Confining dark Yang-Mills sectors are often considered as a possible  
source of Dark Matter in the Universe:  
dark glueballs, dark baryons
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Special emphasis on non-perturbative confining dynamics in cosmology: 
glueball overclosure of the Universe  
and searches for Dark Matter:  
prospects and challenges of direct detection or “dark composites”

Strongly coupled dynamics: outlook



Short range strong interactions

Asymptotic freedom

Running QCD coupling

Color charge  
anti-screening

Confinement

Nobel Prize 2004:  
Gross, Wilczek; Politzer

Color confinement!
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A real example: confining gauge theory of QCD



Thermal evolution of the glueball-dark gluon system
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The glueball field

2

tional renormalization group [40–59]. Here, we describe
the dynamics of dark glueballs by means of an e↵ective
field theory [37].

At non-vanishing temperatures T , the ZN center of
SU(N) is a relevant global symmetry [60] and it is pos-
sible to construct a number of gauge invariant operators
charged under ZN . The Polyakov loop is a remarkable
example, defined as

` (x) =
1

N
Tr[L] ⌘ 1

N
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"
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"
i g

Z 1/T

0
A0(⌧,x)d⌧

##
,
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where P denotes path ordering, A0 is the time component
of the vector potential associated with this gauge group, g
is the SU(N) coupling constant and (⌧,x) are Euclidean
spacetime coordinates. The Polyakov loop is charged
with respect to the center ZN of the SU(N) gauge
group [60] under which it transforms as ` ! z` with
z 2 ZN . Since the expectation value of the Polyakov loop
vanishes at temperatures below the critical one and it is
non-zero at higher temperatures, it is typically used as
an order parameter for the Yang-Mills confinement phase
transition at temperature Tc ⇠ ⇤ [60]. This observation
was exploited to model the phase transition in a mean
field approach in terms of Polyakov loops known as the
Polyakov Loop Model (PLM) [51]. This model captures
the essential features of confinement phase transition in
SU(N) theories with N � 2 while PLM-inspired models
were also proposed to understand physics of heavy-ion
collisions at the RHIC collider [57, 58]. In [33], it has
been shown that PLM can very well capture thermody-
namic observables predicted by lattice simulations [31].

At temperatures around Tc, one can treat the glueball
field H and the Polyakov loop ` in a unified description,
with an e↵ective temperature-dependent potential given
by [37]

V [H, `] =
H
2
ln


H
⇤4

�
+ T

4V [`] +HP[`] + VT [H] , (2)

where the first term is the zero-temperature glueball po-
tential which can be obtained via the constraint of trace
anomaly [61, 62], ⇤ is the confinement scale of the theory,
and V [`] and P [`] are assumed to be real polynomials in `

and invariant under ZN , with coe�cients that depend on
fits to lattice data. Thermal corrections are included in
VT [H], which might involve terms that are non-analytic
in H [48].

Note that (i) the potential in Eq. (2) reduces to the
glueball dynamics at low temperatures and follows the
PLM in the hot phase, (ii) the glueball field H is a di-
mension four scalar field and (iii) the term that couplesH
and ` is the most general interaction term which can be
constructed without spoiling the zero temperature trace
anomaly (Eq. (21) of Ref. [62]).

In this simplified model we neglect the entire tower
of heavier glueballs and pseudo-scalar glueballs and the
infinite series of dimensionless gauge invariant operators

a0 a1 a2 a3 a4 b3 b4

3.72 �5.73 8.49 �9.29 0.27 2.40 4.53

TABLE I. Parameters of the e↵ective potential in Eq. (5).

with di↵erent charges under ZN . Nevertheless this model
describes the essential features of the Yang-Mills phase
transition. Below the critical temperature Tc the last
term in Eq. (2) is negligible. Since the glueballs are rel-
atively heavy compared to the ⇤ scale their temperature
contribution VT [H] can also be disregarded in the first ap-
proximation [37]. We leave a refined analysis accounting
for thermal e↵ects in the glueball potential for a future
investigation.

In the opposite limit, T � Tc, in the deconfined phase,
the term T

4V[`] dominates, i. e. dark gluons are the
dominant component. The precise relation between the
confinement scale ⇤ and the critical temperature of the
phase transition Tc depends mildly on the gauge group
and matter structure of the theory and is determined
by lattice simulations. In this paper, we consider Tc ⇠
1.61⇤ for SU(3) (see e.g. Ref. [63] for arbitrary number
of colors).

We consider the following Lagrangian for the glueball
and Polyakov loop degrees of freedom [37, 64, 65]

L =
c

2

@µH@
µH

H3/2
� V [H, `] , (3)

where

c =
1

2
p
e

✓
⇤

mgb

◆2

(4)

is a constant determined by the glueball mass mgb, that
in the following is assumed to be mgb = 6⇤ [66]. The
Polyakov loop is a non-dynamical order parameter and
since it is assumed to be homogeneous in space, we ignore
terms involving spatial derivatives of `. This corresponds
to neglect the non-trivial dynamics of a first order phase
transition, which proceeds via the formation of bubbles
and their subsequent collisions. This could have a signif-
icant impact on the formation of glueballs, as observed
in presence of matter (see e.g. Refs. [67, 68]). The kinetic
term for the glueball field H is non-standard, as it can
be inferred from its dimensionality. For this reason, we
write the glueball field H in terms of a canonically nor-
malised scalar field � as H = 2�8

c
�2

�
4, and from this

point on we refer to � as the glueball field. It evolvesevolves evolves according to the EFT:

3

FIG. 1. Vacuum expectation value of the glueball field H

as a function of temperature. The field is normalized to its
value in the confined phase. The discontinuity at T = Tc is
characteristic of a first-order phase transition and the value of
the jump depends on the parameter c1, whose limiting values
shown in this plot are obtained by a comparison with the lat-
tice data [69]. The values shown correspond to 1� uncertainty
range. We do not use the lattice data for higher temperatures
in the comparison, as our model neglects thermal corrections,
which are increasingly relevant above Tc.
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where we have kept only the lowest order in P[`] satis-
fying the symmetries. The Polyakov loop potential V[`]
is determined from symmetry arguments combined with
fits to lattice thermodynamic quantities. Our choice here
is taken from Ref. [33] and the numerical values of the
constants are reported in Tab. I, for clarity.

Temperature dependence of the Polyakov loop—The
Lagrangian in Eq. (5) describes the evolution of the
glueball-dark gluon system across the phase transition.
This e↵ective description is expected to be valid in a
broad temperature range, except when the temperature
is large T � Tc, where VT [H] needs to be included. Since
the Polyakov loop is a non-dynamical degree of freedom,
its temperature evolution is determined by the location
of the minimum in the e↵ective potential. Being the or-
der parameter of the phase transition, ` approaches 1 at
high temperatures and vanishes for temperatures below
the critical one. The stationary points of ` are ` = 0 and
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representing two minima, ` = 0 and ` = `+, separated
by a maximum in ` = `�. The solution ` = 0 denotes
the confined phase and it is a global minimum only for
temperatures below the critical temperature. In the de-
confined phase, the solution ` = 0 becomes metastable
and ` = `+ becomes the global minimum. The Polyakov
loop is then “integrated out” using its equation of motion
` = `(�, T ), giving rise to a potential for the glueball field
in the form V [�, T ] = V [�, `(�, T )]. Moreover, we set the
zero-point energy of the glueball field to zero in order to
properly describe glueballs as matter. The evolution of
the glueball minimum in this new potential is shown in
Fig. 1 in terms of the field H and compared to lattice
simulations. Below Tc, hHi is constant with tempera-
ture and it discontinuously jumps to a lower value right
above the critical temperature. We match the size of the
discontinuity predicted in our potential to a result from
lattice, given in Ref. [69] (the red point in Fig. 1). This
constraint is enough to impose limitations on the value
of c1 in Eq. (5), the glueball-Polyakov loop coupling. We
found this value to be c1 = 1.225 ± 0.19 at 95% CL.
The associated uncertainty of ⇠ 20% dominates the un-
certainty in the glueball relic abundance in our analysis,
such that ⇠ O(3%) uncertainties on the fitting parame-
ters in Tab. I have been ignored.
Cosmological evolution of the glueball field—Thanks to

the previous discussion, we are left with a relatively sim-
ple recipe to describe the glueball field dynamics across
the phase transition. Note that the evolution can be
treated as completely classical, since the e↵ective La-
grangian in Eq. (5) fully accounts for quantum e↵ects
at tree level.
In a first approximation, the glueball field is homoge-

neous and evolves in an expanding Friedmann-Lemaitre-
Robertson-Walker (FLRW) Universe. The Klein-Gordon
equation for a field in a FLRW metric reads

�̈+ 3H�̇+ @�V [�, T ] = 0 , (7)

where the Hubble parameter H when glueballs form is
approximately determined by the SM content of the Uni-
verse, as it is assumed to have more degrees of freedom
than the confining dark sector and, if there are no in-
teractions with the SM, this sector is colder than the
SM thermal bath. We denote the visible-to-dark sector
temperature ratio by ⇠T . The photon temperature T�

determines the Hubble parameter H and can be taken as
a time variable in Eq. (7) by using

t =
1

2

s
45

4⇡3g⇤,⇢(T�)

mP

T 2
�

, (8)
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is a constant determined by the glueball mass mgb, that
in the following is assumed to be mgb = 6⇤ [66]. The
Polyakov loop is a non-dynamical order parameter and
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terms involving spatial derivatives of `. This corresponds
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icant impact on the formation of glueballs, as observed
in presence of matter (see e.g. Refs. [67, 68]). The kinetic
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FIG. 1. Vacuum expectation value of the glueball field H

as a function of temperature. The field is normalized to its
value in the confined phase. The discontinuity at T = Tc is
characteristic of a first-order phase transition and the value of
the jump depends on the parameter c1, whose limiting values
shown in this plot are obtained by a comparison with the lat-
tice data [69]. The values shown correspond to 1� uncertainty
range. We do not use the lattice data for higher temperatures
in the comparison, as our model neglects thermal corrections,
which are increasingly relevant above Tc.
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where we have kept only the lowest order in P[`] satis-
fying the symmetries. The Polyakov loop potential V[`]
is determined from symmetry arguments combined with
fits to lattice thermodynamic quantities. Our choice here
is taken from Ref. [33] and the numerical values of the
constants are reported in Tab. I, for clarity.

Temperature dependence of the Polyakov loop—The
Lagrangian in Eq. (5) describes the evolution of the
glueball-dark gluon system across the phase transition.
This e↵ective description is expected to be valid in a
broad temperature range, except when the temperature
is large T � Tc, where VT [H] needs to be included. Since
the Polyakov loop is a non-dynamical degree of freedom,
its temperature evolution is determined by the location
of the minimum in the e↵ective potential. Being the or-
der parameter of the phase transition, ` approaches 1 at
high temperatures and vanishes for temperatures below
the critical one. The stationary points of ` are ` = 0 and
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FIG. 1. Vacuum expectation value of the glueball field H

as a function of temperature. The field is normalized to its
value in the confined phase. The discontinuity at T = Tc is
characteristic of a first-order phase transition and the value of
the jump depends on the parameter c1, whose limiting values
shown in this plot are obtained by a comparison with the lat-
tice data [69]. The values shown correspond to 1� uncertainty
range. We do not use the lattice data for higher temperatures
in the comparison, as our model neglects thermal corrections,
which are increasingly relevant above Tc.
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where we have kept only the lowest order in P[`] satis-
fying the symmetries. The Polyakov loop potential V[`]
is determined from symmetry arguments combined with
fits to lattice thermodynamic quantities. Our choice here
is taken from Ref. [33] and the numerical values of the
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the Polyakov loop is a non-dynamical degree of freedom,
its temperature evolution is determined by the location
of the minimum in the e↵ective potential. Being the or-
der parameter of the phase transition, ` approaches 1 at
high temperatures and vanishes for temperatures below
the critical one. The stationary points of ` are ` = 0 and
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representing two minima, ` = 0 and ` = `+, separated
by a maximum in ` = `�. The solution ` = 0 denotes
the confined phase and it is a global minimum only for
temperatures below the critical temperature. In the de-
confined phase, the solution ` = 0 becomes metastable
and ` = `+ becomes the global minimum. The Polyakov
loop is then “integrated out” using its equation of motion
` = `(�, T ), giving rise to a potential for the glueball field
in the form V [�, T ] = V [�, `(�, T )]. Moreover, we set the
zero-point energy of the glueball field to zero in order to
properly describe glueballs as matter. The evolution of
the glueball minimum in this new potential is shown in
Fig. 1 in terms of the field H and compared to lattice
simulations. Below Tc, hHi is constant with tempera-
ture and it discontinuously jumps to a lower value right
above the critical temperature. We match the size of the
discontinuity predicted in our potential to a result from
lattice, given in Ref. [69] (the red point in Fig. 1). This
constraint is enough to impose limitations on the value
of c1 in Eq. (5), the glueball-Polyakov loop coupling. We
found this value to be c1 = 1.225 ± 0.19 at 95% CL.
The associated uncertainty of ⇠ 20% dominates the un-
certainty in the glueball relic abundance in our analysis,
such that ⇠ O(3%) uncertainties on the fitting parame-
ters in Tab. I have been ignored.
Cosmological evolution of the glueball field—Thanks to

the previous discussion, we are left with a relatively sim-
ple recipe to describe the glueball field dynamics across
the phase transition. Note that the evolution can be
treated as completely classical, since the e↵ective La-
grangian in Eq. (5) fully accounts for quantum e↵ects
at tree level.
In a first approximation, the glueball field is homoge-

neous and evolves in an expanding Friedmann-Lemaitre-
Robertson-Walker (FLRW) Universe. The Klein-Gordon
equation for a field in a FLRW metric reads

