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Why confining dark sectors?
▶ Hidden non-Abelian sectors:

clean UV-motivated framework for
strongly coupled DM

▶ Pure Yang–Mills limit:
confinement at Λ generates a glueball
spectrum

▶ Why start here?
pure glue is the cleanest
nonperturbative case with robust
lattice input

▶ One framework for:
relic abundance, portals, DD

dark confinement =⇒
predictive composite DM

Dark gauge sector: SU(N)D

dark gluons

⇓
confinement at Λ

⇓
glueball spectrum

lattice cosmology detectors
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Confining dark sectors: current landscape

Minimal / pure-glue sectors
▶ Hidden non-Abelian sectors provide a clean

framework for secluded strong dynamics
(Strassler & Zurek 2007; Kribs & Neil 2016)

▶ In the pure Yang–Mills limit, confinement
generates a tower of glueball states (Morningstar

& Peardon 1999; Chen et al. 2006)

▶ Dark glueballs have long been studied as
viable composite-DM candidates in standard
and non-standard cosmologies (Soni & Zhang

2016; Forestell et al. 2017; Acharya et al. 2017)

▶ Early portal realizations already connected
hidden glue sectors to visible-sector pheno
(Juknevich et al. 2009; Juknevich 2010)

Effective descriptions / broader signatures
▶ The confinement transition has been

described with Polyakov-loop, matrix-model,
and holographic approaches (Z.-W. Wang et al.

2021; Kang et al. 2021; Halverson et al. 2021)

▶ With fermions, one encounters chiral
structure and richer phase dynamics
(Z.-W. Wang et al. 2022; Helmboldt et al. 2019;

Pasechnik, Z.-W. Wang et al. 2024)

▶ Lattice spectroscopy and thermodynamics
provide the key nonperturbative input
(Morningstar & Peardon 1999; Panero 2009)

▶ Confining dark sectors also motivate GW,
collider, and indirect-detection signatures
(Schwaller 2015; Z.-W. Wang et al 2021; Z.-W. Wang et al

2022; Curtin & Gemmell 2023; Pasechnik, Z.-W. Wang et

al 2024)
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Structure of this talk: from dark confinement to observable signals

1. Dark confinement
Polyakov loop

+ glueball EFT

Λ

2. Relic density
lattice-informed

cosmological evolution

ΩDMh
2

3. Portal structure
heavy vs. light
fermion portals

gGγ

4. Xenon signal
oddball DM

direct detection

σSI

nonperturbative dynamics =⇒ cosmology =⇒ portal pheno =⇒ laboratory probe

Goal: put composite glueball dark matter under precision control
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Thermal EFT for dark confinement

Glueball + Polyakov-loop EFT

V [H, ℓ] =
H

2
ln

(
H

Λ4

)
+ T 4V [ℓ] + H P[ℓ] + VT [H]

▶ Polyakov loop ℓ: order parameter of the
confinement transition (Pisarski 2000; Z.-W. Wang

et al. 2021)

▶ Glueball field H ∝ ϕ4: pure-glue dynamics
constrained by the trace anomaly (Schechter

1980; Migdal & Shifman 1982; Sannino 2002)

▶ Key point: lattice-informed phase structure
fixes the cosmological initial conditions for
glueball evolution (Pasechnik, Z.-W. Wang et al.

2022; 2023)

nonperturbative phase transition =⇒ controlled relic calculation
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FIG. 1. Left panel: Polyakov loop potential V[ω] for di!erent gauge groups: SU(3) solid lines, SU(4) dashed lines and SU(5)
dotted lines. The colors correspond to the confined (black) or deconfined (red) phase. Note that the minimum of the potential
is arbitrarily set to zero.
Right panel: Polyakov loop evolution as function of the temperature for di!erent gauge groups: SU(3) solid lines, SU(4) dashed
lines and SU(5) dotted lines.

