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Why confining dark sectors?

» Hidden non-Abelian sectors:
clean UV-motivated framework for [Dark gauge sector: SU(N)DJ
strongly coupled DM

» Pure Yang—Mills limit: dark gluons
confinement at A generates a glueball

spectrum \U/

» Why start here?

pure glue is the cleanest confinement at A
nonperturbative case with robust

lattice input \U/

» One framework for:
relic abundance, portals, DD glueball spectrum

dark confinement — /|\
predictive composite DM lattice [Cosmo|ogy] [detectors]
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Confining dark sectors: current landscape

Minimal / pure-glue sectors Effective descriptions / broader sig

» Hidden non-Abelian sectors provide a clean » The confinement transition has been
framework for secluded strong dynamics described with Polyakov-loop, matrix-model,
(Strassler & Zurek 2007; Kribs & Neil 2016) and holographic approaches (z.-w. Wang et al.

0 oo . 2021; Kang et al. 2021; Halverson et al. 2021
» In the pure Yang—Mills limit, confinement & )

generates a tower of glueball states (Morningstar
& Peardon 1999; Chen et al. 2006)

» With fermions, one encounters chiral
structure and richer phase dynamics

(Z.-W. Wang et al. 2022; Helmboldt et al. 2019;
» Dark glueballs have long been studied as Pasechnik, Z.-W. Wang et al. 2024)

viable composite-DM candidates in standard >
and non-standard cosmologies (Soni & Zhang
2016; Forestell et al. 2017; Acharya et al. 2017)

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

» Early portal realizations already connected » Confining dark sectors also motivate GW,
hidden glue sectors to visible-sector pheno collider, and indirect-detection signatures
(Juknevich et al. 2009; Juknevich 2010) (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 2. Relic density 4. Xenon signal

Polyakov loop lattice-informed heavy vs. light oddball DM
+ glueball EFT cosmological evolution fermion portals direct detection
A QDM h? 8Gry OSI

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

H H Siob 28
_ 4 < s .
VIH, (] = STV HPA VR S
0.0l . 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0
’
» Polyakov loop /¢: order parameter of the
confinement transition (Pisarski 2000; Z.-W. Wang 0.25
— T=0.5 T. ) 6.0
et al. 2021) 0.20 715 1. :5?’, £ 5.5
» Glueball field H « ¢*: pure-glue dynamics 2010 S/ Sas
. ’ 4.0
constrained by the trace anomaly (Schechter 0.05 Y f s _
1980; Migdal & Shifman 1982; Sannino 2002) o'%?l&l).w 0.20 0.25 0.30 0.35 3075 4 6 8 10
/N T/A
> Key pomt: lattice-informed phase structure Top: Polyakov-loop evolution across the transition.
fixes the cosmo|0g|ca| initial conditions for Bottom: glueball effective potential in confined/deconfined phases.
glueball evolution (Pasechnik, Z-W. Wang et al.
2022; 2023)
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Strong coupling dynamics reshapes the glueball relic abundance

Main scaling law

Qpmh? o< C73A/Ng, N ~ 100eV

1030
1026

» Same parametric scaling: 1022¢

scale A and temperature ratio (1

. — 18¢
are key inputs (Pasechnik, Z-W. Wang > 10 Qgh?>0.12
et al. 2022; 2023) — 1014}
. N < 10
» Different normalization: 1077
lattice-informed strong-coupling 10°¢
effects lower the abundance up to 102¢
an order of magnitude relative to 10-2
past estimates (Pasechnik, Z.-W. Wang 10—8 10—6 10—4 10—2 1
et al. 2022) 1
Cr~

» Main outcome:
a robust mapping between A and
the observed DM relic density
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Glueball relic abundance from lattice-informed thermal EFT. A large portion of

parameter space is viable, mostly as a subdominant DM component.



The abundance picture is robust across SU(N) and thermal histories

Beyond the minimal benchmark

SUN), N=1,2,3,... + (r#1

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

» Thermal history matters through (7: l1.ob— 112
the visible-to-dark temperature ratio 0.8 -- a=l.31
determines where the observed relic density is o6
reproduced (Pasechnik, Z.-W. Wang et al. 2023) S0 \

» Broad viable window: 0.2 TTEe——
glueball DM survives over many decades in 0. O T S T T T T S0
the confinement scale T/,

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 Light portal

My > A my, ~ few-tens GeV
strongly suppressed electromagnetic couplings odd-photon amplitudes cancel
composite heavy ALP-like dark matter stable C-odd vector glueball (oddball)
radiative stability over broad parameter space xenon-scale direct-detection target

explored in Pasechnik, Z.-W. Wang et al,
PRL 135 (2025) 021001
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explored in Pasechnik, Z.-W. Wang et al, arXiv:2602.18753



Heavy portals generate a new composite ALP-like DM window

. —1
Heavy-portal regime r
B 1072 1073 1074 10°°
e S S R
My > N, 10-20 [ / /
. 10-22 \\\l\ < :7/\ /// “ﬁm]%lgl)il y i
» Composite pseudoscalar states: 10724 %}\ & Yy cosmological scales |
. —~ 109-26} .S by 7//777.
confinement generates heavy GALPs T E T T 7
> 10 & | o
[ 10730 54 /
> Key effect: C 107 E | .
. . -34F 7
the photon coupling is suppressed by the E 18736 '@ } 4,
. |
heavy portal mass rather than fixed by the 8 107 gn}
. 10° ‘ <
usual one-scale ALP logic To-a2b B
R }
» Main outcome: 10740 bl : : s : :
] ' . . 1072 1 107 10* 10° 10%  10'°
viable heavy composite ALP-like DM over a maas(GaV)

broad unexplored parameter region
Composite heavy ALP-like DM occupies a new mass-coupling

Characteristic Scaling region beyond conventional ALP expectations.