�̈+ 3H�̇+ @�V [�, T ] = 0 , (7)

where the Hubble parameter H when glueballs form is
approximately determined by the SM content of the Uni-
verse, as it is assumed to have more degrees of freedom
than the confining dark sector and, if there are no in-
teractions with the SM, this sector is colder than the
SM thermal bath. We denote the visible-to-dark sector
temperature ratio by ⇠T . The photon temperature T�

determines the Hubble parameter H and can be taken as
a time variable in Eq. (7) by using
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FIG. 1. Vacuum expectation value of the glueball field H

as a function of temperature. The field is normalized to its
value in the confined phase. The discontinuity at T = Tc is
characteristic of a first-order phase transition and the value of
the jump depends on the parameter c1, whose limiting values
shown in this plot are obtained by a comparison with the lat-
tice data [69]. The values shown correspond to 1� uncertainty
range. We do not use the lattice data for higher temperatures
in the comparison, as our model neglects thermal corrections,
which are increasingly relevant above Tc.
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where we have kept only the lowest order in P[`] satis-
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is taken from Ref. [33] and the numerical values of the
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by a maximum in ` = `�. The solution ` = 0 denotes
the confined phase and it is a global minimum only for
temperatures below the critical temperature. In the de-
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and ` = `+ becomes the global minimum. The Polyakov
loop is then “integrated out” using its equation of motion
` = `(�, T ), giving rise to a potential for the glueball field
in the form V [�, T ] = V [�, `(�, T )]. Moreover, we set the
zero-point energy of the glueball field to zero in order to
properly describe glueballs as matter. The evolution of
the glueball minimum in this new potential is shown in
Fig. 1 in terms of the field H and compared to lattice
simulations. Below Tc, hHi is constant with tempera-
ture and it discontinuously jumps to a lower value right
above the critical temperature. We match the size of the
discontinuity predicted in our potential to a result from
lattice, given in Ref. [69] (the red point in Fig. 1). This
constraint is enough to impose limitations on the value
of c1 in Eq. (5), the glueball-Polyakov loop coupling. We
found this value to be c1 = 1.225 ± 0.19 at 95% CL.
The associated uncertainty of ⇠ 20% dominates the un-
certainty in the glueball relic abundance in our analysis,
such that ⇠ O(3%) uncertainties on the fitting parame-
ters in Tab. I have been ignored.
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tional renormalization group [40Ð59]. Here, we describe
the dynamics of dark glueballs by means of an e! ective
Þeld theory [37].

At non-vanishing temperatures T, the ZN center of
SU(N ) is a relevant global symmetry [60] and it is pos-
sible to construct a number of gauge invariant operators
charged underZN . The Polyakov loop is a remarkable
example, deÞned as

! (x) =
1
N

Tr[ L ] !
1
N

Tr

!

P exp

!

i g
" 1/T

0
A0(" , x)d"

##

,

(1)
whereP denotes path ordering,A0 is the time component
of the vector potential associated with this gauge group,g
is the SU(N ) coupling constant and (" , x) are Euclidean
spacetime coordinates. The Polyakov loop is charged
with respect to the center ZN of the SU(N ) gauge
group [60] under which it transforms as ! " z! with
z # ZN . Since the expectation value of the Polyakov loop
vanishes at temperatures below the critical one and it is
non-zero at higher temperatures, it is typically used as
an order parameter for the Yang-Mills conÞnement phase
transition at temperature Tc $ " [60]. This observation
was exploited to model the phase transition in a mean
Þeld approach in terms of Polyakov loops known as the
Polyakov Loop Model (PLM) [ 51]. This model captures
the essential features of conÞnement phase transition in
SU(N ) theories with N % 2 while PLM-inspired models
were also proposed to understand physics of heavy-ion
collisions at the RHIC collider [57, 58]. In [33], it has
been shown that PLM can very well capture thermody-
namic observables predicted by lattice simulations [31].

At temperatures around Tc, one can treat the glueball
Þeld H and the Polyakov loop ! in a uniÞed description,
with an e! ective temperature-dependent potential given
by [37]

V [H , ! ] =
H
2

ln
$

H
" 4

%
+ T4V [! ] + HP [! ] + VT [H ] , (2)

where the Þrst term is the zero-temperature glueball po-
tential which can be obtained via the constraint of trace
anomaly [61, 62], " is the conÞnement scale of the theory,
and V [! ] and P [! ] are assumed to be real polynomials in!
and invariant under ZN , with coe# cients that depend on
Þts to lattice data. Thermal corrections are included in
VT [H ], which might involve terms that are non-analytic
in H [48].

Note that (i) the potential in Eq. ( 2) reduces to the
glueball dynamics at low temperatures and follows the
PLM in the hot phase, (ii) the glueball Þeld H is a di-
mension four scalar Þeld and (iii) the term that couplesH
and ! is the most general interaction term which can be
constructed without spoiling the zero temperature trace
anomaly (Eq. (21) of Ref. [62]).

In this simpliÞed model we neglect the entire tower
of heavier glueballs and pseudo-scalar glueballs and the
inÞnite series of dimensionless gauge invariant operators

a0 a1 a2 a3 a4 b3 b4

3.72 ! 5.73 8.49 ! 9.29 0.27 2.40 4.53

TABLE I. Parameters of the e ! ective potential in Eq. ( 5).

with di ! erent charges underZN . Nevertheless this model
describes the essential features of the Yang-Mills phase
transition. Below the critical temperature Tc the last
term in Eq. ( 2) is negligible. Since the glueballs are rel-
atively heavy compared to the" scale their temperature
contribution VT [H ] can also be disregarded in the Þrst ap-
proximation [37]. We leave a reÞned analysis accounting
for thermal e! ects in the glueball potential for a future
investigation.

In the opposite limit, T & Tc, in the deconÞned phase,
the term T4V[! ] dominates, i. e. dark gluons are the
dominant component. The precise relation between the
conÞnement scale" and the critical temperature of the
phase transition Tc depends mildly on the gauge group
and matter structure of the theory and is determined
by lattice simulations. In this paper, we consider Tc $
1.61" for SU(3) (see e.g. Ref. [63] for arbitrary number
of colors).

We consider the following Lagrangian for the glueball
and Polyakov loop degrees of freedom [37, 64, 65]

L =
c
2

#µ H#µ H
H 3/ 2

' V [H , ! ] , (3)

where

c =
1

2
(

e

&
"

mgb

' 2

(4)

is a constant determined by the glueball massmgb , that
in the following is assumed to bemgb = 6 " [66]. The
Polyakov loop is a non-dynamical order parameter and
since it is assumed to be homogeneous in space, we ignore
terms involving spatial derivatives of ! . This corresponds
to neglect the non-trivial dynamics of a Þrst order phase
transition, which proceeds via the formation of bubbles
and their subsequent collisions. This could have a signif-
icant impact on the formation of glueballs, as observed
in presence of matter (see e.g. Refs. [67, 68]). The kinetic
term for the glueball Þeld H is non-standard, as it can
be inferred from its dimensionality. For this reason, we
write the glueball Þeld H in terms of a canonically nor-
malised scalar Þeld$ as H = 2 ! 8c! 2$4, and from this
point on we refer to $ as the glueball Þeld. It evolves
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in presence of matter (see e.g. Refs. [67, 68]). The kinetic
term for the glueball Þeld H is non-standard, as it can
be inferred from its dimensionality. For this reason, we
write the glueball Þeld H in terms of a canonically nor-
malised scalar Þeld$ as H = 2 ! 8c! 2$4, and from this
point on we refer to $ as the glueball Þeld. It evolves
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tional renormalization group [40Ð59]. Here, we describe
the dynamics of dark glueballs by means of an e! ective
Þeld theory [37].

At non-vanishing temperatures T, the ZN center of
SU(N ) is a relevant global symmetry [60] and it is pos-
sible to construct a number of gauge invariant operators
charged underZN . The Polyakov loop is a remarkable
example, deÞned as

! (x) =
1
N

Tr[ L ] !
1
N

Tr

!

P exp

!

i g
" 1/T

0
A0(" , x)d"

##

,

(1)
whereP denotes path ordering,A0 is the time component
of the vector potential associated with this gauge group,g
is the SU(N ) coupling constant and (" , x) are Euclidean
spacetime coordinates. The Polyakov loop is charged
with respect to the center ZN of the SU(N ) gauge
group [60] under which it transforms as ! " z! with
z # ZN . Since the expectation value of the Polyakov loop
vanishes at temperatures below the critical one and it is
non-zero at higher temperatures, it is typically used as
an order parameter for the Yang-Mills conÞnement phase
transition at temperature Tc $ " [60]. This observation
was exploited to model the phase transition in a mean
Þeld approach in terms of Polyakov loops known as the
Polyakov Loop Model (PLM) [ 51]. This model captures
the essential features of conÞnement phase transition in
SU(N ) theories with N % 2 while PLM-inspired models
were also proposed to understand physics of heavy-ion
collisions at the RHIC collider [57, 58]. In [33], it has
been shown that PLM can very well capture thermody-
namic observables predicted by lattice simulations [31].

At temperatures around Tc, one can treat the glueball
Þeld H and the Polyakov loop ! in a uniÞed description,
with an e! ective temperature-dependent potential given
by [37]

V [H , ! ] =
H
2

ln
$

H
" 4

%
+ T4V [! ] + HP [! ] + VT [H ] , (2)

where the Þrst term is the zero-temperature glueball po-
tential which can be obtained via the constraint of trace
anomaly [61, 62], " is the conÞnement scale of the theory,
and V [! ] and P [! ] are assumed to be real polynomials in!
and invariant under ZN , with coe# cients that depend on
Þts to lattice data. Thermal corrections are included in
VT [H ], which might involve terms that are non-analytic
in H [48].

Note that (i) the potential in Eq. ( 2) reduces to the
glueball dynamics at low temperatures and follows the
PLM in the hot phase, (ii) the glueball Þeld H is a di-
mension four scalar Þeld and (iii) the term that couplesH
and ! is the most general interaction term which can be
constructed without spoiling the zero temperature trace
anomaly (Eq. (21) of Ref. [62]).

In this simpliÞed model we neglect the entire tower
of heavier glueballs and pseudo-scalar glueballs and the
inÞnite series of dimensionless gauge invariant operators

a0 a1 a2 a3 a4 b3 b4

3.72 ! 5.73 8.49 ! 9.29 0.27 2.40 4.53

TABLE I. Parameters of the e ! ective potential in Eq. ( 5).

with di ! erent charges underZN . Nevertheless this model
describes the essential features of the Yang-Mills phase
transition. Below the critical temperature Tc the last
term in Eq. ( 2) is negligible. Since the glueballs are rel-
atively heavy compared to the" scale their temperature
contribution VT [H ] can also be disregarded in the Þrst ap-
proximation [37]. We leave a reÞned analysis accounting
for thermal e! ects in the glueball potential for a future
investigation.

In the opposite limit, T & Tc, in the deconÞned phase,
the term T4V[! ] dominates, i. e. dark gluons are the
dominant component. The precise relation between the
conÞnement scale" and the critical temperature of the
phase transition Tc depends mildly on the gauge group
and matter structure of the theory and is determined
by lattice simulations. In this paper, we consider Tc $
1.61" for SU(3) (see e.g. Ref. [63] for arbitrary number
of colors).

We consider the following Lagrangian for the glueball
and Polyakov loop degrees of freedom [37, 64, 65]

L =
c
2

#µ H#µ H
H 3/ 2

' V [H , ! ] , (3)

where

c =
1

2
(

e

&
"

mgb

' 2

(4)

is a constant determined by the glueball massmgb , that
in the following is assumed to bemgb = 6 " [66]. The
Polyakov loop is a non-dynamical order parameter and
since it is assumed to be homogeneous in space, we ignore
terms involving spatial derivatives of ! . This corresponds
to neglect the non-trivial dynamics of a Þrst order phase
transition, which proceeds via the formation of bubbles
and their subsequent collisions. This could have a signif-
icant impact on the formation of glueballs, as observed
in presence of matter (see e.g. Refs. [67, 68]). The kinetic
term for the glueball Þeld H is non-standard, as it can
be inferred from its dimensionality. For this reason, we
write the glueball Þeld H in terms of a canonically nor-
malised scalar Þeld$ as H = 2 ! 8c! 2$4, and from this
point on we refer to $ as the glueball Þeld. It evolves

Rigorous Dark Gluon-glueball Dynamics
(Carenza, Pasechnik, Salinas! Z-W W, Phys. Rev. Lett. 129 (2022) no.26, 26)

In the literature, for glueball dark matter production, only ! 5 interaction is
considered, making the 3 ! 2 annihilation the only relevant process for
DM formation

However, since glueball is strongly coupled, this naive calculation is not
rigorous. A non-perturbative method is required.

The dark gluon-glueball dynamics can be effectively described by
considering the dimension-4 glueball ÞeldH " tr(Gµ! Gµ! ):

V [H , "] =
H
2

ln
!

H
! 4

"
+ T4V ["] + HP["] + VT [H ] .

To canonically normalize this Þeld,we introduce ! as H = 2! 8c! 2! 4

We keep the lowest order in P["] to satisfy the symmetry:

P["] = c1|"|2 ,

where c1 is determined by the lattice results (jumping of gluon
condensate).
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FIG. 6. Parameter space of glueball DM expressed in terms of the conÞnement scale! and the dark-to-visible sector temperature
ratio ! ! 1

T . Each point in this parameter space represents a possible DM scenario with ! Þxed by the properties of the gauge
sector and ! ! 1

T by its cosmological evolution. The gray regions are excluded by various arguments (see the text for more details):
the conÞnement scale has to be sub-Planckian; the phase transition (PT) has to happen after inßation; dark gluons cannot
exceed the observed" Ne! ; glueballs cannot overclose the Universe and DM self-interactions are constrained by observations.
The red region corresponds to DM fully composed of glueballs; the variability range takes into account the di #erences between
the gauge groups. The blue region for ! ! 1

T ! 0.26 is favored in freeze-out models, corresponding to a phase transition scale
2 keV ! ! ! 21 keV (values corresponding to the largest variability shown in Tab. II , 30 eV ! ! 0 ! 372 eV) to have all the
DM in the form of glueballs. However, this region is in tension with constraints.