these potentials is shown in the right panel of Fig. 1. The
three gauge groups shown lead to a similar behavior for ω
during the phase transition, with a slightly di!erent crit-
ical temperature. Once the minimum of ω is determined,
the Polyakov loop is “integrated out” using its equation
of motion ω = ω(ε, T ), giving rise to a potential for the
glueball field in the form V [ε, T ] = V [ε, ω(ε, T )]. More-
over, we set the zero-point energy of the glueball field
to zero in order to properly describe glueballs as matter.
Fig. 2, in the left panel, shows the behavior of the glue-
ball potential as function of the di!erent gauge group.
The deconfined phase (red lines) is the only one sensi-
tive to the choice of gauge group, and the dependence
is very mild. This is directly correlated with the obser-
vation that the minimum of ω does not change sensibly
for di!erent gauge groups with slightly larger ω when the
color increases signaling the stronger jumping and thus
a stronger first order phase transition. Connected with
this potential, it is possible to calculate how the renor-
malized glueball mass evolves with temperature through
the phase transition. This is defined as

m2
gb(T ) =

ϑ2V [ε, T ]

ϑε2

∣∣∣∣∣
ω=ωmin

, (7)

where εmin represents the minimum of the glueball field
as function of the temperature. This quantity is shown
in the right panel of Fig. 2, where we observe a minor dif-
ference between the di!erent gauge groups in the decon-
fined phase. We note that, after confinement, the mass is
fixed to be mgb = 6” by construction. The e!ect of the
thermal potential VT will show up in a temperature de-
pendence of the glueball mass in the confined phase. We
estimated this e!ect by using the following potential [44]

VT [ε] =
T 4

2ϖ2

∫ →

0

dx x2 ln

[
1 → e↑

√
x2+ ω2

25c2 T2

]
. (8)

We find consistent results with Ref. [1], since we verified

that the impact of this term on the glueball potential
is negligible. Namely, the glueball mass is a!ected less
than 10%, with comparably small consequences on the
considered phenomenology 1.

By comparing the temperature evolution of the glue-
ball field to lattice simulations [56], it is possible to im-
pose limitations on the value of the glueball-Polyakov
loop coupling c1 in Eq. (4), in the case of SU(3). We
found this value to be c1 = 1.225±0.19 at 95% Confidence
Level (CL) [1]. Since less or no information from the lat-
tice is available for other gauge groups, this will increase
the uncertainties on the prediction of the relic abundance.
To appropriately account for this, we increase the er-
ror associated to SU(3) by a factor of ↑ 4, such that
c1 = 1.225 ± 0.8 at 95% CL for SU(N), N = {4, 5}, and
we fix c1 = 1.225 to generate the figures throughout the
paper. This parameter significantly a!ects the location
of the minimum of the Polyakov loop. Thus, it will play
an important role in determining the initial conditions
for the cosmological evolution of the glueball field and
on the resulting DM abundance.

III. CALCULATION OF THE GLUEBALL
RELIC DENSITY

As extensively discussed in Ref. [1], the glueball field
evolves in a Friedmann-Lemâıtre-Robertson-Walker met-

1 With the finite temperature contributions, the minimum of the
thermal potential is shifted towards 0 with few percents. The
larger e!ect is on changing the slope around the minimum. This
small change cannot be calculated on the relic density because
Eq.(17) is already an oscillating function and all the uncertainties
related to this average process are much bigger than the shift
given by the inclusion of VT .
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FIG. 2. Left panel: glueball potential V [ω, T ] for di!erent gauge groups: SU(3) solid lines, SU(4) and SU(5) dashed lines. The
colors correspond to the confined (black) or deconfined (red) phase. In the confined phase the potential is independent on the
gauge group, while it is weakly dependent in the deconfined phase. Note that in this case the potentials for SU(4) and SU(5)
are indistinguishable.
Right panel: e!ective glueball mass as function of the temperature for various gauge groups: SU(3) solid line, SU(4) dashed
line and SU(5) dotted line.

ric as

ω̈+ 3Hω̇+ εωV [ω, T ] = 0 , (9)

where the dot represents the derivative with respect to
the cosmic time t and H = 1/2t is the Hubble parameter
during a radiation-dominated era. The energy density of
the glueball field is given by

