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The Thermal Paradigm Faces the Neutrino Floor
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Thermal freeze-out remains our most (In)direct bounds become increasingly
predictive framework for dark matter origin. severe
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The Thermal Paradigm Faces the Neutrino Floor
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The Paradigm Observational Pressure

Thermal freeze-out remains our most (In)direct bounds become increasingly
predictive framework for dark matter origin. severe
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(_: The Loophole r‘ | —— '
Dark Matter coupling preferentially to Novel Probes (this talk)

heavier leptons (u, T) or via Lepton Flavor
Violating (LFV) portals lacks tree-level quark
couplings, ameliorating standard direct
detection limits.

| )

High-energy muon beams, neutron stars. J




Theory targets

“Maximal” Lepton Flavor Violation

= The ALP Portal
= (The ortal)

—
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» Flavor symmetry is explicitly broken. We assume
strictly off-diagonal couplings (e.g., only pt or ep).

Ly O —igpe;al; (sing + cosgry®)€; — igyaxy’x

+ Signatures: Spectacular, virtually background-free
charge-flips.

Minimal Flavor Violation |

(The Leptophilic Scalar) /

- The mediator perfectly respects SM flavor symmetries.
Couplings are strictly flavor-diagonal (LFC) and
Yukawa-like (ecm,/v).

Lirc D EZ —Sf gxSXX
f=e,p,T

+ Signatures: Overwhelmingly favors the t sector.
Experimentally challenging as it perfectly mimics

irreducible SM backgrounds. 5
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N The Shared Thermal Target: Secluded Annihilation
b Form,>m_ ¢, the correct relic density is achieved dynamically via xx—aa or SS.
Crucial Kinematics: This process is strictly p-wave suppressed. p
1



DM Properties and Observations

DM-Electron Scattering: Severely Suppressed
o LFV Portal: Up-scattering (x.=X,,) is kinematically
forbidden for slow galactic DM. Overcoming the mass
gap requires semi-relativistic velocities (attainable in
extreme astrophysics).
o LFC Portal: Tree-level scattering is heavily suppressed
by the tiny electron Yukawa coupling (m_/v).

DM-Nucleon Scattering — can be loop-induced

o LFC scalar: loop-induced scattering (two-photon
exchange) yields competitive bounds today.

Indirect Detection (ID)
o Secluded Annihilation (xx—>aa or SS): p-wave
suppressed (safely hidden today).
o Direct Annihilation (XXt or ep): s-wave
(constrained by CMB / cosmic rays).

Asymmetric DM
o Even if an asymmetry sets the relic density, ID limits

strongly bound the residual symmetric component if
the cross section is near the thermal value.

DM-Electron Scattering
LFV Up-Scattering: astro
X

DM-Nuclei Scattering
Loop-Induced (Uncrossed)

R. Garani etal, 2105.12116
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DM Annihilation
t-channel: p-wave

Elastic: suppressed




DM-Electron Scattering

LFV Up-Scattering: astro Elastic: suppressed

DM Properties and Observationsiliass
 * DM-Electron Scattering: Severely Suppressed /8
o LFV Portal: Up-scattering {x;)xp} is kinematically /\\
forbidden for slow galactic DM. Overcoming the mass i
gap requires semi-relativistic velocities (attainable in © :
extreme astrophysics). DM-Nuclei Scattering

- . - Loop-Induced (Uncrossed
o LFC Portal: Tree-level scattering is heavily suppressed v ( )

by the tiny electron Yukawa coupling (m_/v).
* DM-Nucleon Scattering — can be loop-induced
o LFC scalar: loop-induced scattering (two-photon
| exchange) yields competitive bounds today.
- * Indirect Detection (ID)
o Secluded Annihilation (xx—>aa or SS): p-wave
suppressed (safely hidden today).
o Direct Annihilation (xx=2>pt or ep): s-wave
(constrained by CMB / cosmic rays).

* Asymmetric DM

o Even if an asymmetry sets the relic density, ID limits .
strongly bound the residual symmetric component if yy
the cross section is near the thermal value.

M, = Mg/3 [GeV]



High energy muon beams as BSM probes

* The Energy Frontier: Future facilities
(Muon Collider precursors, uTRISTAN,
or forward LHC muons at the FPF) will
provide unprecedented, high-intensity
TeV-scale muon beams.

* The Production Process: Coherent ++s-+ coherent

ol === diffractive

scattering off heavy target nuclei
produces heavy (O(10) GeV) mediators
via dark bremsstrahlung.

* TeV Energies: The coherent production
cross-section jumps by several orders of
magnitude when scaling from ~100 GeV
to 1 TeV.




Muon tridents

The Signature: Muon-induced di-tau
production, pA—pTt*TA. Can be
through ALP/S decays.
The Challenge: The Standard Model
background: pA—>uT TA.
Dominated by coherent scattering
processes.
o Bethe-Heitler-like: Virtual light-
by-light scattering.
o Compton-like: Virtual photon
| conversion.
The Rate: Extremely rare at lower
| energies, but grows by several orders
3 of magnitude at 1 TeV.




The LFV “Smoking Gun” - muon charge flip

* A visibly decaying LFV ALP (a—p*t¥)
yields a muon charge flip.

- Example: Incident u~ — Final
State LTt

» Challenge: Requires active target
to reconstruct tau leptons & see
no large hadronic activity

« Advantage: If done so, SM
backgrounds are virtually zero!