This discussion reveals that dark gluons can be extremely
cold compared to the thermal photon bath, leading to a
very early phase transition, perhaps during inßation. In
this case we expect a strong damping of the oscillations
of the glueball Þeld, suppressing the relic density. There-
fore, we consider that, in order to produce glueball DM,
the phase transition cannot happen before or during in-
ßation. This discussion motivates us to use! ! 1

T as a free
parameter: if ! ! 1

T ! O(1), we are modeling a dark sec-
tor with interactions strong enough to establish thermal
equilibrium soon after inßation; if ! ! 1

T ! 1, the interac-
tions are so feeble (or even absent) that there is no re-
lation between the temperatures of the visible and dark
sectors. Thus, casting this discussion in terms of! ! 1

T is
an extremely powerful and general method describing in
an uniÞed way several possible models.

We remark that, despite glueballs undergo 3" 2 num-
ber changing interactions (a cannibalistic phase) for a
period of their evolution, this phase has to end before
matter-radiation equality in the case that glueballs make
up the majority of DM. This condition is veriÞed in the

allowed region of the parameter space. When cannibal-
ism is Þnished, glueballs are mildly relativistic, with an
average energy roughly 1.5mgb . After that, they cool
down quite rapidly because of the Universe expansion,
e! ectively becoming CDM. As shown in Eq. (19), the
glueball self-interactions are repulsive and one may won-
der if this feature a! ects structure formation. A simple
estimate of this e! ect is obtained by comparing the inten-
sity of self-interactions, proportional to the glueball Þeld
amplitude " 0, with the particle mass mgb [65]. The Þeld
amplitude is directly connected to the glueball number
density ngb = " #c/m gb # 94 cm! 3(# / eV)! 1 through
" 0 =

!
ngb / 2mgb # 2.5 $ 10! 7 eV(# / eV)! 1. Since

mgb % " 0, the structure formation is indistinguishable
from collisionless DM.

This discussion is motivated by the ßexibility in mod-
eling interactions between dark gluons and ordinary mat-
ter, determining the cosmological evolution of the hidden
sector. This results in a broad parameter space available
to glueballs to explain the nature of DM.
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Glueball DM parameter space

A large portion of the parameter space is viable

3

where ! 1 ! c! " " s! a and ! 2 ! s! " + c! a are the physical
glueball Þelds, with massesm1 and m2, respectively, with
c! ! cos# and s! ! sin#, while $ij are dimensionless
coe! cients. The higher-dimensional operators fori +
j > 4 in the above potential are suppressed by increasing
powers of" , hence, can be ignored at low energies.

Glueball dark matter. Ñ Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51Ð67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfyingm1/ 2 < m 2 < 2m1
such that both glueball species! 1,2 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 " being extremely e! cient on cosmological scales
close to the dark conÞnement phase transition epoch at
the critical temperature Tc # " , i.e. " $ H (Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processesm % n, with the 3 % 2 scattering
being the last one to become ine! cient. This occurs soon
after the conÞnement phase transition when the glueballs
are non-relativistic at temperature Tf ! Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ! 1,2 may be
roughly estimated in terms of their mass splitting # m =
m1" m2 asn1/n 2 # (m1/m 2)! 3/ 2 exp(" # m/T f ) > 10! 3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n 2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the Þrst-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $" are well below the
Hubble expansion rateH at T < T c, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [ 42, 43],

%DM h2 & 0.12%! 3
T

"
" 0

, 100 eV! " 0 ! 400 eV, (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the conÞnement scale"
which is constrained to be in a very wide range [43]

20 MeV ! " ! 1010 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 inßation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for %! 1

T ! 0.01 and is dictated by avoiding too
strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section&SI is de-
termined by the GALP mass and satisÞes&SI < &geom #
1/m 2

GALP [69]. We also emphasize that for" < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
" [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio %! 1

T . In a limit-
ing case of thermal equilibrium between visible and dark
sectors, i.e. %! 1

T % 1, the conÞnement scale" % " 0
is constrained to low values within a narrow range in
Eq. (12). Note that %! 1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].

Glueball-photon interactions. Ñ In order to intro-
duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large massM ! $ " that implies its neg-
ligible impact on the conÞnement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

L e" (
' 2( 2

M 4
!

!
c" Ga

µ#Gµ#aF$%F $%+÷c" Ga
µ#

÷Gµ#aF$% ÷F $%
"

,

(14)
where( ! ( (M ! ) = e(M ! )2/ 4) is the Þne structure con-
stant, F $% and ÷F $% are the photon Þeld strength tensor
and its dual, respectively, while dimensionlessc" and ÷c"
can be evaluated perturbatively at the scaleM ! . The
EFT description in Eq. ( 14) is valid as long as" ' M ! .
As soon as the temperature drops belowTc # " , one
turns to composite EFT. Using Eq. (6), then expanding
the glueball Þelds about their VEVs, and keeping linear
terms in a and " only, we get

Ga
µ#Gµ#a = "

8g" 3
0 "

* (g)
, Ga

µ#
÷Gµ#a = " 3

0a+3a0" 2
0" , (15)

where g/ * (g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ # " corresponding to a largeg(µ) $ 1. According to
the recent lattice results [71], in this regime g/ * (g) # 1.
Turning to the mass basis{ " , a} % { ! 1, ! 2} , the glueball-
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where ! 1 ! c! " " s! a and ! 2 ! s! " + c! a are the physical
glueball Þelds, with massesm1 and m2, respectively, with
c! ! cos# and s! ! sin#, while $ij are dimensionless
coe! cients. The higher-dimensional operators fori +
j > 4 in the above potential are suppressed by increasing
powers of" , hence, can be ignored at low energies.

Glueball dark matter. Ñ Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51Ð67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfyingm1/ 2 < m 2 < 2m1
such that both glueball species! 1,2 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 " being extremely e! cient on cosmological scales
close to the dark conÞnement phase transition epoch at
the critical temperature Tc # " , i.e. " $ H (Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processesm % n, with the 3 % 2 scattering
being the last one to become ine! cient. This occurs soon
after the conÞnement phase transition when the glueballs
are non-relativistic at temperature Tf ! Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ! 1,2 may be
roughly estimated in terms of their mass splitting # m =
m1" m2 asn1/n 2 # (m1/m 2)! 3/ 2 exp(" # m/T f ) > 10! 3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n 2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the Þrst-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $" are well below the
Hubble expansion rateH at T < T c, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [ 42, 43],

%DM h2 & 0.12%! 3
T

"
" 0

, 100 eV! " 0 ! 400 eV, (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the conÞnement scale"
which is constrained to be in a very wide range [43]

20 MeV ! " ! 1010 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 inßation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for %! 1

T ! 0.01 and is dictated by avoiding too
strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section&SI is de-
termined by the GALP mass and satisÞes&SI < &geom #
1/m 2

GALP [69]. We also emphasize that for" < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
" [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio %! 1

T . In a limit-
ing case of thermal equilibrium between visible and dark
sectors, i.e. %! 1

T % 1, the conÞnement scale" % " 0
is constrained to low values within a narrow range in
Eq. (12). Note that %! 1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].

Glueball-photon interactions. Ñ In order to intro-
duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large massM ! $ " that implies its neg-
ligible impact on the conÞnement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]
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where( ! ( (M ! ) = e(M ! )2/ 4) is the Þne structure con-
stant, F $% and ÷F $% are the photon Þeld strength tensor
and its dual, respectively, while dimensionlessc" and ÷c"
can be evaluated perturbatively at the scaleM ! . The
EFT description in Eq. ( 14) is valid as long as" ' M ! .
As soon as the temperature drops belowTc # " , one
turns to composite EFT. Using Eq. (6), then expanding
the glueball Þelds about their VEVs, and keeping linear
terms in a and " only, we get
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where g/ * (g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ # " corresponding to a largeg(µ) $ 1. According to
the recent lattice results [71], in this regime g/ * (g) # 1.
Turning to the mass basis{ " , a} % { ! 1, ! 2} , the glueball-
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where the model dependent factor! is assumed to be
O(1), and " is the Þne-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. f a ! M P with M P = 1 .22 ! 1019 GeV, sets a lower
limit on ga! and hence on the largest stable axion DM
mass scale,ma ! 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
ga! and to push for higher axion masses, there are cer-
tain attempts to accommodate Ôsuper-Planckian axionsÕ
(see e.g. Refs. [34Ð36]) which however face big challenges
to achieve a strong hierarchyf a " M P . Therefore, new
ideas are required to go signiÞcantly 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 a 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 com-
posite dynamics wheref a 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 natu-
rally reaching a much largerma, as well as a much smaller
ga! and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong f a " M P hierarchy. Below, we demon-
strate that such ALP-like states originate in conÞning
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs. Ñ We postulate the ex-
istence of a dark sector with an additional exactSU(N )
gauge symmetry, with number of colorsN # 3. The dy-
namics of the corresponding massless gauge bosons (Ôdark
gluonsÕ) is governed by the Lagrangian,

L SU(N) = $
1
4

Ga
µ" Gµ" a +

#
4

Ga
µ"

÷Gµ" a ,

Ga
µ" = $µ Aa

" $ $" Aa
µ + gf abcAb

µ Ac
" ,

(5)

with gauge ÞeldsAc
µ , the coupling g = g(µ) running with

the scale µ, and the structure constants f abc, a, b, c =
1, . . . , N 2 $ 1. Here, Ga

µ" is the Þeld strength tensor
and ÷Ga

µ" = 1
2 %µ"#$ G#$ a is its dual. The #-term implies

the Charge-Parity (CP) violation. The Lagrangian ( 5)
features color conÞnement phenomenon at energies be-
low conÞnement scale,µ ! ! , such that only composite
states neutral under SU(N ) appear in the low-energy
spectrum [37Ð39] (see Refs. [40, 41] for other groups).

ConÞnement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N ). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs,H % 0++ , in SU(N )
theories with N = 3 , 4, 5. A low-energy e" ective Þeld
theory (EFT) was used to describe this dynamics, where
dark gluon e" ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state,A % 0! + , featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.

SpeciÞcally, the 0++ and 0! + glueball Þelds are de-
Þned in terms of gauge-invariant operators of the lowest
dimension as

H 4 % $
&(g)
2g

Ga
µ" Gµ" a , A H 3 % Ga

µ"
÷Gµ" a , (6)

in terms of &-function &(g), whose dynamics is led by the
composite EFT Lagrangian [45, 46]

L e! =
1
2

$µ H$µ H +
1
2

$µ A$µ A $ Ve! (H , A ) . (7)

Here, the e" ective glueball potential Ve! satisÞes the non-
conservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45, 47, 48]

$µ D µ =
&(g)
2g

Ga
µ" Gµ" a = $ H 4 , (8)

being an important consequence of the running of the
gauge couplingg(µ) determined by &(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
#-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its &-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 Þeld' % {H , A} that transforms
as ' "(x") = ' "(( ! 1x) = ( ' (x), leading to

$µ D µ = $ # µ
µ = 4Ve! $

$Ve!

$H
H $

$Ve!

$A
A , (9)

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

Ve! & c0H 4 ln
!

H
!

"
+

#
4

A H 3 + H 4f
!

A
H

"
+

+ c1H 4 + c2H 2A 2 + c3A 4 + c4H A 3 ,
(10)

in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to # '= 0 in the fundamental theory, see Eq. (5).
The parameters#, ci , 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 $ ) 0
and a % A $ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball Þelds
{ ) 0, a0} ( O(1)! . Then, turning to the mass basis of
these excitations by means of rotation by an angle*, the
resulting EFT potential can be represented as follows,

Ve! &
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2
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m2

2

2
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2 +
##

i =0
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j =0

( ij
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2
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i + j $ 3

, (11)
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where the model dependent factor! is assumed to be
O(1), and " is the Þne-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. f a ! M P with M P = 1 .22 ! 1019 GeV, sets a lower
limit on ga! and hence on the largest stable axion DM
mass scale,ma ! 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
ga! and to push for higher axion masses, there are cer-
tain attempts to accommodate Ôsuper-Planckian axionsÕ
(see e.g. Refs. [34Ð36]) which however face big challenges
to achieve a strong hierarchyf a " M P . Therefore, new
ideas are required to go signiÞcantly 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 a 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 com-
posite dynamics wheref a 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 natu-
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ga! and, consequently, much larger emergent (seesaw-
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where the model dependent factor! is assumed to be
O(1), and " is the Þne-structure constant. The require-
ment for the PQ scale to be below the Planck scale,
i.e. f a ! M P with M P = 1 .22 ! 1019 GeV, sets a lower
limit on ga! and hence on the largest stable axion DM
mass scale,ma ! 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
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(see e.g. Refs. [34Ð36]) which however face big challenges
to achieve a strong hierarchyf a " M P . Therefore, new
ideas are required to go signiÞcantly beyond the current
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DM research.
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with PQ symmetry breaking and with the axion being a
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breaking, while the ALP itself is no longer considered
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ideas are required to go signiÞcantly 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 a 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 com-
posite dynamics wheref a 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 natu-
rally reaching a much largerma, as well as a much smaller
ga! and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong f a " M P hierarchy. Below, we demon-
strate that such ALP-like states originate in conÞning
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs. Ñ We postulate the ex-
istence of a dark sector with an additional exactSU(N )
gauge symmetry, with number of colorsN # 3. The dy-
namics of the corresponding massless gauge bosons (Ôdark
gluonsÕ) is governed by the Lagrangian,
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µ , the coupling g = g(µ) running with

the scale µ, and the structure constants f abc, a, b, c =
1, . . . , N 2 $ 1. Here, Ga

µ" is the Þeld strength tensor
and ÷Ga

µ" = 1
2 %µ"#$ G#$ a is its dual. The #-term implies

the Charge-Parity (CP) violation. The Lagrangian ( 5)
features color conÞnement phenomenon at energies be-
low conÞnement scale,µ ! ! , such that only composite
states neutral under SU(N ) appear in the low-energy
spectrum [37Ð39] (see Refs. [40, 41] for other groups).