ϑ =
1

2
(ω̇)2 + V [ω, T ] , (10)

and this quantity is used to compute the glueball DM
relic density. During a radiation-dominated era, where
we expect the confinement to happen, there is a relation
between the time and photon temperature Tε

t =
1

2

√
45

4ϖ3g→,ϑ(Tε)

mP

T 2
ε

, (11)

where mP = 1.22→1019 GeV is the Planck mass and g→,ϑ

is the number of energy-related degrees of freedom. Thus,
Eq. (9) can be rewritten as a function of the temperature
as

4ϖ3g→,ϑ

45m2
P

ϱ4T T 6 d2ω

dT 2
+

2ϖ3

45m2
P

dg→,ϑ

dT
ϱ4T T 6 dω

dT
+εωV [ω, T ] = 0 ,

(12)
where the temperature of the dark sector T , such that
Tε/T = ςT , governs the moment of the phase transition
and ςT is model dependent, being determined by the in-
teractions with the visible sector. Moreover, the second
term can be neglected for a large range of temperatures
as g→,ϑ is constant except at a few isolated events of en-
tropy production (the QCD phase transition, for exam-
ple). We consider it as a free parameter, depending on
the moment in which the phase transition happens and,
if g→,ϑ is constant, it can be reabsorbed in the definition

of the temperature ratio by defining ϱ↑T = ϱT g
1/4
→,ϑ .

The glueball evolution is analogous to a damped oscil-
lator in a non-linear potential, and the energy stored in
these oscillations around ωmin ↑ 0.28!

ϑ =
2ϖ3g→,ϑ

45m2
P

T 6ϱ4T

(
dω

dT

)2

+ V [ω, T ] , (13)

will determine the relic DM abundance since this energy
density scales as ↓ T 3, as Cold DM (CDM), when the
harmonic approximation is valid.

Using the following definitions ω = !4ω̃, ϑ = !4ϑ̃, V =

!4Ṽ , ϱ↑T = ϱT g
1/4
→,ϑ , T = !T̃ and µ2 = 4ϖ3ϱ↑4T !2/45m2

P ,
Eq. (12) can be written as

µ2T̃ 6 d2ω̃

dT̃ 2
+ εω̃Ṽ [ω̃, T̃ ] = 0 ,

ϑ̃ =
µ2T̃ 6

2

(
dω̃

dT̃

)2

+ Ṽ [ω̃, T̃ ] ,

(14)

which is solved from an arbitrary temperature Ti > Tc

down to some final temperature Tf in the confined phase,
and from this temperature on the evolution is simply de-
termined by the cosmological expansion. In Fig. 3 we
show the results of Eq. (14). In the left panel we show the
evolution of the glueball field for di”erent gauge groups.
The amplitude of the oscillations in the confined phase
is related to the relic energy density. Therefore, we ex-
pect that, for the choice of parameters shown in the fig-
ure, SU(5) gives an abundance slightly larger than SU(4)
and significantly larger than SU(3). In the right panel of
Fig. 3 we focus only on the case of SU(3), to highlight the
dependence on the initial conditions. the evolution of the
glueball field is shown for three di”erent choices of initial
conditions in the hot phase (on the right of the verti-
cal dashed line denoting the critical temperature). After
the phase transition the evolution of the three lines is
qualitatively similar, suggesting that there is a weak de-

Top: Polyakov-loop evolution across the transition.

Bottom: glueball effective potential in confined/deconfined phases.
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Strong coupling dynamics reshapes the glueball relic abundance

Main scaling law

ΩDMh2 ∝ ζ−3
T Λ/Λ0, Λ0 ∼ 100 eV

▶ Same parametric scaling:
scale Λ and temperature ratio ζT
are key inputs (Pasechnik, Z.-W. Wang

et al. 2022; 2023)

▶ Different normalization:
lattice-informed strong-coupling
effects lower the abundance up to
an order of magnitude relative to
past estimates (Pasechnik, Z.-W. Wang

et al. 2022)

▶ Main outcome:
a robust mapping between Λ and
the observed DM relic density

9

FIG. 6. Parameter space of glueball DM expressed in terms of the confinement scale ! and the dark-to-visible sector temperature
ratio ω→1

