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The central dilemma

Philosophy of a Minimal Model. Extend the particle content as little as possible, while using
the interactions we already know exists in nature (viz. SM gauge interactions).
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Most such models excluded or strongly
constrained in the standard freeze-out
scenario.

Conventional freeze-in models typically
requires extremely feeble interactions,
making experimental detection challenging
if not entirely impractical.

Either such models do not exist, or we have
little hopes of discovering them!!!
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= A concrete possibility for experimental making experimental detection challenging
discovery. The mediators are the known if not entirely impractical.
electroweak bosons - targets for colliders
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little hopes of discovering them!!!

A discouraging prospect - but are we giving up on them too soon?
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The minimal SU(2), doublet Dark Matter

SM is extended by two LH Weyl doublets with equal and opposite Y.

xi~(2,+Y),  x2~(@2,-%), L£>-Mxixe+he.
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The minimal SU(2), doublet Dark Matter

SM is extended by two LH Weyl doublets with equal and opposite Y.

xi~(2,+Y),  x2~(@2,-%), L£>-Mxixe+he.

Minimal particle content Tree-level Z exchange
= After EWSB, we get
Lo 57§00
n 2cosOy "
wo = X2 , vt = (X))
X1 X2 o) ~ 4.7 x 107 cm?
= Radiative splitting Am ~ 350 MeV. The TeV-scale thermal relic is excluded by

- direct detection.
= A 7, stabilizes the neutral state.

LZ bound (2025): m > 1.4 x 10'° GeV - grossly overproduced by freeze-out.
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Framework: Freeze-in at sizeable coupling

xr= mD]\[/T

= From zero initial population, bath reactions
slowly build up the DM abundance.

= Reactions stop when there is not enough
energy in the bath to efficiently produce
DM (roughly when mpy > T).

= Feeble couplings - never reaches equilibrium.
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What if mpy > Ton?

‘Thermal distribution (relative)
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Particle energy / temperature, £/T

= A cold bath still has a high-energy tail
crossing the threshold /s > 2mpy,
which can produce DM.
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What if mpy > Ton?

‘Thermal distribution (relative)

o

2

a 6 8
Particle energy / temperature, £/T

A cold bath still has a high-energy tail
crossing the threshold /s > 2mpy,
which can produce DM.

Yprod X e—QmDM/T' Y, e—2mpm/ T

To reproduce the observed abundance,
stronger couplings must compensate for
Boltzmann suppression [Cosme, Costa
& Lebedev (2023)].
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DD constrains and probes the doublet parameter space

qq’ — WOWO, qq — WHw— Yt 5 YorE
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mYso ~ 4.3 x 10710 GeV —> m/ T =~ 27.
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DD constrains and probes the doublet parameter space
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A pseudo-Dirac splitting reopens lower masses

Allow a small Majorana mass for neutral Weyl components, say, by dimension-5 Higgs operators
like %(XlH)z:

01 2
2 2
Splits the Dirac W? into a pseudo-Dirac pair (W1, W,) with masses my, ~ M F %6 for § = 01 + Jo:

L2 -MxIx3— xI8 — =3x8 + hee.,

Vs L WO ). was (- o),

V2 V2
The Z coupling becomes off-diagonal Loop-induced scattering remains
2P 10747 cm?
_ ST
Z, Vo vy

= Estimated lower mass: m 2 300 GeV.

Inelastic channel \Ul + N — \Ug + N closes - Projected DARWIN reach: m ~ 6 TeV.
when 6 > Ty nv2, = 0 > O(100 keV).

ax
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Larger electroweak representations

= Doublet: imposed stability. Permits gauge invariant, renormalizable couplings to SM
leptons that allow DM decay - need additional Z, symmetry.

= Larger fermion multiplets: accidental stability. For n > 5, gauge invariant decay modes
only possible via non-renormalizable operators suppressed by a scale A - If A 2> Mp), TeV
scale candidates can be cosmologically long-lived [Cirelli, Fornengo & Strumia (2006)].

= Does this protection survive the much larger masses accessible through Boltzmann-suppressed
freeze-in? On the contrary - one might expect decay signatures from higher order reps.
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Larger Electroweak Representations

Different representations show very different detection limits!

10733 qu'n’xllluplcl Y = -2: 10-38 ,quh/l/tuplvt Y=2
triplet ¥ = +1 " quintuplet Y = 41
1010 doublet ¥ = £1/2 1040 y
z il _ 2 .
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e No tree level Z-coupling for Y = 0. e Indirect detection (ID) excludes lower mass
ranges for Y = 0. e Decay limits on n = 5 model from Auger’s ~-ray searches.
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Conclusions

@ Freeze-in need not imply feeble interactions.
Boltzmann-suppressed production for mpy > T,1, permits sizeable couplings consistent with
the observed relic abundance, bringing freeze-in dark matter within experimental reach.

® Revives the Electroweak doublet DM.
Within the framework of Boltzmann-suppressed freeze-in, minimal DM models, with
interactions fixed solely by the SM gauge groups, are consistent with current searches and
can be probed by future experiments.

©® Freeze-in with higher electroweak representations.
Need to reassess the strong stability statements in the context of higher masses required by
freeze-in. Alternatively, gives rise to decay signals from higher representation models,
potential target for v-ray and neutrino telescopes.

arXiv:2510.01311 arXiv:2602.10112 arXiv:2604.00210

-Thanksl!-
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Generalization I: Non-instantaneous reheating

Instantaneous reheating - Relic Non-instantaneous reheating - Relic contour is

contour is a line
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Yer = Yer + YEI

Broadening the reheating era lowers T,y
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Generalization Il: Non-standard cosmologies

Py = WP, T = Trh(arh/a)a
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