ConÞnement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N ). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs,H % 0++ , in SU(N )
theories with N = 3 , 4, 5. A low-energy e" ective Þeld
theory (EFT) was used to describe this dynamics, where
dark gluon e" ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state,A % 0! + , featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.

SpeciÞcally, the 0++ and 0! + glueball Þelds are de-
Þned in terms of gauge-invariant operators of the lowest
dimension as
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being an important consequence of the running of the
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holds at the non-perturbative level and enables us to con-
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#-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
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perturbation theory yielding no contribution to Eq. ( 8).

From the Lagrangian in Eq. (7), the dilatation current
can be calculated for a Þeld' % {H , A} that transforms
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where the model dependent factor! is assumed to be
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ment for the PQ scale to be below the Planck scale,
i.e. f a ! M P with M P = 1 .22 ! 1019 GeV, sets a lower
limit on ga! and hence on the largest stable axion DM
mass scale,ma ! 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
ga! and to push for higher axion masses, there are cer-
tain attempts to accommodate Ôsuper-Planckian axionsÕ
(see e.g. Refs. [34Ð36]) which however face big challenges
to achieve a strong hierarchyf a " M P . Therefore, new
ideas are required to go signiÞcantly 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 a 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 com-
posite dynamics wheref a 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 natu-
rally reaching a much largerma, as well as a much smaller
ga! and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong f a " M P hierarchy. Below, we demon-
strate that such ALP-like states originate in conÞning
Yang-Mills dark sectors feebly coupled to photons.
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1, . . . , N 2 $ 1. Here, Ga
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µ" = 1
2 %µ"#$ G#$ a is its dual. The #-term implies

the Charge-Parity (CP) violation. The Lagrangian ( 5)
features color conÞnement phenomenon at energies be-
low conÞnement scale,µ ! ! , such that only composite
states neutral under SU(N ) appear in the low-energy
spectrum [37Ð39] (see Refs. [40, 41] for other groups).
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color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N ). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs,H % 0++ , in SU(N )
theories with N = 3 , 4, 5. A low-energy e" ective Þeld
theory (EFT) was used to describe this dynamics, where
dark gluon e" ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state,A % 0! + , featuring
the properties of standard ALPs, and uncover its impor-
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SpeciÞcally, the 0++ and 0! + glueball Þelds are de-
Þned in terms of gauge-invariant operators of the lowest
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being an important consequence of the running of the
gauge couplingg(µ) determined by &(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
#-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its &-function vanishes at all orders in
perturbation theory yielding no contribution to Eq. ( 8).

From the Lagrangian in Eq. (7), the dilatation current
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ment for the PQ scale to be below the Planck scale,
i.e. f a ! M P with M P = 1 .22 ! 1019 GeV, sets a lower
limit on ga! and hence on the largest stable axion DM
mass scale,ma ! 30 GeV, which are being challenged by
strong observational bounds. In order to further suppress
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to achieve a strong hierarchyf a " M P . Therefore, new
ideas are required to go signiÞcantly beyond the current
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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 com-
posite dynamics wheref a 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 natu-
rally reaching a much largerma, as well as a much smaller
ga! and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong f a " M P hierarchy. Below, we demon-
strate that such ALP-like states originate in conÞning
Yang-Mills dark sectors feebly coupled to photons.
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states neutral under SU(N ) appear in the low-energy
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theories with N = 3 , 4, 5. A low-energy e" ective Þeld
theory (EFT) was used to describe this dynamics, where
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rally reaching a much largerma, as well as a much smaller
ga! and, consequently, much larger emergent (seesaw-
like) PQ scale than in conventional ALP models allowing
for a strong f a " M P hierarchy. Below, we demon-
strate that such ALP-like states originate in conÞning
Yang-Mills dark sectors feebly coupled to photons.

Dark gluons and glueballs. Ñ We postulate the ex-
istence of a dark sector with an additional exactSU(N )
gauge symmetry, with number of colorsN # 3. The dy-
namics of the corresponding massless gauge bosons (Ôdark
gluonsÕ) is governed by the Lagrangian,

L SU(N) = $
1
4

Ga
µ" Gµ" a +

#
4

Ga
µ"

÷Gµ" a ,

Ga
µ" = $µ Aa

" $ $" Aa
µ + gf abcAb

µ Ac
" ,

(5)

with gauge ÞeldsAc
µ , the coupling g = g(µ) running with

the scale µ, and the structure constants f abc, a, b, c =
1, . . . , N 2 $ 1. Here, Ga

µ" is the Þeld strength tensor
and ÷Ga

µ" = 1
2 %µ"#$ G#$ a is its dual. The #-term implies

the Charge-Parity (CP) violation. The Lagrangian ( 5)
features color conÞnement phenomenon at energies be-
low conÞnement scale,µ ! ! , such that only composite
states neutral under SU(N ) appear in the low-energy
spectrum [37Ð39] (see Refs. [40, 41] for other groups).

ConÞnement allows for the formation of a tower of
color-neutral glueballs represented by all possible com-
posite operators that are invariant under SU(N ). In pre-
vious studies [42, 43], the authors discussed the cosmo-
logical dynamics of scalar glueballs,H % 0++ , in SU(N )
theories with N = 3 , 4, 5. A low-energy e" ective Þeld
theory (EFT) was used to describe this dynamics, where
dark gluon e" ects at high temperatures are characterized

by the Polyakov loop [44]. In this work, we incorporate
also the pseudoscalar glueball state,A % 0! + , featuring
the properties of standard ALPs, and uncover its impor-
tant phenomenological implications.

SpeciÞcally, the 0++ and 0! + glueball Þelds are de-
Þned in terms of gauge-invariant operators of the lowest
dimension as

H 4 % $
&(g)
2g

Ga
µ" Gµ" a , A H 3 % Ga

µ"
÷Gµ" a , (6)

in terms of &-function &(g), whose dynamics is led by the
composite EFT Lagrangian [45, 46]

L e! =
1
2

$µ H$µ H +
1
2

$µ A$µ A $ Ve! (H , A ) . (7)

Here, the e" ective glueball potential Ve! satisÞes the non-
conservation of the dilatonic current of the dark gluon
sector yielding the trace anomaly relation [45, 47, 48]

$µ D µ =
&(g)
2g

Ga
µ" Gµ" a = $ H 4 , (8)

being an important consequence of the running of the
gauge couplingg(µ) determined by &(g). This relation
holds at the non-perturbative level and enables us to con-
strain the structure of the glueball interactions. The
#-term being a total derivative of the topological cur-
rent does not receive perturbative quantum corrections
[49, 50]. Thus, its &-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 Þeld' % {H , A} that transforms
as ' "(x") = ' "(( ! 1x) = ( ' (x), leading to

$µ D µ = $ # µ
µ = 4Ve! $

$Ve!

$H
H $

$Ve!

$A
A , (9)

where # µ" is the canonical energy-momentum tensor.
Therefore, comparing Eqs. (8) and (9), the composite
EFT potential is restricted to be in the following form
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+ c1H 4 + c2H 2A 2 + c3A 4 + c4H A 3 ,
(10)

in terms of an arbitrary continuous function f . Here, the
CP-noninvariant terms with odd powers of A are permit-
ted due to # '= 0 in the fundamental theory, see Eq. (5).
The parameters#, ci , 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 $ ) 0
and a % A $ a0 around its minimum located at the
vacuum expectation values (VEVs) of the glueball Þelds
{ ) 0, a0} ( O(1)! . Then, turning to the mass basis of
these excitations by means of rotation by an angle*, the
resulting EFT potential can be represented as follows,
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Direct fermion portal to the dark gauge sector

Dark gluon interactions
A. E. Faraggi and M. Pospelov, Astropart. Phys.16 (2002), 451-461

The simplest dark gluon-SM interaction is via heavy fermions

L = ! Ga
µ!

÷Gµ! a F ÷F
M 4 + ! ! Ga

µ! Gµ! a F2

M 4 ,

4

photon interactions are governed by the Lagrangian

L e! !
1
4

!

i =1 ,2

"
g! i " ! i Fµ#F µ# + ÷g! i " ! i Fµ# ÷F µ#

#
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e" ective couplings satisfyg! i " " ÷g! i " # gGALP " , where

gGALP " = $2% &2! ! 1
" !

M "

#4
(17)

= 5 .3 $ 10! 5 GeV! 1 $2%
" !

GeV

#3" M "

GeV

#! 4
,

with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)

f a = 22 GeV $! 2%! 1
" !

GeV

#! 3" M "

GeV

#4
. (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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have

' " " 2' " ) T4
" , ' ÷g "

1
2

$2' " ) (N 2 * 1)T4
÷g , (19)

where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as) ! 1

T )
+

$, or more speciÞcally,

) ! 1
T (

" g" ,s (T (0)
" )

g" ,s (M " )

#1/ 3" $2

4(N 2 * 1)

#1/ 4
' 1 , (20)

where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,

gGALP " (
10! (11 .1± 0.4)

GeV
%

" mGALP

GeV

#5/ 3" M "

GeV

#! 4
, (21)

where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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versal GALP mass scalem1 " m2 # mGALP below.
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der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
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It is evident that this emergent scale can be well in the
super-Planckian domain that is considered impossible to
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or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
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' " " 2' " ) T4
" , ' ÷g "

1
2

$2' " ) (N 2 * 1)T4
÷g , (19)
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where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
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where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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where ! 1 ! c! " " s! a and ! 2 ! s! " + c! a are the physical
glueball Þelds, with massesm1 and m2, respectively, with
c! ! cos# and s! ! sin#, while $ij are dimensionless
coe! cients. The higher-dimensional operators fori +
j > 4 in the above potential are suppressed by increasing
powers of" , hence, can be ignored at low energies.

Glueball dark matter. Ñ Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51Ð67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfyingm1/ 2 < m 2 < 2m1
such that both glueball species! 1,2 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 " being extremely e! cient on cosmological scales
close to the dark conÞnement phase transition epoch at
the critical temperature Tc # " , i.e. " $ H (Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processesm % n, with the 3 % 2 scattering
being the last one to become ine! cient. This occurs soon
after the conÞnement phase transition when the glueballs
are non-relativistic at temperature Tf ! Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ! 1,2 may be
roughly estimated in terms of their mass splitting # m =
m1" m2 asn1/n 2 # (m1/m 2)! 3/ 2 exp(" # m/T f ) > 10! 3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n 2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the Þrst-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $" are well below the
Hubble expansion rateH at T < T c, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [ 42, 43],

%DM h2 & 0.12%! 3
T

"
" 0

, 100 eV! " 0 ! 400 eV, (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the conÞnement scale"
which is constrained to be in a very wide range [43]

20 MeV ! " ! 1010 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 inßation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for %! 1

T ! 0.01 and is dictated by avoiding too
strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section&SI is de-
termined by the GALP mass and satisÞes&SI < &geom #
1/m 2

GALP [69]. We also emphasize that for" < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
" [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio %! 1

T . In a limit-
ing case of thermal equilibrium between visible and dark
sectors, i.e. %! 1

T % 1, the conÞnement scale" % " 0
is constrained to low values within a narrow range in
Eq. (12). Note that %! 1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].

Glueball-photon interactions. Ñ In order to intro-
duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large massM ! $ " that implies its neg-
ligible impact on the conÞnement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

L e" (
' 2( 2

M 4
!

!
c" Ga

µ#Gµ#aF$%F $%+÷c" Ga
µ#

÷Gµ#aF$% ÷F $%
"

,

(14)
where( ! ( (M ! ) = e(M ! )2/ 4) is the Þne structure con-
stant, F $% and ÷F $% are the photon Þeld strength tensor
and its dual, respectively, while dimensionlessc" and ÷c"
can be evaluated perturbatively at the scaleM ! . The
EFT description in Eq. ( 14) is valid as long as" ' M ! .
As soon as the temperature drops belowTc # " , one
turns to composite EFT. Using Eq. (6), then expanding
the glueball Þelds about their VEVs, and keeping linear
terms in a and " only, we get

Ga
µ#Gµ#a = "

8g" 3
0 "

* (g)
, Ga

µ#
÷Gµ#a = " 3

0a+3a0" 2
0" , (15)

where g/ * (g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ # " corresponding to a largeg(µ) $ 1. According to
the recent lattice results [71], in this regime g/ * (g) # 1.
Turning to the mass basis{ " , a} % { ! 1, ! 2} , the glueball-
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c! ! cos# and s! ! sin#, while $ij are dimensionless
coe! cients. The higher-dimensional operators fori +
j > 4 in the above potential are suppressed by increasing
powers of" , hence, can be ignored at low energies.
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contribute to the DM abundance after their freeze out.
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regime the glueball self-interactions happen with rates of
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ber changing processesm % n, with the 3 % 2 scattering
being the last one to become ine! cient. This occurs soon
after the conÞnement phase transition when the glueballs
are non-relativistic at temperature Tf ! Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ! 1,2 may be
roughly estimated in terms of their mass splitting # m =
m1" m2 asn1/n 2 # (m1/m 2)! 3/ 2 exp(" # m/T f ) > 10! 3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n 2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the Þrst-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $" are well below the
Hubble expansion rateH at T < T c, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [ 42, 43],
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which is constrained to be in a very wide range [43]
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glueballs constitute the totality of DM while the phase
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ing exponential dilution of DM. The lower limit applies
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with observations of their surrounding hot plasma [68].
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GALP [69]. We also emphasize that for" < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
" [70] that can only be alleviated by suppressing the
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is constrained to low values within a narrow range in
Eq. (12). Note that %! 1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].