T “boosted” decay length ~ cm



o Muon energy loss
- BSM favors large muon energy loss
- Challenge: too soft muons undetected

- Cut: ten(s) of GeV cut on outgoing
muon energy

o Tau invariant mass

- In principle can be reconstructed from
muon momenta (for negligible
nuclear recoil)

- In practice: finite resolution, tracking
tau final states can help

# of events
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BP1
E= BP2

10 GeV <Ey, out <50 GeV




HEMERA: High-Energy Muon Electronic Research'Apparatus

Front magnet (off)

Dump
® ® ® ® HEMERA Spectrometer Calorimeter Muon ID

(active target)
TERIRX XXX
Incident + i” -
* - — ~ _~ Outgoing |

Outgoing Vv

Possible operation sequentially with beam-dump (NA62 at CERN)
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Projected bounds

Don’t miss the opportunity:
when planning future high-energy muon beam-dumps, let’s consider active target too

LFV ALP: 10kg target, 10*®* MOT LFC leptophilic scalar (Yukawa-like)

LEP Direct (Z— '[;TS - 47)
-

- —

—— HEMERA @ 1 TeV (108 MOT)
— = HEMERA @ 5 TeV (102° MOT)
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Mg [GeV]




Neutron stars as the ultimate LFV DM (e-p) Iaboratory

Inelastic capture mechamsm

| Extreme Stellar
(-/_\ Parameters /—\‘W
| Up-scattering: 1 e Central Density:
Xe = Xu pe ~1.185x 10> g/cm3

| (Powered by
gravitational boost)

® Fermi Sea Chemical
Potential: iz ~ 250 MeV

HZ/ N\ R /) /e \\ ® Result: Highly efficient
N MW e capture of LFV Dark Matter,
A | N M\ permanently trapping it
S e within the star's
A2 2| Down-scattering: gravitational well.
) R X, X I I
4 s> (Off stable muon N\
= sao population) | - '



Neutron stars as the ultimate LFV DM (e-p) laboratory

Inelastic capture mechanism
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LFV dark matter temperature in neutron stars

Infalling DM (x)

Neutron Star Surface (Rys)

The Standard Scenario: Captured DM repeatedly
scatters elastically, rapidly cooling until it
reaches thermal equilibrium with the cold star
(Tya<<1eV).

The LFV case:

o Tree-level elastic scattering (xe—xe) is
strictly absent in pure LFV models.

o Loop-induced elastic scattering is
astronomically slow (exceeds the age of
the universe).

The Consequence: DM must rely entirely on
inelastic LFV transitions to shed its kinetic
energy.

Kinematics: Both “up™ and “down” scatterings
become kinematically suppressed and DM
temperatures stays high.

________

Effective/Radits (Rep)
/

FIanr-BIocked

Therm‘osphere
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Loop-Induced Elastic Scattering (ye — xe)



Flavor Blocking — Arrested DM Thermalization

The Kinematic Floor: To upscatter/downscatter, energy

and momentum conservation demand the target lepton has
Sl N Amg, :
a minimum 1nitial energy: E,; = ~?—; (where q is the

momentum transfer).
The Freeze-Out:
o As DM cools, the momentum transfer q drops.
o Consequently, the required target energy E,; grows.
o When E,; exceeds the local Fermi chemical potential
(u~250 MeV), the transition becomes strictly Pauli-blocked.
DM Temperature: for a 1 GeV DM particle, the
temperature stabilizes around 43 keV and DM forms a
warm thermosphere inside the NS (orders of magnitude
hotter than NS)

DM Annihilation: this fuels more efficient p-wave DM
annihilations and helps to heat up the star

m, =20 GeV

16 10—11 10—6 10—1 104 109 1014 1019
At [yrs]




Projected bounds

Energy Deposition: Efficient annihilation &
scattering deposits the DM kinetic energy
and rest mass into the star.

Observable: This sustains a uniform 'i o Z= e 11 mun )/

e ey gty B R ——— Y

temperature floor for old, isolated NSs. ™ JTRISTAN (proj.

@—e + Inv

Apparent Temperature: We project bounds
for redshifted temperatures measured at
infinity: To,~1.4%x103—1.7x103 K.

Unmatched Sensitivity: NS heating probes
LFV couplings (g,.) below 1075 for sub-GeV N2
mediators. * 10°

4x10° K

s =1
T, =1Ex10° K
T, =17x10° K

m, |GeV]

Challenge & Future: The coldest currently
observed NS is ~40,000 K. Reaching
T'x~2000 K reqmres next-generation infrared Saturation regime = all DM particles “around” are captured
observatories like the Extremely Large No room for heating the star by increasing g
Telescope (ELT) and dedicated observational

campaigns.



Summary

“I — f”

Elusive thermal DM targets

LJ

[ Leptophilic and LFV dark matter. are challenging thermal 'targets to probe
( |

Novel accelerator probe

High-energy muon beams with active-target detectors (HEMERA) can probe

— new physics via novel channels, such as muon tridents (di-tau)
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“Flavor blockin

LFV dark matter in neutron stars

Extreme neutron star gravity and conditions activate inelastic capture, while

g" arrests DM thermalization. Results in NS temperature floo

‘\ target for dedicated future observational campaigns.
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