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

T by its cosmological evolution. The gray regions are excluded by various arguments (see the text for more details):
the confinement scale has to be sub-Planckian; the phase transition (PT) has to happen after inflation; 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 ω→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 inflation. In
this case we expect a strong damping of the oscillations
of the glueball field, suppressing the relic density. There-
fore, we consider that, in order to produce glueball DM,
the phase transition cannot happen before or during in-
flation. This discussion motivates us to use ω→1

T as a free

parameter: if ω→1
T → O(1), we are modeling a dark sec-

tor with interactions strong enough to establish thermal
equilibrium soon after inflation; if ω→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 ω→1

T is
an extremely powerful and general method describing in
an unified 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 verified in the

allowed region of the parameter space. When cannibal-
ism is finished, glueballs are mildly relativistic, with an
average energy roughly 1.5 mgb. 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 field
amplitude ε0, with the particle mass mgb [65]. The field
amplitude is directly connected to the glueball number
density ngb = ”ϑc/mgb ↓ 94 cm→3(#/ eV)→1 through

ε0 =
√

ngb/2mgb ↓ 2.5 ↔ 10→7 eV(#/ eV)→1. Since
mgb ↗ ε0, the structure formation is indistinguishable
from collisionless DM.

This discussion is motivated by the flexibility 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.

Glueball relic abundance from lattice-informed thermal EFT. A large portion of

parameter space is viable, mostly as a subdominant DM component.
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The abundance picture is robust across SU(N) and thermal histories

Beyond the minimal benchmark

SU(N), N = 1, 2, 3, . . . + ζT ̸= 1

▶ Mild gauge-group dependence:
changing N modifies the details but not the
overall relic-abundance picture

▶ Thermal history matters through ζT :
the visible-to-dark temperature ratio
determines where the observed relic density is
reproduced (Pasechnik, Z.-W. Wang et al. 2023)

▶ Broad viable window:
glueball DM survives over many decades in
the confinement scale

4

where mP is the Planck mass and g⇤,⇢(T�) is the number
of degrees of freedom of the SM bath at temperature
T� = ⇠T T . Note that the dark sector temperature T is
the one that governs the phase transition, i.e. entering in
Eq. (2). In terms of this variable Eq. (7) reads

4⇡3g⇤,⇢

45m2
P

⇠4T T 6 d2�

dT 2
+

2⇡3

45m2
P

dg⇤,⇢

dT
⇠4T T 6 d�

dT
+@�V [�, T ] = 0 ,

(9)
where the second term can be neglected for a large range
of temperatures as g⇤,⇢ is constant except at a few iso-
lated events (the QCD phase transition, for example).
We consider it as a free parameter and take g⇤,⇢ = 100,
which has very little impact on our final result. The
visible-to-dark sector temperature ratio can be absorbed
in an e↵ective Planck mass, M ⌘ mP /⇠2T .

The non-perturbative dynamics of the system is en-
coded in Eq. (9) and, after the phase transition, we as-
sume that the energy density stored in the glueball field
gives precisely the DM relic density. From the particle
physics point of view the evolution can be described as
follows. In the deconfined phase the Universe is popu-
lated by dark gluons that form glueballs at the phase
transition, thanks to the interaction term in Eq. (5).
When the phase transition is completed, DM glueballs
populate the Universe and interact with each other fol-
lowing the potential in Eq. (5), corresponding to inter-
actions in the form (�� �min)n for n = 2, 3..., with �min

being the value of the field at the minimum of the po-
tential. The importance of the higher-n terms depends
on the displacement of � from its minimum, which is a
measure of the glueball density. If, for example, � is very
close to its minimum, only the quadratic term is relevant,
which is equivalent to having a massive free field. On the
other hand, large amplitudes (i.e. larger densities) for
� require increasingly more non-linear interaction terms
(see also Refs. [70, 71]).