Glueball-photon interactions. Ñ In order to intro-
duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large massM ! $ " that implies its neg-
ligible impact on the conÞnement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]
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stant, F $% and ÷F $% are the photon Þeld strength tensor
and its dual, respectively, while dimensionlessc" and ÷c"
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EFT description in Eq. ( 14) is valid as long as" ' M ! .
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turns to composite EFT. Using Eq. (6), then expanding
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terms in a and " only, we get
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where ! 1 ! c! " " s! a and ! 2 ! s! " + c! a are the physical
glueball Þelds, with massesm1 and m2, respectively, with
c! ! cos# and s! ! sin#, while $ij are dimensionless
coe! cients. The higher-dimensional operators fori +
j > 4 in the above potential are suppressed by increasing
powers of" , hence, can be ignored at low energies.

Glueball dark matter. Ñ Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51Ð67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfyingm1/ 2 < m 2 < 2m1
such that both glueball species! 1,2 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 " being extremely e! cient on cosmological scales
close to the dark conÞnement phase transition epoch at
the critical temperature Tc # " , i.e. " $ H (Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processesm % n, with the 3 % 2 scattering
being the last one to become ine! cient. This occurs soon
after the conÞnement phase transition when the glueballs
are non-relativistic at temperature Tf ! Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ! 1,2 may be
roughly estimated in terms of their mass splitting # m =
m1" m2 asn1/n 2 # (m1/m 2)! 3/ 2 exp(" # m/T f ) > 10! 3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n 2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the Þrst-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $" are well below the
Hubble expansion rateH at T < T c, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [ 42, 43],
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transition does not happen before inßation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
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most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].
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is constrained to low values within a narrow range in
Eq. (12). Note that %! 1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].

Glueball-photon interactions. Ñ In order to intro-
duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large massM ! $ " that implies its neg-
ligible impact on the conÞnement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
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and its dual, respectively, while dimensionlessc" and ÷c"
can be evaluated perturbatively at the scaleM ! . The
EFT description in Eq. ( 14) is valid as long as" ' M ! .
As soon as the temperature drops belowTc # " , one
turns to composite EFT. Using Eq. (6), then expanding
the glueball Þelds about their VEVs, and keeping linear
terms in a and " only, we get

Ga
µ#Gµ#a = "

8g" 3
0 "

* (g)
, Ga

µ#
÷Gµ#a = " 3

0a+3a0" 2
0" , (15)

where g/ * (g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ # " corresponding to a largeg(µ) $ 1. According to
the recent lattice results [71], in this regime g/ * (g) # 1.
Turning to the mass basis{ " , a} % { ! 1, ! 2} , the glueball-

!  Relevant dim-8 operators below the cutoff scale 
  but above the confinement scale           :
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Hubble expansion rateH at T < T c, and hence interac-
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QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
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thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

L e" (
' 2( 2

M 4
!

!
c" Ga

µ#Gµ#aF$%F $%+÷c" Ga
µ#

÷Gµ#aF$% ÷F $%
"

,

(14)
where( ! ( (M ! ) = e(M ! )2/ 4) is the Þne structure con-
stant, F $% and ÷F $% are the photon Þeld strength tensor
and its dual, respectively, while dimensionlessc" and ÷c"
can be evaluated perturbatively at the scaleM ! . The
EFT description in Eq. ( 14) is valid as long as" ' M ! .
As soon as the temperature drops belowTc # " , one
turns to composite EFT. Using Eq. (6), then expanding
the glueball Þelds about their VEVs, and keeping linear
terms in a and " only, we get

Ga
µ#Gµ#a = "

8g" 3
0 "

* (g)
, Ga

µ#
÷Gµ#a = " 3

0a+3a0" 2
0" , (15)

where g/ * (g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ # " corresponding to a largeg(µ) $ 1. According to
the recent lattice results [71], in this regime g/ * (g) # 1.
Turning to the mass basis{ " , a} % { ! 1, ! 2} , the glueball-
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photon interactions are governed by the Lagrangian

L e! !
1
4

!

i =1 ,2

"
g! i " ! i Fµ#F µ# + ÷g! i " ! i Fµ# ÷F µ#

#
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e" ective couplings satisfyg! i " " ÷g! i " # gGALP " , where

gGALP " = $2% &2! ! 1
" !

M "

#4
(17)

= 5 .3 $ 10! 5 GeV! 1 $2%
" !

GeV

#3" M "

GeV

#! 4
,

with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)

f a = 22 GeV $! 2%! 1
" !

GeV

#! 3" M "

GeV

#4
. (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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have

' " " 2' " ) T4
" , ' ÷g "

1
2

$2' " ) (N 2 * 1)T4
÷g , (19)

where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as) ! 1

T )
+

$, or more speciÞcally,

) ! 1
T (

" g" ,s (T (0)
" )

g" ,s (M " )

#1/ 3" $2

4(N 2 * 1)

#1/ 4
' 1 , (20)

where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,

gGALP " (
10! (11 .1± 0.4)

GeV
%

" mGALP

GeV

#5/ 3" M "

GeV

#! 4
, (21)

where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
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with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)
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GeV
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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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have
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where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as) ! 1
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where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3
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where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
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with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)
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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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have
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where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
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account that the entropy production events a" ect only
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grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3
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gGALP " (
10! (11 .1± 0.4)

GeV
%

" mGALP

GeV

#5/ 3" M "

GeV

#! 4
, (21)

where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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where ! 1 ! c! " " s! a and ! 2 ! s! " + c! a are the physical
glueball Þelds, with massesm1 and m2, respectively, with
c! ! cos# and s! ! sin#, while $ij are dimensionless
coe! cients. The higher-dimensional operators fori +
j > 4 in the above potential are suppressed by increasing
powers of" , hence, can be ignored at low energies.

Glueball dark matter. Ñ Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51Ð67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfyingm1/ 2 < m 2 < 2m1
such that both glueball species! 1,2 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 " being extremely e! cient on cosmological scales
close to the dark conÞnement phase transition epoch at
the critical temperature Tc # " , i.e. " $ H (Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processesm % n, with the 3 % 2 scattering
being the last one to become ine! cient. This occurs soon
after the conÞnement phase transition when the glueballs
are non-relativistic at temperature Tf ! Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ! 1,2 may be
roughly estimated in terms of their mass splitting # m =
m1" m2 asn1/n 2 # (m1/m 2)! 3/ 2 exp(" # m/T f ) > 10! 3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n 2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the Þrst-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $" are well below the
Hubble expansion rateH at T < T c, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [ 42, 43],

%DM h2 & 0.12%! 3
T

"
" 0

, 100 eV! " 0 ! 400 eV, (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the conÞnement scale"
which is constrained to be in a very wide range [43]

20 MeV ! " ! 1010 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 inßation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for %! 1

T ! 0.01 and is dictated by avoiding too
strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section&SI is de-
termined by the GALP mass and satisÞes&SI < &geom #
1/m 2

GALP [69]. We also emphasize that for" < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
" [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio %! 1

T . In a limit-
ing case of thermal equilibrium between visible and dark
sectors, i.e. %! 1

T % 1, the conÞnement scale" % " 0
is constrained to low values within a narrow range in
Eq. (12). Note that %! 1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].

Glueball-photon interactions. Ñ In order to intro-
duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large massM ! $ " that implies its neg-
ligible impact on the conÞnement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

L e" (
' 2( 2

M 4
!

!
c" Ga

µ#Gµ#aF$%F $%+÷c" Ga
µ#

÷Gµ#aF$% ÷F $%
"

,

(14)
where( ! ( (M ! ) = e(M ! )2/ 4) is the Þne structure con-
stant, F $% and ÷F $% are the photon Þeld strength tensor
and its dual, respectively, while dimensionlessc" and ÷c"
can be evaluated perturbatively at the scaleM ! . The
EFT description in Eq. ( 14) is valid as long as" ' M ! .
As soon as the temperature drops belowTc # " , one
turns to composite EFT. Using Eq. (6), then expanding
the glueball Þelds about their VEVs, and keeping linear
terms in a and " only, we get

Ga
µ#Gµ#a = "

8g" 3
0 "

* (g)
, Ga

µ#
÷Gµ#a = " 3

0a+3a0" 2
0" , (15)

where g/ * (g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ # " corresponding to a largeg(µ) $ 1. According to
the recent lattice results [71], in this regime g/ * (g) # 1.
Turning to the mass basis{ " , a} % { ! 1, ! 2} , the glueball-

¥ Polyakov-loop extended L ! M + scalar/pseudoscalar glueball: We are putting

together the PL! M (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at ÞniteT and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2+1)-ßavour QCD [? ? ? ]. Then, as

soon as the constraints from the lattice are satisÞed, the next step is to compute relic

abundance of various dark hadron (! , " ± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

¥ Direct detection channels for dark hadronic states: add Þgures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

L H ! cH
1 #HH   + cH

2 #2HH   , L ! ! c!
1#Fµ" F µ" + c!

2#2Fµ" F µ" , (1)

where the Þrst term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH
1 + v"##cH

2 )#h. All the EFT couplings cH
1,2 and c!

1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the #3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM

model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with

non-polynomial/log potential) is also interesting.

We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications

for both DM and RxSM at stronger coupling (e.g. FRG or other non-perturbative

technique).

One could also generate an e" ective operator#$µ#Aµ from Ga
µ# F µ$G#

a,$

%$ g(µ)
e(µ)q!

% 1

3

!  Introduce a heavy Dirac fermion (dark quark): 
  dark SU(N)-charged and electrically charged

!  Dirac fermion annihilation into photons strongly dominate due to 
  the condition on the couplings at the cutoff scale:

leading to a suppression of the dark-to-visible temperatures ratio:

4

photon interactions are governed by the Lagrangian

L e! !
1
4

!

i =1 ,2

"
g! i " ! i Fµ#F µ# + ÷g! i " ! i Fµ# ÷F µ#

#
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e" ective couplings satisfyg! i " " ÷g! i " # gGALP " , where

gGALP " = $2% &2! ! 1
" !

M "

#4
(17)

= 5 .3 $ 10! 5 GeV! 1 $2%
" !

GeV

#3" M "

GeV

#! 4
,

with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)

f a = 22 GeV $! 2%! 1
" !

GeV

#! 3" M "

GeV

#4
. (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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have

' " " 2' " ) T4
" , ' ÷g "

1
2

$2' " ) (N 2 * 1)T4
÷g , (19)

where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as) ! 1

T )
+

$, or more speciÞcally,

) ! 1
T (

" g" ,s (T (0)
" )

g" ,s (M " )

#1/ 3" $2

4(N 2 * 1)

#1/ 4
' 1 , (20)

where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,

gGALP " (
10! (11 .1± 0.4)

GeV
%

" mGALP

GeV

#5/ 3" M "

GeV

#! 4
, (21)

where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e" ective couplings satisfyg! i " " ÷g! i " # gGALP " , where
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(17)
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with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)

f a = 22 GeV $! 2%! 1
" !

GeV

#! 3" M "

GeV

#4
. (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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have

' " " 2' " ) T4
" , ' ÷g "

1
2

$2' " ) (N 2 * 1)T4
÷g , (19)

where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as) ! 1

T )
+

$, or more speciÞcally,

) ! 1
T (

" g" ,s (T (0)
" )

g" ,s (M " )

#1/ 3" $2

4(N 2 * 1)

#1/ 4
' 1 , (20)

where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,

gGALP " (
10! (11 .1± 0.4)

GeV
%

" mGALP

GeV

#5/ 3" M "

GeV

#! 4
, (21)

where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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FIG. 1. The GALP-photon coupling gGALP ! versus massmGALP = 6 ! for N = 3 and ! 0 = 133 eV. The hatched domain is
excluded by the GALP DM stability constraint while the blue region is ruled out by astrophysical DM searches as well as by
the cosmological bound speciÞed in the text. The red dashed lines represent the GALP coupling-mass relation (21) for three
distinct values of M ! , with the red dots showcasing the benchmark parameter space points labeled by (M ! , ! ).

Due to GALP DM being heavy with ! -loop sup-
pressed interactions to the visible sector, the unitar-
ity constraint [ 77], required by DM freeze-out of ther-
mal equilibrium with the SM bath, can be naturally
avoided. GALPs were not produced by freeze out, but
via conÞnement in the dark gauge sector, while equilib-
rium with visible one was reached only asymptotically
at T ! M ! ! " , i.e. in deconÞned phase. The GALPs
were formed at T " ! ! 1

T T! # " with ! ! 1
T $ 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
#! # g2

GALP ! T3
! ! ! 3

T with H # T2
! /M P , leading to the

equilibrium condition gGALP ! ! (T! ! ! 3
T M P )! 1/ 2. The

latter suggests that GALPs with gGALP ! " 10! 18 GeV! 1

have not been in thermal equilibrium since their produc-
tion epoch, in agreement with [78]. Fig. 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, 79].

In conclusions, 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 (21). In the suggested framework, ALPs
emerge as glueball states (or GALPs) of a conÞning dark
YangÐMills sector. We build the Þrst minimal reali-
sation of GALPs with yet unexplored vast domains of
the physical parameter space naturally featuring large
massesmGALP > 108 eV and highly suppressed pho-
ton couplings gGALP ! < 10! 18 GeV! 1 that arise with-
out any Þne-tuning due to an emergent PQ-like scale.
The minimality of the GALP DM framework is two-
fold: on the UV theory side, it contains just an extra
conÞning dark gauge symmetry and a heavy fermion! ,
while on the low-energy EFT side, it exhibits only three
phenomenologically relevant parameters entering (21):
mGALP % 6" , M ! ! " , " # 0.1 & 10. The unique
feature of GALPs stems from the dark gluon conden-
sation phenomenon associated with conÞnement leading
to distinct two-scale (seesaw-like) dependencegGALP ! '
m5/ 3

GALP /M 4
! unattainable for standard ALPs character-

ized by linear mass scaling,ga! ' ma. Our pioneering
studies suggest that the heavy ALP DM research could
become one of the important new avenues in astrophysics
in near future. Finally, our work comes as an important
motivation for the lattice community to analyze the glue-
ball self-interactions and thermal evolution reaching the

Novel GALP-photon coupling scaling

4

photon interactions are governed by the Lagrangian

L e! !
1
4

!

i =1 ,2

"
g! i " ! i Fµ#F µ# + ÷g! i " ! i Fµ# ÷F µ#

#
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e" ective couplings satisfyg! i " " ÷g! i " # gGALP " , where

gGALP " = $2% &2! ! 1
" !

