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2. New(ish) limits on light HNLs

Sensitivity to derivatively coupled scalars. Flavor-conserving and
and flavor-violating case for ALP-lepton coupling.

Constraints on light dark matter using the reflection on solar
electrons and on cosmic rays.

Light and strongly-interacting DM, as another “blind spot™.
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SM as an Effective Field Theory

Typical BSM model-independent approach 1s to include all possible
BSM operators + light new states explicitly.

EQQQOS = - Standard Model terms (Agp Vo, Hey)
+ Dark Sector interactions (Apg Wps, Hpg) + ...

all lowest dimension portals (A, wa, H, Aps Wps Hpg) X
portal couplings

SM -- Standard Model
DS — Dark Sector [possibly including dark matter states]



Neutral “portals” to the SM

Let us classify possible connections between Dark sector and SM
H'H (158 +A4S) Higgs-singlet scalar interactions (scalar portal)
BV, “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of J,/ 4 , extension)

LHN  neutrino Yukawa coupling, N — RH neutrino

J,/ A, requires gauge invariance and anomaly cancellation

It 1s very likely that the observed neutrino masses indicate that
Nature may have used the LHN portal...
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Constraints on HNLs
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Charged current
production of HNLs
followed by displaced
decays

Lower masses are
typically disfavored
by cosmology.
However, BBN limits
can be relaxed via
dark decays

Sensitivity will be
improved when SH1P
1s built and activated



New HNL constraints from old LSND

* WithY. Ema, Z. Liu and K. Lyu, e-Print: [hep-ph]
s Vu,Pv
H € N,pN e, D2
N et,p1
Production Detection

= Sometimes a pair will look like a single electron = contributes
to v—e scattering sample at LSND. Strong acceptance penalty.

|Uen| = |Urn| =0
T T

_ /1 * Even with the penalty, LSND
e e 13 provides novel constraints due to
‘k / enormous POT.

F N\ . * Future experiments may improve
o} on these constraints.



https://arxiv.org/abs/2306.07315

Derivatively coupled scalars with flavor

* Consider ALP-like scalars derivatively coupled to SM fields. For
leptons it 1s
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and similarly for quarks. (Most generically you got to have to
matrices g; and gy, separately for two lepton chiralities.)

* ALP mass 1s still protected against large radiative corrections
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With: Ema, Fox, Hostert, Menzo, Ray, Zupan, to appear



Flavor conservation, hierarchy and anarchy

* Flavor anarchy: g $0ud g P g etc.
e Flavor conservation: 9" $ Quu $ Gee: Gy = G =0.
* Flavor hierarchy: g S Oy S Gee % Gy, Qe

Depending on type of coupling, certain production modes dominate,
and we will consider ALP production mediated by tau-leptons (gives
larger mass reach, and decay 1s enhanced by )




Enhanced production and displaced decays

* Flavor anarchy 1s special: FCNC production of ALPs will compete
with weak decays of e.g. taus.
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* Because of that even f, ~ 10° GeV can give sizeable production.
* In p-nucleon (e.g. pp) collisions, the likely production chain 1s

pp 2D, 2 t2a.......c..... a =2 u+u- and pe.



Constraints on flavor anarchy scenario

LFV anarchy | gse, =1
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Past beam dumps (CHARM) provide best limits, followed by FASER,
(once mu-e¢ and mu-mu signatures are done)

Currently, for GeV-scale ALPs, f, ~ 10® GeV are constrained. In the
future, scales close to 10'° GeV maybe probed by SHiP.

See related discussion for quark-axion: see e.g. Balkin et al, 2024 °



Flavor conservation

LFC flavor universal | g, =1 . LFCe—71 coupled | gee =grr=1 | guu =0
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* Production is from tau decay (e.g. 7> zv + axion). Displaced decays
are into electron-positron pairs.

* In the future, best sensitivity can be achieved with f, ~ few*10* GeV.
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Flavor hierarchy
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* FCNC production (e.g. 72ea) may still dominate but decays occur to
the flavor-diagonal couplings.

 If lifetimes are shortened, then high-boost experiments (FASER) will
have advantage. Already now, it is covering some new parameter
space. 12



Light Dark matter limitations

Goal: explore multiple collisions of DM to fill in
“blind spots” to light DM

éEnergy threshold
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Main limitation of light WIMP searches

The kinetic energy of galactic dark matter 1s limited by

— 2
Egal, max . pMm (Vescape) / 2.