8oy X m%/;l:‘LP {\, My} = new composite ALP phenomenology
v
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Portal scale selects the dominant composite-DM signal

Heavy portal Light portal

My > A my, ~ few-tens GeV
Dominant state Dominant state
composite heavy ALP-like DM C-odd vector glueball
Main observable (oddball) DM

decaying DM via strongly suppressed Main observable

electromagnetic coupling;
heavy ALP searches

coherent nuclear recoil via

two off-shell photons
m3

—2a
4
M\U

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

2.15, -8
Bay X ogr o< N\ m,,

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

. . . Th dim-8 tor = both glueball d d scatteri
Short-distance matching is under control T e e
: : a1 e o
portal fermion loop = local dim-8 EFT S L _ __4v§:;§mw
oo ! U4 ",
t, A ,‘j/\,\/vb 5

» Glueballs are neutral and composite
. . . Portal-fermion loop matched onto the effective
» Nuclear recoil proceeds via two virtual ) .
two-photon—glueball interaction.
photons

» The missing ingredient is nonperturbative:

the doubly-virtual glueball Compton tensor XA — YA requires T;V(”y*’y* — XX)
(Pasechnik, Z.-W. Wang et al. 2026)

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 ) 0T

ot+— %::
1/}+, w_ with Qw+ = 7Qw— 2.0 3t 3 — 1=
. 2- b —
» Approximate dark-flavor symmetry: mag 15|,y gt — !
~ = m
My, = My_ = My % 10 e
» Odd-photon amplitudes cancel: 05
one oddball + (2n + 1)7 vanishes in the '
T 0.0
symmetric limit . F o _
» Phenomenological payoff:
the Iightest C-odd vector g|ueba|| becomes Lattice glueball spectrum: the relevant direct-detection target is
Iong—lived / stable the light C-odd vector oddball.

Selection rule .
light portal = stable C-odd vector glueball —

Qz:+1 + ij“ =0 = A(x+odd # ) =0 direct-detection target
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Oddball recoil via two off-shell photons exchange

Coherent Coulomb regime

/‘C{CUT)U"\"UCU""U\.O"?‘\ o

A— XA via
X X ’7 ’7 000;2 g.mox/ - 7_//

» Galactic DM kinematics:

2
Vrel ~ 1073 and coherent nuclear scattering ; <§ [é%
) I
» Dominant process: —’ﬁ\/h'—

exchange of two longitudinal off-shell photons

Two-photon recoil diagram and factorized dark tensor-Pomeron

» Nonperturbative input:
doubly-virtual glueball Compton tensor T},
(Pasechnik, Z.-W. Wang et al. 2026)

F - portal EFT 4+ nonperturbative Compton tensor
. predictive recoil amplitude

TX, ~ rOvPo) Ap TOXPD)

description of the glueball Compton tensor.
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Xenon detectors probe a distinctive light-portal window

Main prediction

osp X N215 m;s 10745
80
» Steep portal dependence: 10-47 0
the recoil rate is extremely sensitive to the _ - c0
. . ~ -49
|Ight fermion mass (Pasechnik, Z.-W. Wang et al. i 10 i
2026) g) 10-5t 0 E‘J
har. risti r region:
» Characteristic target regio Lo-53 andaxxT (200 £y
N~ 0.5-5 GeV, PandaX-4T (2025) 20
— == LZ (2025)
My, ~ 3-30 GeV — = Neutrino floor
» Experimental payoff: 20 40 60[(; V]SO 100 120
. m e
current and next-generation xenon detectors X
robe the viable parameter space S| oddball-nucleon cross section reach in the light-portal regime.
p p p

nonperturbative glueball DM —
quantitative DD target
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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 ¢

EW precision: positive fermionic AT can be
compensated by a negative scalar contribution

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

The light-portal window can remain phenomenologically viable

Minimal EW-complete setup Collider-compatible benchmark point

my =20 GeV, =039, mx~119 GeV

A=35GeV, vo=230GeV, 6;=25x10"3

Observable Bound Benchmark
Al 7 <23 MeV 230 MeV
ATy < 0.10 GeV 0
Tterm <02 0.18
BRpsm(h) < 0.107 0.088
CTo++ 1 mm-1m 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 3. Direct detection is now quantitative

lattice-informed thermal EFT two-photon recoil + nonperturbative
puts dark-confinement cosmology Compton-tensor modeling yield
on a quantitative footing a predictive xenon signal
2. Portals enrich dark-sector pheno 4. Broader program
heavy portals — composite heavy ALP-like DM xenon detectors, colliders, indirect probes,
light portals — viable C-odd oddball DM and gravitational waves offer

complementary tests of dark confinement

confining dark sectors = composite DM under precision control

Thank you!
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