In Fig. 2 we show the evolution of the glueball field
as a function of temperature, starting from di↵erent ini-
tial conditions set in the deconfined phase. In the very
early stage, the field evolution is dominated by the Hub-
ble friction and it remains frozen until H becomes com-
parable to the temperature-dependent e↵ective glueball
mass in the deconfined phase, represented by the gray
region labelled as H ' mgb(T ). This happens at a tem-

perature Tosc ⇠
p

M⇤, when the field starts to oscillate
around the minimum of the potential, shown as a dashed
red line in Fig. 2, with a damped amplitude. We take
Tosc � Tc, as M � ⇤, unless the confinement scale is
close to the Planck scale or the dark sector is very cold.
Therefore, the oscillations of the glueball field in the de-
confined phase have enough time to decay, regardless of
initial condition, and � just follows the minimum of the
potential (with damped oscillations of small amplitude
but with an increasing average speed) until the phase
transition occurs at Tc (see Fig. 2). At the critical tem-
perature, the value of the Polyakov loop jumps discon-
tinuously, causing a discontinuous jump in the minimum

FIG. 2. Evolution of the glueball field for a phase transition
scale ⇤ = 10�5mP , c1 = 1.225 and di↵erent initial conditions.
The grey region indicates the phase in which the glueball mass
is comparable with the Hubble parameter, H ' mgb(T ). The
vertical dashed line marks the phase transition at Tc = 1.61⇤.
The red dashed line shows the evolution of the minimum of
the glueball potential.

of the glueball potential, as shown in Fig. 1, generating
oscillations with a high initial velocity that wash out any
dependence on initial conditions at T > Tc.

Glueball relic density—In the confined phase, � is dis-
placed enough from its minimum to allow for annihilation
of n glueballs into m < n glueballs, n ! m, which is pos-
sible because of the n+m-th order interaction term in the
Lagrangian. As the glueball number density decreases,
all the higher order n ! m processes become less e�cient
until the only e�cient number-changing process is 3 ! 2.
Note that the 3 ! 1 and 2 ! 1 processes are prohib-
ited due to kinematic constraints arising from the energy
conservation. The 3 ! 2 interactions are precisely the
ones determining the relic abundance of glueballs when
�3!2 < H. The evolution is that of a simple damped os-
cillator in a non-linear potential, and the energy stored
in these oscillations around �min ⇡ 0.28⇤ corresponds to
the relic DM abundance, namely, ⌦h2 = ⇢/⇢c, where the
critical density is ⇢c = 1.05 ⇥ 104 eV cm�3, and

⇢ =
2⇡3

45
g⇤,⇢(T )

T 6

M2

✓
d�

dT

◆2

+ V [�] . (10)

This energy density scales as ⇠ T 3, as CDM, when the
harmonic approximation is valid, i.e. after the decoupling
of 3 ! 2 interactions. Numerically solving Eq. (9) down
to the temperature Tf , and below this temperature the
evolution is simply determined by the cosmological ex-
pansion, for ⇤ . 0.1 M , the energy density is given by
0.015 . T�3

f ⇤�1⇢ . 0.020 for 1.035 < c1 < 1.415. In
conclusion, the predicted glueball relic density is

0.12⇣�3
T

⇤

137.9 eV
. ⌦h2 . 0.12⇣�3

T

⇤

82.7 eV
, (11)

and this result should be compared to ⌦h2 ⇠
0.12 ⇣�3

T ⇤/5.45 eV [1], which overestimates the relic den-
sity by one order of magnitude. This di↵erence is due
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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.

according to the e↵ective Lagrangian

L =
1

2
@µ�@

µ�� V [�, `] ,

V [�, `] =
�4

28c2


2 ln

✓
�

⇤

◆
� 4 ln 2 � ln c

�
+

+
�4

28c2
P[`] + T 4V [`] ,

P[`] = c1|`|2 ,

V[`] = �b2(T )

2
|`|2 + b4|`|4 � b3(`

3 + (`⇤)3) ,

b2(T ) =
4X

i=0

ai

✓
Tc

T

◆i

,

(5)

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

|`±| =
3b3

4b4

0
BBBBB@

1 ±

vuuuut
1 +

512 b2(T )b4 � 4
c1b4

c2

✓
�

T

◆4

1152 b2
3

1
CCCCCA

,

(6)
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)

Top: thermal evolution across the confinement transition.