For MeV-range DM, this energy 1s below the 1onization energy of
Xe (13 eV). For MeV DM maximum kinetic energy is ~ 1 eV

Are there processes that bring DM energy above E, ;) .« ?
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Case 1: DM scattering on electrons. Case 2: DM scattering on nucleons



“Solar reflected DM”: "#1$%&$'(#)!(*!1+,)(-.(  /0(
"] 1*& 21$#3(#-(4506(3, +HHHI*&S (-$(1 7! #*-$3
(An, MP, Pradler, Ritz, PRL 2018, An, Nie, MP, Pradler, Ritz, 2108.10332,
Emken, 2102.12483, Emken et al, 2404.10066)

DM can scatter inside the Sun and get accelerated above the ionization threshold

— 10 em?  — 107 cm?

—————— \ 10%em? — 107 cm?

— 1078 cm?

refl O
Epn Earth

Initial kinetic energy m;. (v, )#/2 with v,» ~10%% (that has an endpoint at ~600
km/sec) can be changed by scattering with electrons, vg ~ (2 Ty /mg)**~ up to
0.1 c. In particular E.g ¢ g can become larger than E o35 0.

Huge penalty 1n the flux of “reﬂect#ed” DM ~ 10% ~ solid angle of the Sun
# halo %# 1RACO.TJ$2 ! engore Reore, 'e & 1 pb,
4 Sy S le$ 1pb.

#reB# 15




Contact mediator, limits on !,
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An, Nie, MP, Pradler, Ritz, 2017, 2022

I Large Xe-based detectors improve sensitivity to ! g through reflected flux.
Sensitivity to cross section on electrons down to 10¥%4cm?,

I Significant fraction of “freeze-out” line for DM abundance is excluded in a
simple WIMP model. 16



Massless mediators, limits on
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An, Nie, MP, Pradler, Ritz, 2021

I Large Xe-based detectors improve sensitivity to ! g through reflected flux.

I Second case, massless mediator = milli-charged dark matter, XelT is sensitive

to Qg few 10%6 ¢,

17
I The results are cross-checked with Stony Brook group (some errors corrected)



Recent developments

Solar-reflected DM was recently searched for in Panda-X:

e T sy e arXiv:2412.19970v1 [hep-ex]
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Enerey keV] Strongest limits on solar-reflected DM to date

Exposure ~ 1.5 ton- year



Light DM accelerated by cosmic rays

* There 1s always a small energetic component to DM flux (Bringmann,
Pospelov, PRL 2019, others) due to interaction with cosmic rays.

* Typically: MeV DM mass = ¢V kinetic energy = sub-eV nuclear
recoils. No limits for 6, jeon.py f0r DM 1n the MeV range.

* This 1s not quite true because there 1s always an energetic component
for DM, not bound to the galaxy. Generated through the very same
Interaction cross section: o,

"He (TR

with cosmic rays generate sub-
dominant DM flux with ~ 100
MeV momentum — perfect for
direct detection type recoil.

Main idea: Collisions of DM RO AP

Lo




Resulting limits on WIMP-nucleon scattering

:Z L gascloud N T * Spin-independent limits.
CMB cooling . .
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* Scattering on free protons
in e.g. Borexino, SNO,
SK sre also very
constraining e.g. for the
spin-dependent scattering.
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* (Ema, Sala, Sato had an
independent work along
the same lines for G,)




Recent developments lil

* 2403.08361 Panda-X results on cosmic-ray DM
e 2503.18158 LZ results on cosmic-ray DM
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Strongest constraints below ~ 100 MeV

Exposure ~ 4.2 ton * year

Coherent neutrino scattering on CaWOy4
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Two blind areas for direct detection

1. ~MeV scale dark matter: Kin Energy = mv?/2 ~ (10-3¢)*(MeV/c?)~¢eV.
Below the 1onization threshold!

2. Strongly-interacting subdominant component of Dark Matter.

Thermalizes before reaching the underground lab,
Kin energy ~ kT ~0.03 eV

(Typically cannot be entire DM, but is limited to fraction f<10-3)
Below the ionization threshold! '\

Ntghtmare embarrassing scenario



Rare species of strongly interacting DM

* Most advanced direct dark matter detection experiments are so far
ahead of other probes that we would not be able to distinguish
between (f,= 1 and =10 -*' cm?, and e.g. f,= 10~ and o= 10*
cm?)