M "

#4
(17)

= 5 .3 $ 10! 5 GeV! 1 $2%
" !

GeV

#3" M "

GeV

#! 4
,

with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)

f a = 22 GeV $! 2%! 1
" !

GeV

#! 3" M "

GeV

#4
. (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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have

' " " 2' " ) T4
" , ' ÷g "

1
2

$2' " ) (N 2 * 1)T4
÷g , (19)

where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as) ! 1

T )
+

$, or more speciÞcally,

) ! 1
T (

" g" ,s (T (0)
" )

g" ,s (M " )

#1/ 3" $2

4(N 2 * 1)

#1/ 4
' 1 , (20)

where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,

gGALP " (
10! (11 .1± 0.4)

GeV
%

" mGALP

GeV

#5/ 3" M "

GeV

#! 4
, (21)

where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.

to be compared to the standard KSVZ axion case:

4
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A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
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with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)
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GeV
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GeV

#4
. (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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
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As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have
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where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as) ! 1
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) ! 1
T (

" g" ,s (T (0)
" )
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#1/ 4
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where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,

gGALP " (
10! (11 .1± 0.4)

GeV
%

" mGALP

GeV

#5/ 3" M "

GeV

#! 4
, (21)

where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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GALPs vs ALPs

! Not a composite axion. The proposed GALP model is not
leading to a solution of the strong-CP problem, as done by
composite axion models

! No scale hierarchy problem. No need for
fa ! (109 " 1010) GeV. The e! ective PQ scalefa can even
reach super-Planckian values forM " TeV

! DM more massive than usual axion models. The natural
prediction for GALP DM with a massmGALP " 180 MeV lies
in between the light axion DM paradigm and the GeV-scale
traditional Weakly Massive Interacting Particles.

GALPs vs ALPs

! Intriguing phenomenology. The GALP model requires to
study the phenomenology of heavy and, possibly, strongly
interacting ALPs that acquired interest in a model-independent
fashion, but Þnd a physical motivation in the GALP model.

! An extended dark sector. If the term GALP refers to the
pseudoscalar glueball, any GALP model requires the existence
of the scalar glueball which can be searched for in parallel with
the GALP. A joint signal would be a strong hint towards this
model.

Carenza, RP and Wang, arXiv: 2408.14245
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GALPs Direct Detection prospects: photon mediation
I. Elastic GALP-nucleon scattering with di-photon mediation:

3

where ! 1 ! c! " " s! a and ! 2 ! s! " + c! a are the physical
glueball Þelds, with massesm1 and m2, respectively, with
c! ! cos# and s! ! sin#, while $ij are dimensionless
coe! cients. The higher-dimensional operators fori +
j > 4 in the above potential are suppressed by increasing
powers of" , hence, can be ignored at low energies.

Glueball dark matter. Ñ Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51Ð67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfyingm1/ 2 < m 2 < 2m1
such that both glueball species! 1,2 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 " being extremely e! cient on cosmological scales
close to the dark conÞnement phase transition epoch at
the critical temperature Tc # " , i.e. " $ H (Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processesm % n, with the 3 % 2 scattering
being the last one to become ine! cient. This occurs soon
after the conÞnement phase transition when the glueballs
are non-relativistic at temperature Tf ! Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ! 1,2 may be
roughly estimated in terms of their mass splitting # m =
m1" m2 asn1/n 2 # (m1/m 2)! 3/ 2 exp(" # m/T f ) > 10! 3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n 2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the Þrst-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $" are well below the
Hubble expansion rateH at T < T c, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [ 42, 43],

%DM h2 & 0.12%! 3
T

"
" 0

, 100 eV! " 0 ! 400 eV, (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the conÞnement scale"
which is constrained to be in a very wide range [43]

20 MeV ! " ! 1010 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 inßation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for %! 1

T ! 0.01 and is dictated by avoiding too
strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section&SI is de-
termined by the GALP mass and satisÞes&SI < &geom #
1/m 2

GALP [69]. We also emphasize that for" < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
" [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio %! 1

T . In a limit-
ing case of thermal equilibrium between visible and dark
sectors, i.e. %! 1

T % 1, the conÞnement scale" % " 0
is constrained to low values within a narrow range in
Eq. (12). Note that %! 1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].

Glueball-photon interactions. Ñ In order to intro-
duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large massM ! $ " that implies its neg-
ligible impact on the conÞnement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

L e" (
' 2( 2

M 4
!

!
c" Ga

µ#Gµ#aF$%F $%+÷c" Ga
µ#

÷Gµ#aF$% ÷F $%
"

,

(14)
where( ! ( (M ! ) = e(M ! )2/ 4) is the Þne structure con-
stant, F $% and ÷F $% are the photon Þeld strength tensor
and its dual, respectively, while dimensionlessc" and ÷c"
can be evaluated perturbatively at the scaleM ! . The
EFT description in Eq. ( 14) is valid as long as" ' M ! .
As soon as the temperature drops belowTc # " , one
turns to composite EFT. Using Eq. (6), then expanding
the glueball Þelds about their VEVs, and keeping linear
terms in a and " only, we get

Ga
µ#Gµ#a = "

8g" 3
0 "

* (g)
, Ga

µ#
÷Gµ#a = " 3

0a+3a0" 2
0" , (15)

where g/ * (g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ # " corresponding to a largeg(µ) $ 1. According to
the recent lattice results [71], in this regime g/ * (g) # 1.
Turning to the mass basis{ " , a} % { ! 1, ! 2} , the glueball-
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What composes the strongly coupled sector?

Dark Yang-Mills theories

Pure gluons ! conÞnement-deconÞnementphase transition
Gluons + Fermions

Fermions in fundamental representation ! chiral phase transition
Fermions in adjoint rep. ! conÞnement& chiral phase transition
Fermions in 2-index symmetric rep. ! conÞnement& chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang ! ! ! (UESTC ! ! ! ! ! " ) PT and GW in Strongly Coupled DM 2024! 6! 1! 4 / 56

4

photon interactions are governed by the Lagrangian

L e! !
1
4

!

i =1 ,2

"
g! i " ! i Fµ#F µ# + ÷g! i " ! i Fµ# ÷F µ#

#
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e" ective couplings satisfyg! i " " ÷g! i " # gGALP " , where

gGALP " = $2% &2! ! 1
" !

M "

#4
(17)

= 5 .3 $ 10! 5 GeV! 1 $2%
" !

GeV

#3" M "

GeV

#! 4
,

with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)

f a = 22 GeV $! 2%! 1
" !

GeV

#! 3" M "

GeV

#4
. (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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have

' " " 2' " ) T4
" , ' ÷g "

1
2

$2' " ) (N 2 * 1)T4
÷g , (19)

where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as) ! 1

T )
+

$, or more speciÞcally,

) ! 1
T (

" g" ,s (T (0)
" )

g" ,s (M " )

#1/ 3" $2

4(N 2 * 1)

#1/ 4
' 1 , (20)

where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3
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GeV
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GeV

#! 4
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where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
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where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,
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where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
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e" ective couplings satisfyg! i " " ÷g! i " # gGALP " , where

gGALP " = $2% &2! ! 1
" !

M "

#4
(17)

= 5 .3 $ 10! 5 GeV! 1 $2%
" !

GeV

#3" M "

GeV

#! 4
,

with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)
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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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
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where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
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gGALP " , and the DM relic abundance. We assume that
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would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have

' " " 2' " ) T4
" , ' ÷g "

1
2

$2' " ) (N 2 * 1)T4
÷g , (19)

where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
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where g" ,s (T (0)
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grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
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where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
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with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
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where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
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ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
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resented by red dashed lines, with red dots labeled by a
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ton coupling decrease such that the lightest GALP with
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where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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where ! 1 ! c! " " s! a and ! 2 ! s! " + c! a are the physical
glueball Þelds, with massesm1 and m2, respectively, with
c! ! cos# and s! ! sin#, while $ij are dimensionless
coe! cients. The higher-dimensional operators fori +
j > 4 in the above potential are suppressed by increasing
powers of" , hence, can be ignored at low energies.

Glueball dark matter. Ñ Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51Ð67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfyingm1/ 2 < m 2 < 2m1
such that both glueball species! 1,2 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 " being extremely e! cient on cosmological scales
close to the dark conÞnement phase transition epoch at
the critical temperature Tc # " , i.e. " $ H (Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processesm % n, with the 3 % 2 scattering
being the last one to become ine! cient. This occurs soon
after the conÞnement phase transition when the glueballs
are non-relativistic at temperature Tf ! Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ! 1,2 may be
roughly estimated in terms of their mass splitting # m =
m1" m2 asn1/n 2 # (m1/m 2)! 3/ 2 exp(" # m/T f ) > 10! 3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n 2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the Þrst-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $" are well below the
Hubble expansion rateH at T < T c, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [ 42, 43],

%DM h2 & 0.12%! 3
T

"
" 0

, 100 eV! " 0 ! 400 eV, (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the conÞnement scale"
which is constrained to be in a very wide range [43]

20 MeV ! " ! 1010 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 inßation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for %! 1

T ! 0.01 and is dictated by avoiding too
strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section&SI is de-
termined by the GALP mass and satisÞes&SI < &geom #
1/m 2

GALP [69]. We also emphasize that for" < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
" [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio %! 1

T . In a limit-
ing case of thermal equilibrium between visible and dark
sectors, i.e. %! 1

T % 1, the conÞnement scale" % " 0
is constrained to low values within a narrow range in
Eq. (12). Note that %! 1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].

Glueball-photon interactions. Ñ In order to intro-
duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large massM ! $ " that implies its neg-
ligible impact on the conÞnement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

L e" (
' 2( 2

M 4
!

!
c" Ga

µ#Gµ#aF$%F $%+÷c" Ga
µ#

÷Gµ#aF$% ÷F $%
"

,

(14)
where( ! ( (M ! ) = e(M ! )2/ 4) is the Þne structure con-
stant, F $% and ÷F $% are the photon Þeld strength tensor
and its dual, respectively, while dimensionlessc" and ÷c"
can be evaluated perturbatively at the scaleM ! . The
EFT description in Eq. ( 14) is valid as long as" ' M ! .
As soon as the temperature drops belowTc # " , one
turns to composite EFT. Using Eq. (6), then expanding
the glueball Þelds about their VEVs, and keeping linear
terms in a and " only, we get

Ga
µ#Gµ#a = "

8g" 3
0 "

* (g)
, Ga

µ#
÷Gµ#a = " 3

0a+3a0" 2
0" , (15)

where g/ * (g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ # " corresponding to a largeg(µ) $ 1. According to
the recent lattice results [71], in this regime g/ * (g) # 1.
Turning to the mass basis{ " , a} % { ! 1, ! 2} , the glueball-
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II. Quasi-elastic GALP-nucleon scattering with photon mediation  
    and emission:

What composes the strongly coupled sector?

Dark Yang-Mills theories

Pure gluons ! conÞnement-deconÞnementphase transition
Gluons + Fermions

Fermions in fundamental representation ! chiral phase transition
Fermions in adjoint rep. ! conÞnement& chiral phase transition
Fermions in 2-index symmetric rep. ! conÞnement& chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang ! ! ! (UESTC ! ! ! ! ! " ) PT and GW in Strongly Coupled DM 2024! 6! 1! 4 / 56

!  As the photon flux in the nuclear target is peaked at low photon  
momentum fractions and transverse momenta, the cross section 
would be dominated to soft “no-recoil” contributions. 

!  A key novel signature would be a GALP-induced real photon  
emission recoiled against the GALP itself.

4

photon interactions are governed by the Lagrangian

L e! !
1
4

!

i =1 ,2

"
g! i " ! i Fµ#F µ# + ÷g! i " ! i Fµ# ÷F µ#

#
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e" ective couplings satisfyg! i " " ÷g! i " # gGALP " , where

gGALP " = $2% &2! ! 1
" !

M "

#4
(17)

= 5 .3 $ 10! 5 GeV! 1 $2%
" !

GeV

#3" M "

GeV

#! 4
,

with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)

f a = 22 GeV $! 2%! 1
" !

GeV

#! 3" M "

GeV

#4
. (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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have

' " " 2' " ) T4
" , ' ÷g "

1
2

$2' " ) (N 2 * 1)T4
÷g , (19)

where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as) ! 1

T )
+

$, or more speciÞcally,

) ! 1
T (

" g" ,s (T (0)
" )

g" ,s (M " )

#1/ 3" $2

4(N 2 * 1)

#1/ 4
' 1 , (20)

where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,

gGALP " (
10! (11 .1± 0.4)

GeV
%

" mGALP

GeV

#5/ 3" M "

GeV

#! 4
, (21)

where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
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Given the remarkable similarity between GALPs and
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GeV
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GeV

#4
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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 theoryf a ! 10M P [34, 35].
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gether the GALP mass,mGALP , its coupling to photons,
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1
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action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
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where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
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e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
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above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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A strong CP-violation in the dark sector implies that the
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with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.
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It is evident that this emergent scale can be well in the
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scale, e.g. in string theoryf a ! 10M P [34, 35].
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epoch while the dark gluon density would be relatively
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Universe temperatureT # T" ( M " , we have
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where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
the photon temperature, the dark gluon-to-photon tem-
perature ratio behaves as) ! 1
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where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,

gGALP " (
10! (11 .1± 0.4)

GeV
%

" mGALP

GeV

#5/ 3" M "

GeV

#! 4
, (21)

where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
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with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)

f a = 22 GeV $! 2%! 1
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#! 3" M "

GeV

#4
. (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 theoryf a ! 10M P [34, 35].
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where ! 1 ! c! " " s! a and ! 2 ! s! " + c! a are the physical
glueball Þelds, with massesm1 and m2, respectively, with
c! ! cos# and s! ! sin#, while $ij are dimensionless
coe! cients. The higher-dimensional operators fori +
j > 4 in the above potential are suppressed by increasing
powers of" , hence, can be ignored at low energies.