Bottom: glueball condensate through the transition.
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Portal fermions open a richer composite dark sector

Confining dark Yang–Mills sector
+ electrically charged vector-like fermion portal

Heavy portal

MΨ ≫ Λ
strongly suppressed electromagnetic couplings

composite heavy ALP-like dark matter

radiative stability over broad parameter space
explored in Pasechnik, Z.-W. Wang et al,

PRL 135 (2025) 021001

Light portal

mψ ∼ few–tens GeV
odd-photon amplitudes cancel

stable C-odd vector glueball (oddball)

xenon-scale direct-detection target
explored in Pasechnik, Z.-W. Wang et al, arXiv:2602.18753

portal scale =⇒ which composite state becomes phenomenologically relevant
Dark glueball direct detection 8 / 16



Heavy portals generate a new composite ALP-like DM window

Heavy-portal regime

MΨ ≫ Λ ,

▶ Composite pseudoscalar states:
confinement generates heavy GALPs

▶ Key effect:
the photon coupling is suppressed by the
heavy portal mass rather than fixed by the
usual one-scale ALP logic

▶ Main outcome:
viable heavy composite ALP-like DM over a
broad unexplored parameter region

Characteristic scaling

gaγ ∝ m3
GALP
M4

Ψ

5

FIG. 1. The GALP-photon coupling gGALPω versus mass mGALP = 6!. The upper hatched domain is excluded by the GALP
DM stability constraint, requiring GALP stability on cosmological scales ”ω < t→1

U ; the left hatched domain is excluded by
bounds on self-interacting DM [42], while the blue region is ruled out by astrophysical DM searches as well as by the cosmological
bound specified in the text. The red dashed lines represent the GALP coupling-mass relation in Eq. (17) for four distinct values
of M!. The upper axis shows the value of ω→1

T needed to make GALPs the totality of DM for a given mass, considering
!0 = 100 eV.

Due to GALP DM being heavy with !-loop sup-
pressed interactions to the visible sector, the unitar-
ity constraint [78], 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 confinement in the dark gauge sector, while equilib-
rium with visible one was reached only asymptotically
at T ↭ M! → ”, i.e. in deconfined phase. The GALPs
were formed at T ↑ ω→1

T Tω ↓ ” with ω→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
#ω ↓ g2

GALPωT
3
ω ω

→3
T with H ↓ T 2

ω /MP, leading to the

equilibrium condition gGALPω ↭ (Tωω
→3
T MP)→1/2. The

latter suggests that GALPs with gGALPω ↫ 10→18 GeV→1

have not been in thermal equilibrium since their produc-
tion epoch, in agreement with [79]. 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, 80].

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 (17). In the suggested framework, ALPs
emerge as glueball states (or GALPs) of a confining dark
Yang–Mills sector. We build the first minimal reali-
sation of GALPs with yet unexplored vast domains of
the physical parameter space naturally featuring large
masses mGALP > 120 MeV and highly suppressed pho-
ton couplings gGALPω < 10→23 GeV→1 that arise with-
out any fine-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

Composite heavy ALP-like DM occupies a new mass-coupling

region beyond conventional ALP expectations.

{Λ,MΨ} =⇒ new composite ALP phenomenology
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Portal scale selects the dominant composite-DM signal

Heavy portal

MΨ ≫ Λ

Dominant state

composite heavy ALP-like DM

Main observable

decaying DM via strongly suppressed
electromagnetic coupling;

heavy ALP searches

gaγ ∝ m3
a

M4
Ψ

Pasechnik, Z.-W. Wang et al, PRL 135 (2025) 021001

Light portal

mψ ∼ few-tens GeV

Dominant state

C-odd vector glueball
(oddball) DM

Main observable

coherent nuclear recoil via
two off-shell photons

σSI ∝ Λ2.15m−8
ψ

Pasechnik, Z.-W. Wang et al, arXiv:2602.18753

same dark confinement =⇒ different portal scales, different experimental windows
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Why direct detection of glueball DM is nontrivial

Short-distance matching is under control

portal fermion loop =⇒ local dim-8 EFT

▶ Glueballs are neutral and composite

▶ Nuclear recoil proceeds via two virtual
photons

▶ The missing ingredient is nonperturbative:
the doubly-virtual glueball Compton tensor
(Pasechnik, Z.-W. Wang et al. 2026)

The same dim-8 operator =⇒ both glueball decay and scattering

Portal-fermion loop matched onto the effective

two-photon–glueball interaction.