Glueball dark matter. Ñ Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51Ð67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfyingm1/ 2 < m 2 < 2m1
such that both glueball species! 1,2 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 " being extremely e! cient on cosmological scales
close to the dark conÞnement phase transition epoch at
the critical temperature Tc # " , i.e. " $ H (Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processesm % n, with the 3 % 2 scattering
being the last one to become ine! cient. This occurs soon
after the conÞnement phase transition when the glueballs
are non-relativistic at temperature Tf ! Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ! 1,2 may be
roughly estimated in terms of their mass splitting # m =
m1" m2 asn1/n 2 # (m1/m 2)! 3/ 2 exp(" # m/T f ) > 10! 3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n 2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the Þrst-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $" are well below the
Hubble expansion rateH at T < T c, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [ 42, 43],

%DM h2 & 0.12%! 3
T

"
" 0

, 100 eV! " 0 ! 400 eV, (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the conÞnement scale"
which is constrained to be in a very wide range [43]

20 MeV ! " ! 1010 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 inßation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for %! 1

T ! 0.01 and is dictated by avoiding too
strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section&SI is de-
termined by the GALP mass and satisÞes&SI < &geom #
1/m 2

GALP [69]. We also emphasize that for" < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
" [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio %! 1

T . In a limit-
ing case of thermal equilibrium between visible and dark
sectors, i.e. %! 1

T % 1, the conÞnement scale" % " 0
is constrained to low values within a narrow range in
Eq. (12). Note that %! 1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].

Glueball-photon interactions. Ñ In order to intro-
duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large massM ! $ " that implies its neg-
ligible impact on the conÞnement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

L e" (
' 2( 2

M 4
!

!
c" Ga

µ#Gµ#aF$%F $%+÷c" Ga
µ#

÷Gµ#aF$% ÷F $%
"

,

(14)
where( ! ( (M ! ) = e(M ! )2/ 4) is the Þne structure con-
stant, F $% and ÷F $% are the photon Þeld strength tensor
and its dual, respectively, while dimensionlessc" and ÷c"
can be evaluated perturbatively at the scaleM ! . The
EFT description in Eq. ( 14) is valid as long as" ' M ! .
As soon as the temperature drops belowTc # " , one
turns to composite EFT. Using Eq. (6), then expanding
the glueball Þelds about their VEVs, and keeping linear
terms in a and " only, we get

Ga
µ#Gµ#a = "

8g" 3
0 "

* (g)
, Ga

µ#
÷Gµ#a = " 3

0a+3a0" 2
0" , (15)

where g/ * (g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ # " corresponding to a largeg(µ) $ 1. According to
the recent lattice results [71], in this regime g/ * (g) # 1.
Turning to the mass basis{ " , a} % { ! 1, ! 2} , the glueball-
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III. GALP-to-photon conversion in the electromagnetic field  
  of the nucleus:

What composes the strongly coupled sector?

Dark Yang-Mills theories

Pure gluons ! conÞnement-deconÞnementphase transition
Gluons + Fermions

Fermions in fundamental representation ! chiral phase transition
Fermions in adjoint rep. ! conÞnement& chiral phase transition
Fermions in 2-index symmetric rep. ! conÞnement& chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang ! ! ! (UESTC ! ! ! ! ! " ) PT and GW in Strongly Coupled DM 2024! 6! 1! 4 / 56

4

photon interactions are governed by the Lagrangian

L e! !
1
4

!

i =1 ,2

"
g! i " ! i Fµ#F µ# + ÷g! i " ! i Fµ# ÷F µ#

#
. (16)

A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
e" ective couplings satisfyg! i " " ÷g! i " # gGALP " , where

gGALP " = $2% &2! ! 1
" !

M "

#4
(17)

= 5 .3 $ 10! 5 GeV! 1 $2%
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GeV
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#! 4
,

with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)

f a = 22 GeV $! 2%! 1
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#4
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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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
Universe temperatureT # T" ( M " , we have
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where we introduced the photon and dark gluon gas tem-
peratures, T" and T÷g, respectively, N 2 * 1 is the number

of dark gluon colors and the factor 1/ 2 reßects the fact
that only half of the $ density is converted to that of dark
gluons in the $ ø$ & ÷g( process. Note, the$ ø$ & ÷g÷g re-
action is suppressed by an additional factor of$2 and
thus has been omitted in this consideration. Taking into
account that the entropy production events a" ect only
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where g" ,s (T (0)
" ) = 3 .909 is the number of entropic de-

grees of freedom of the photon bath today, i.e. atT =
T(0)

" , while g" ,s (M " ) = 106.75 refers to the same quan-
tity at the $ annihilation epoch. This quantity is of pri-
mary importance for determining the present abundance
of GALP DM as determined by Eq. (12) e" ectively Þx-
ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,
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where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.
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A strong CP-violation in the dark sector implies that the
glueball VEVs satisfy " 0 " a0 " ! while the " -a mixing
angle# is large. As a result, from the viewpoint of parti-
cle astrophysics the physical glueballs! 1,2 interact with
photons with similar rates while having similar masses
e" ectively acting as axion DM. Hence, we refer to these
states as Glueball Axion-Like Particles (GALPs) whose
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with a universal dimensionless coe# cient %expected to
be of order 0.1 Ð 10. In our proof-of-concept study be-
low, we keep%as a free parameter and introduce a uni-
versal GALP mass scalem1 " m2 # mGALP below.
In numerical analysis we explore the parameter space
{ gGALP " , mGALP } particularly relevant for DM searches
setting bounds on it for the Þrst time while taking %of or-
der unity without any loss of generality. We note that it
is straightforward to rescale the allowed values ofgGALP "
by a suitable value of %once it becomes available from
lattice simulations.

Given the remarkable similarity between GALPs and
standard axions, it is instructive to determine an e" ective
PQ-like scale by plugging Eqs. (17) into ( 4)
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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 theoryf a ! 10M P [34, 35].

GALP mass-coupling relation .Ñ In the minimal
EFT approach proposed above, it is possible to link to-
gether the GALP mass,mGALP , its coupling to photons,
gGALP " , and the DM relic abundance. We assume that
for su# ciently high temperatures T % M " photons and
$ are relativistic being in thermal equilibrium such that
their energy densities are roughly the same, i.e.' " " ' " .
As the Universe cools down toT " M " , $ start to anni-
hilate into ( and dark gluons ÷g via $ ø$ & (( , $ ø$ & ÷g(
or $ ø$ & ÷g÷g processes. Due to$ ' 1, $ annihilation
would mostly produce photons, thus adding up to the
photon density already present in the Universe at that
epoch while the dark gluon density would be relatively
suppressed by a factor of$2. More speciÞcally, at the
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mary importance for determining the present abundance
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ing ! and hencemGALP ( 6! [72]. Combining Eqs. (17)
and (20) with the condition for GALPs constituting the
totality of DM, i.e. ) ! 3

T ! / ! 0 ( 1, we determine the mass-
coupling relation for GALPs,

gGALP " (
10! (11 .1± 0.4)

GeV
%

" mGALP

GeV

#5/ 3" M "

GeV

#! 4
, (21)

where$ ' 1 andN = 3 is adopted while the uncertainties
originate from the DM relic density calculation. This
relation is a deÞning property for the whole class of novel
GALP DM scenarios featuring very speciÞc dependence
on two distinct scales: mGALP ' M " and M " . This can
be compared to an analogous relation for QCD axions,
e.g.ga" = 2 $ 10! 10 GeV! 1(ma/ eV) for the case of Kim-
Shifman-Vainshtein-Zakharov axions [33, 73].

Discussion and conclusions. Ñ In Fig. 1 we show
the parameter space of GALPs constituting the totality
of DM, { gGALP " , mGALP } being represented by Eq. (21).
The hatched domain is excluded due to the cosmological
bound of the GALP stability while mGALP " 120 MeV
is due to DM self-interaction constraint [69]. GALPs de-
caying into photons during the Big Bang Nucleosynthesis
would a" ect the primordial nuclei abundances. We ex-
tended the bound of [74] towards the higher mass lim-
iting it to be below the reheating temperature which
gives rise to the upper bound of the excluded blue do-
main. Its lower bound represents the constraint from
the ultra-massive decaying DM searches [75, 76] reach-
ing the mass of up to 1020 eV and the decay rates of
down to " O(10! 26s! 1), or even lower. The slices of
the parameter space for each Þxed value ofM " are rep-
resented by red dashed lines, with red dots labeled by a
pair of (M " , $). For increasing$the GALP mass and pho-
ton coupling decrease such that the lightest GALP with
mGALP " 120 MeV is reached for$ " 2 $ 10! 2 indepen-
dently on M " . The upper end-points of the red-dashed
lines correspond to the EFT boundary mGALP ( M " ,
above which the EFT approach breaks down. Thus, the
phenomenologically viable (white) domain is in agree-
ment with the EFT bound.

¥ Polyakov-loop extended L ! M + scalar/pseudoscalar glueball: We are putting

together the PL! M (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at ÞniteT and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2 + 1)-ßavour QCD [1Ð3]. Then, as

soon as the constraints from the lattice are satisÞed, the next step is to compute relic

abundance of various dark hadron (! , " ± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

¥ Direct detection channels for dark hadronic states: add Þgures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

L H ! cH
1 #HH   + cH

2 #2HH   , L ! ! c!
1#Fµ" F µ" + c!

2#2Fµ" F µ" , (1)

where the Þrst term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH
1 + v"##cH

2 )#h. All the EFT couplings cH
1,2 and c!

1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the #3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM

model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with

non-polynomial/log potential) is also interesting.

We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications

for both DM and RxSM at stronger coupling (e.g. FRG or other non-perturbative

technique).

One could also generate an e" ective operator#$µ#Aµ from Ga
µ# F µ$G#

a,$
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!  The radiated photon takes most of the energy of the GALP 
  but would be produced collinearly in the direction of the GALP

GALPs Direct Detection prospects: photon mediation

!  Despite possible enhancement from the real photon flux in a heavy  
   nucleus, the CS estimates for available GALP parameter space 
   lead to hopelessly small rates for DD measurements to probe

We need to consider other mediators to possibly enhance the signal!
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SM bath reheating via fermion annihilation into Higgs
!  In order to generate a large mass scale of the Dirac fermion, one  
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¥ Direct detection channels for dark hadronic states: add Þgures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

L H ! cH
1 #HH   + cH

2 #2HH   , L ! ! c!
1#Fµ" F µ" + c!

2#2Fµ" F µ" , (1)

where the Þrst term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH
1 + v"##cH

2 )#h. All the EFT couplings cH
1,2 and c!

1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the #3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM

model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with

non-polynomial/log potential) is also interesting.

We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications

for both DM and RxSM at stronger coupling (e.g. FRG or other non-perturbative

technique).

One could also generate an e" ective operator#$µ#Aµ from Ga
µ# F µ$G#
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soon as the constraints from the lattice are satisÞed, the next step is to compute relic

abundance of various dark hadron (! , " ± and glueball) components of Dark Matter
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model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with
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We could extend the SM with glueball EFT to study the impact of strong dynamics on
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!  The singlet scalar - Higgs mixing enables fermions to annihilate 
  into Higgs final states. Introducing a small ratio between 
  Yukawa and SU(N) gauge couplings at the cutoff scale, one reheats 
  the SM bath relative to the dark gluons at the fermion annihilation 

dominant!
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where ! 1 ! c! " " s! a and ! 2 ! s! " + c! a are the physical
glueball Þelds, with massesm1 and m2, respectively, with
c! ! cos# and s! ! sin#, while $ij are dimensionless
coe! cients. The higher-dimensional operators fori +
j > 4 in the above potential are suppressed by increasing
powers of" , hence, can be ignored at low energies.

Glueball dark matter. Ñ Dark glueballs are often
considered in the literature as viable DM candidates (see
e.g. Refs. [42, 43, 51Ð67] and references therein). Start-
ing with the two-glueball EFT formulated above, let us
focus on the mass hierarchy satisfyingm1/ 2 < m 2 < 2m1
such that both glueball species! 1,2 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 " being extremely e! cient on cosmological scales
close to the dark conÞnement phase transition epoch at
the critical temperature Tc # " , i.e. " $ H (Tc). Both
glueball species freeze-out with respect to particle num-
ber changing processesm % n, with the 3 % 2 scattering
being the last one to become ine! cient. This occurs soon
after the conÞnement phase transition when the glueballs
are non-relativistic at temperature Tf ! Tc. Since then
the resulting total DM density is impacted by cosmologi-
cal dilution only. The relative abundance of ! 1,2 may be
roughly estimated in terms of their mass splitting # m =
m1" m2 asn1/n 2 # (m1/m 2)! 3/ 2 exp(" # m/T f ) > 10! 3

that holds at freeze-out and is preserved until today. The
exact ratio n1/n 2 is not relevant for generic properties of
the glueball DM as will be discussed below.

As demonstrated in Refs. [42, 43], the Þrst-order phase
transition in the glueball system washes out any signif-
icant dependence of the relic density on the initial con-
ditions. In addition, the energy of the dark sector in
the comoving volume is conserved since the rates of glue-
ball electromagnetic interactions $" are well below the
Hubble expansion rateH at T < T c, and hence interac-
tions between the dark and visible sectors can be safely
ignored. These two conditions imply that the total glue-
ball DM relic density [ 42, 43],

%DM h2 & 0.12%! 3
T

"
" 0

, 100 eV! " 0 ! 400 eV, (12)

holds approximately in the considered two-glueball DM
framework scaling linearly with the conÞnement scale"
which is constrained to be in a very wide range [43]

20 MeV ! " ! 1010 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 inßation, thus, avoid-
ing exponential dilution of DM. The lower limit applies
only in the case of glueballs constituting the ballpark
of DM for %! 1

T ! 0.01 and is dictated by avoiding too
strong DM self-interactions that would a&ect the inner-
most regions of galaxy clusters, ultimately in contrast
with observations of their surrounding hot plasma [68].