χA → χA requires T χ
µν(γ

∗γ∗ → χχ)

Conceptual bottleneck

portal EFT known ̸= nuclear recoil amplitude known
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A light portal makes the C-odd oddball a viable DM candidate

Two-flavor light-portal setup

ψ+, ψ− with Qψ+ = −Qψ−

▶ Approximate dark-flavor symmetry:
mψ+ ≃ mψ− ≡ mψ

▶ Odd-photon amplitudes cancel:
one oddball + (2n + 1)γ vanishes in the
symmetric limit

▶ Phenomenological payoff:
the lightest C-odd vector glueball becomes
long-lived / stable

Selection rule

Q 2n+1
ψ+

+ Q 2n+1
ψ−

= 0 =⇒ A(χ+ odd # γ) = 0

Lattice glueball spectrum: the relevant direct-detection target is

the light C-odd vector oddball.

light portal =⇒ stable C-odd vector glueball =⇒
direct-detection target
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Oddball recoil via two off-shell photons exchange

Coherent Coulomb regime

χA → χA via γ∗γ∗

▶ Galactic DM kinematics:
vrel ∼ 10−3 and coherent nuclear scattering

▶ Dominant process:
exchange of two longitudinal off-shell photons

▶ Nonperturbative input:
doubly-virtual glueball Compton tensor Tχ

µν

(Pasechnik, Z.-W. Wang et al. 2026)

Factorized picture

Tχ
µν ∼ Γ(γγPD ) ∆PD

Γ(χχPD )

Two-photon recoil diagram and factorized dark tensor-Pomeron

description of the glueball Compton tensor.

portal EFT + nonperturbative Compton tensor
=⇒ predictive recoil amplitude
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Xenon detectors probe a distinctive light-portal window

Main prediction

σSI ∝ Λ2.15 m−8
ψ

▶ Steep portal dependence:
the recoil rate is extremely sensitive to the
light fermion mass (Pasechnik, Z.-W. Wang et al.

2026)

▶ Characteristic target region:
Λ ∼ 0.5–5 GeV,
mψ ∼ 3–30 GeV

▶ Experimental payoff:
current and next-generation xenon detectors
probe the viable parameter space

nonperturbative glueball DM =⇒
quantitative DD target

SI oddball-nucleon cross section reach in the light-portal regime.
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The light-portal window can remain phenomenologically viable

Minimal EW-complete setup
light charged portal embedded in a

split-mixing singlet-doublet completion

▶ Z-phobic window: light portal states avoid
full-strength Z couplings

▶ Higgs-width safety: portal Yukawa is
sequestered into a second scalar doublet Φ

▶ EW precision: positive fermionic ∆T can be
compensated by a negative scalar contribution

▶ Collider interpretation: the portal pair
hadronizes and the visible signal is controlled
by displaced glueball decays

Collider-compatible benchmark point

mψ = 20 GeV, f = 0.394, mX ≃ 119 GeV

Λ = 3.5 GeV, vΦ = 30 GeV, θs = 2.5 × 10−3

Observable Bound Benchmark
∆ΓZ ≲ 2.3 MeV 2.30 MeV
∆ΓW ≲ 0.10 GeV 0
Tferm ≲ 0.2 0.18
BRBSM(h) < 0.107 0.088
cτ0++ 1 mm–1 m 5.8 cm

Benchmark and constraint logic adapted from the EW-complete

light-portal construction and PandaX benchmark summary.

portal EFT + nonperturbative Compton tensor =⇒ predictive recoil amplitude
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Conclusions

1. Relic abundance under control
lattice-informed thermal EFT

puts dark-confinement cosmology
on a quantitative footing

2. Portals enrich dark-sector pheno
heavy portals → composite heavy ALP-like DM

light portals → viable C-odd oddball DM

3. Direct detection is now quantitative
two-photon recoil + nonperturbative

Compton-tensor modeling yield
a predictive xenon signal

4. Broader program
xenon detectors, colliders, indirect probes,

and gravitational waves offer
complementary tests of dark confinement

confining dark sectors =⇒ composite DM under precision control

Thank you!

Dark glueball direct detection 16 / 16