Indeed, the self-interaction GALP cross section&SI is de-
termined by the GALP mass and satisÞes&SI < &geom #
1/m 2

GALP [69]. We also emphasize that for" < 20 MeV,
only a small fraction of DM can be in the form glue-
balls. Note, the linear scaling of (12) highlights the long-
standing dark glueball overabundance problem at large
" [70] that can only be alleviated by suppressing the
dark-to-visible sector temperature ratio %! 1

T . In a limit-
ing case of thermal equilibrium between visible and dark
sectors, i.e. %! 1

T % 1, the conÞnement scale" % " 0
is constrained to low values within a narrow range in
Eq. (12). Note that %! 1

T < 0.37 is required to avoid cos-
mological bounds on dark radiation [42, 43].

Glueball-photon interactions. Ñ In order to intro-
duce feeble interactions between the visible and dark
QCD-like sectors, we adopt the minimal QCD-like frame-
work with a single heavy Dirac fermion, ' , acting as a
portal coupled to both dark gluons and photons. At vari-
ance with standard QCD, such a fermion is assumed to
have a very large massM ! $ " that implies its neg-
ligible impact on the conÞnement dynamics and, hence,
on the composite glueball EFT discussed above. Fur-
thermore, the e&ective 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
massM ! and the gauge coupling at that scale,g(M ! ).

Consider the fermion ' with an electric charge q! (in
units of e). Then, the gauge couplingg(µ) ! ' e(µ)q!
is assumed to be much smaller than the electromagnetic
one e(µ)q! at µ = M ! , such that ' ' 1. The latter
condition is consistent with asymptotic freedom in the
QCD-like dark sector implying that dark gluons are more
weakly coupled to ' than photons at high energy scales.
Consequently, relevant dimension-8 operators read [52]

L e" (
' 2( 2

M 4
!

!
c" Ga

µ#Gµ#aF$%F $%+÷c" Ga
µ#

÷Gµ#aF$% ÷F $%
"

,

(14)
where( ! ( (M ! ) = e(M ! )2/ 4) is the Þne structure con-
stant, F $% and ÷F $% are the photon Þeld strength tensor
and its dual, respectively, while dimensionlessc" and ÷c"
can be evaluated perturbatively at the scaleM ! . The
EFT description in Eq. ( 14) is valid as long as" ' M ! .
As soon as the temperature drops belowTc # " , one
turns to composite EFT. Using Eq. (6), then expanding
the glueball Þelds about their VEVs, and keeping linear
terms in a and " only, we get

Ga
µ#Gµ#a = "

8g" 3
0 "

* (g)
, Ga

µ#
÷Gµ#a = " 3

0a+3a0" 2
0" , (15)

where g/ * (g) should be computed in the non-
perturbative regime of the dark Yang-Mills theory at
µ # " corresponding to a largeg(µ) $ 1. According to
the recent lattice results [71], in this regime g/ * (g) # 1.
Turning to the mass basis{ " , a} % { ! 1, ! 2} , the glueball-
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What composes the strongly coupled sector?

Dark Yang-Mills theories

Pure gluons ! conÞnement-deconÞnementphase transition
Gluons + Fermions

Fermions in fundamental representation ! chiral phase transition
Fermions in adjoint rep. ! conÞnement& chiral phase transition
Fermions in 2-index symmetric rep. ! conÞnement& chiral phase transition

Gluons + Fermions + Scalars (not explored yet)

Zhi-Wei Wang ! ! ! (UESTC ! ! ! ! ! " ) PT and GW in Strongly Coupled DM 2024! 6! 1! 4 / 56

no suppression 
by     !!!

¥ Polyakov-loop extended L ! M + scalar/pseudoscalar glueball: We are putting

together the PL! M (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at ÞniteT and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2+1)-ßavour QCD [? ? ? ]. Then, as

soon as the constraints from the lattice are satisÞed, the next step is to compute relic

abundance of various dark hadron (! , " ± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

¥ Direct detection channels for dark hadronic states: add Þgures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

L H ! cH
1 #HH   + cH

2 #2HH   , L ! ! c!
1#Fµ" F µ" + c!

2#2Fµ" F µ" , (1)

where the Þrst term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH
1 + v"##cH

2 )#h. All the EFT couplings cH
1,2 and c!

1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the #3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM

model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with

non-polynomial/log potential) is also interesting.

We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications

for both DM and RxSM at stronger coupling (e.g. FRG or other non-perturbative

technique).

One could also generate an e" ective operator#$µ#Aµ from Ga
µ# F µ$G#

a,$

%$ g(µ)
e(µ)q!

% 1

L Yuk = Y#! ø! Y"# # & M!

3

GALPs Direct Detection prospects: Higgs mediation

IV. Higgs mediated elastic GALP-nucleon scattering:

h = cos! H + sin ! ! sin! ! 0.1

L Yuk = Y!" ø" Y! ! " # M!

V" =
1
2

µ2
" ! 2 + " " ! 4 + ! ! HH   + " " H ! 2HH  

POTENTIAL LATTICE IMPROVEMENT

¥ Study the thermodynamic observables in pure Yang-Mills case. theSU(5) result is

not clear enough and there is space to be improved (see e.g. [? ]). In addition, the

scaling of surface tension with the number of color is also very important. Accroding

to Lucini [? ], the surface tension scaling with color N can be either proportional to

N or N 2.

4
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L Yuk = Y!" ø" Y! ! " # M!

V" =
1
2

µ2
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POTENTIAL LATTICE IMPROVEMENT

¥ Study the thermodynamic observables in pure Yang-Mills case. theSU(5) result is

not clear enough and there is space to be improved (see e.g. [? ]). In addition, the

scaling of surface tension with the number of color is also very important. Accroding

to Lucini [? ], the surface tension scaling with color N can be either proportional to

N or N 2.

4

!  There are four sources of suppression of this amplitude:  
     - by     factor due to gauge coupling, with maximal 

!  By the Higgs mass in the propagator 
!  By Higgs Yukawa coupling to the SM fermions 
!  Mixing angle suppression 

! 2 ! ! 2 ! 10! 2

h = cos"H + sin " ! sin" ! 0.1

L Yuk = Y!" ø" Y"! # $ M!

V" =
1
2

µ2
" ! 2 + #" ! 4 + ! ! HH   + #" H ! 2HH  

POTENTIAL LATTICE IMPROVEMENT

¥ Study the thermodynamic observables in pure Yang-Mills case. theSU(5) result is

not clear enough and there is space to be improved (see e.g. [? ]). In addition, the

scaling of surface tension with the number of color is also very important. Accroding

to Lucini [? ], the surface tension scaling with color N can be either proportional to

N or N 2.

4

! 2 ! ! 2 ! 10! 2

h = cos"H + sin " ! sin" ! 0.1

L Yuk = Y!" ø" Y"! # $ M!

V" =
1
2

µ2
" ! 2 + #" ! 4 + ! ! HH   + #" H ! 2HH  

POTENTIAL LATTICE IMPROVEMENT

¥ Study the thermodynamic observables in pure Yang-Mills case. theSU(5) result is

not clear enough and there is space to be improved (see e.g. [? ]). In addition, the

scaling of surface tension with the number of color is also very important. Accroding

to Lucini [? ], the surface tension scaling with color N can be either proportional to

N or N 2.

4

Potentially realistic to probe!
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GALPs Direct Detection prospects: Higgs mediation

V. Enhanced Higgs mediated elastic GALP-nucleon scattering

!  Due to strong dynamics, one could enhance the Higgs 
  mediated scattering, by considering non-perturbative 
  GALP-self-interaction contribution:

What composes the strongly coupled sector?

Dark Yang-Mills theories

Pure gluons ! conÞnement-deconÞnementphase transition
Gluons + Fermions

Fermions in fundamental representation ! chiral phase transition
Fermions in adjoint rep. ! conÞnement& chiral phase transition
Fermions in 2-index symmetric rep. ! conÞnement& chiral phase transition

Gluons + Fermions + Scalars (not explored yet)
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¥ Polyakov-loop extended L ! M + scalar/pseudoscalar glueball: We are putting

together the PL! M (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at ÞniteT and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2+1)-ßavour QCD [? ? ? ]. Then, as

soon as the constraints from the lattice are satisÞed, the next step is to compute relic

abundance of various dark hadron (! , " ± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

¥ Direct detection channels for dark hadronic states: add Þgures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

L H ! cH
1 #HH   + cH

2 #2HH   , L ! ! c!
1#Fµ" F µ" + c!

2#2Fµ" F µ" , (1)

where the Þrst term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH
1 + v"##cH

2 )#h. All the EFT couplings cH
1,2 and c!

1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the #3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM

model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with

non-polynomial/log potential) is also interesting.

We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications

for both DM and RxSM at stronger coupling (e.g. FRG or other non-perturbative

technique).

One could also generate an e" ective operator#$µ#Aµ from Ga
µ# F µ$G#

a,$

%$ g(µ)
e(µ)q!

% 1

%$
g(µ)
Y(µ)

% 1

3
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We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications
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GALP-Higgs mixing:

¥ Polyakov-loop extended L ! M + scalar/pseudoscalar glueball: We are putting

together the PL! M (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at ÞniteT and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2 + 1)-ßavour QCD [1Ð3]. Then, as
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abundance of various dark hadron (! , " ± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

¥ Direct detection channels for dark hadronic states: add Þgures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are
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¥ Polyakov-loop extended L ! M + scalar/pseudoscalar glueball: We are putting

together the PL! M (previous project with Francesco and Manuel) with Polyakov-loop

and the glueball model (see our earlier paper with Pierluca et al) for Dark Matter (and

gravitational waves) analysis. Using the combined model at ÞniteT and employing

the generating functional approach, we have to be able to reproduce the basic thermo-

dynamic quantities computed on the lattice for (2 + 1)-ßavour QCD [1Ð3]. Then, as

soon as the constraints from the lattice are satisÞed, the next step is to compute relic

abundance of various dark hadron (! , " ± and glueball) components of Dark Matter

and their direct detection prospects for the available parameter space domains.

¥ Direct detection channels for dark hadronic states: add Þgures here and discuss

which constraints one could place in such observations, in consistency with collider

searches. The relevant EFT operators are

L H ! cH
1 #HH   + cH

2 #2HH   , L ! ! c!
1#Fµ" F µ" + c!

2#2Fµ" F µ" , (1)

where the Þrst term generates a glueball-Higgs mixing after EW symmetry breaking:

(vcH
1 + v"##cH

2 )#h. All the EFT couplings cH
1,2 and c!

1,2 are one loop generated with a

heavy ! fermion in the loop.

Then the elastic scattering graph would have this mixing in the propagator but also

the #3 self-interaction in the glueball potential which can be potentially large due to

strong coupling regime. This type of DD contributions can be mapped on to the RxSM

model with Dark Matter singlet scalar. Pure SM Higgs non-perturbative analysis (with

non-polynomial/log potential) is also interesting.

We could extend the SM with glueball EFT to study the impact of strong dynamics on

the EW symmetry breaking for stronger coupling, which may have new implications

for both DM and RxSM at stronger coupling (e.g. FRG or other non-perturbative

technique).

One could also generate an e" ective operator#$µ#Aµ from Ga
µ# F µ$G#

a,$

3

! 2 ! ! 2 ! 10! 2

h = cos"H + sin " ! sin" ! 0.1

L Yuk = Y!" ø" Y"! # $ M!

V" =
1
2

µ2
" ! 2 + #" ! 4 + ! ! HH   + #" H ! 2HH  

POTENTIAL LATTICE IMPROVEMENT

¥ Study the thermodynamic observables in pure Yang-Mills case. theSU(5) result is

not clear enough and there is space to be improved (see e.g. [? ]). In addition, the

scaling of surface tension with the number of color is also very important. Accroding

to Lucini [? ], the surface tension scaling with color N can be either proportional to

N or N 2.
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GALP self-interaction can enhance the CS by 2-3 orders of magnitude!
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GALPs Direct Detection prospects: Higgs mediation
VI. Higgs exchange mediated by colored scalar loop

!  Utilising a heavy dark-coloured scalar instead of the fermion 
  the direct detection CS can be further enhanced due to HSS 
  self-interaction, and avoiding a suppression by the mixing

Most enhanced !
channel!

! 2 ! ! 2 ! 10! 2

! ! " 3 ! ! " 1 # 10

mGALP " mh $ 125 GeV

h = cos#H + sin #! sin# ! 0.1

L Yuk = Y!" ø" Y%! & " M!

V" =
1
2
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Summary

Introduction

Introduction

Stochastic Gravitational Wave (GW) background

Superposition of unresolved astrophysical sources

Cosmological events

(i) Inflation
(ii) Cosmic strings
(iii) Strong cosmological phase transitions (PTs) !

by expanding and colliding vacuum bubbles of new phase

GW background as a gravitational probe for New Physics

Focus on the EW phase transition (EWPT) relevant for EW baryogenesis

Study a simple model with multiple-step strongly 1st-order EWPTs

Study the impact of multiple-step strong PTs on GW spectra

APM,RP,TV (AU,LU,NPI,UPS) Multi-peaked signatures of primordial gravitational waves from multi-step electroweak phase transition July 2nd, 2018 4 / 26

We developed  a new  approach  based  upon  the  well-established  thermal  
EFT and the  existing  lattice  results  to  calculate  the  glueball  ALP (GALP) 
CDM relic  density  incorporating  confinement  effects  and non-perturbative  
self-interactions
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A dark  gauge  sector  with  GALPs feebly  interacting  with  the  SM may explain  
the  DM abundance  without  spoiling  other  cosmological  observables
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Introducing  extra  heavy fundamental  fields  (e.g. fermions,  scalars)  charged  
under  both  the  dark  gauge  symmetry  and the  SM, or  coupled  to  Higgs,  one 
generates  feeble  effective  GALP-nucleon  interactions  that  can  be, in 
principle,  probed  by direct  detection  experiments