* Assuming a wide range of f,,, 10 -!% to 1 is reasonable, as it can be
broadly consistent with the freeze-out models.

* Iff,<<1(e.g. 10~ ) significant blind spots exist for large scattering
cross section values (e.g. 10-2® cm?) which can easily arise in models
with relatively light mediators. The accumulation and distribution of
DM inside astrophysical bodies (most importantly, the Earth) will
change.
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Density of trapped particles: best mass range =
few GeV.

= Lowest mass — evaporation, Highest mass — traffic jam, intermediate
mass — trapping with almost uniform distribution inside Earth’s
volume.

CRES

» Enhancement of the density can be as high as 10'“. (First noted by
G.Farrar and collaborators)

= “Less is more”. Having 1 GeV particle with £, = 10~ fractional DM
abundance may result in ~ 10°/cm? concentrations, not 10°/cm? . This
has to be exploited. 24



Using underground accelerators to “accelerate”
dark matter

Some of the underground Labs that host Dark Matter detectors, also
have nuclear accelerators (LUNA, JUNA) for a completely
different purpose: studies of nuclear reactions.

We propose to couple nuclear accelerators and dark matter
detectors: accelerated protons (or other nucle1) can strike DM
particles that can subsequently be detected with a nearby detector.

beam pipe

This 1s going to be relevant for models with large DM-nuclear cross
section where A. interaction 1s enhanced, B. density 1s enhanced. .



Spectrum of recoil

* Energy of nuclei in the detector after experiencing collision with the
accelerated DM.
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FIG. 3. Maximum nuclear target recoil energies ER® for dark matter upscattered by beams of protons (left) or carbon (right)
with kinetic energies E, = 0.4 MeV (solid) and E, = 1.0 MeV (dashed) for a selection of target nuclei.

Energy of accelerator 1s ~ MeV and given that the thresholds in many
detectors are keV and lower, this detection scheme 1s realistic.
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New reach in the parameter space

While 100% fraction of these DM particles 1s excluded by
combination of balloon + underground experiments (gray area), the
accelerator+detector scheme 1s sensitive to small f, . 2202.0840
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This 1s a promising scheme that can be tried without additional

enormous investment, with existing accelerators (LUNA, JUNA) o



Nuclear reactors as beam dumps

Commercial reactors produce over 10?° neutrons/sec. It is a source of
anti-neutrinos, and can also be viewed as a neutron beam dump.

Recently (last O(5) years), there has been explosion of efforts to detect
coherent nucleus-neutrino scattering (CEvVNSs): 1.e. direct detection
style detectors are brought to O(15m) proximity to reactor cores.

Importantly, these detectors are achieving low counting rates (e.g.
CONUS collaboration).

If there 1s a “bath” of thermalized DM particles, fast neutron scattering
will create velocitized DM, y + n =2 y,+ n.

Ema, MP, Ray, 2024, reanalyzed the results of the CEvNSs searches
using CONUS experiment, and translated 1t to constraints on GeV dark
matter. (MP, Ting, 2025, to appear: new constraints on milli-Q)  2s



Constraints on upscattering of DM at reactors
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Novel limits are derived for spin-dependent scattering. No new limits for
spin-independent case, as large amount of shielding (over 6m of
concrete) leads to suppression of DM energy at CONUS detector 09
location. Motivates experiments at research reactors with less shielding.



Conclusions

Light dark matter and dark sectors continue to be an interesting
search direction.

In my talk, I showed novel limits that can be obtained on HNL using
old LSND data, as well as new constraints on ALPs coupled to
leptons, with various flavor patterns.

Light dark matter can be explored using double collisions: e.g. with
solar electrons and with cosmic rays, setting novel [almost] model-
independent limits.

Another blind spot that potentially exists: thermalized dark matter.
Here a nice opportunity emerges to explore enhanced energy
densities, using underground accelerators coupled to DM detectors,
as well as neutrino recoil experiments at reactors.
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MiniBooNE search for light DM
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Subject to future improvement with much closer new detector at SNB;(fV)


http://arxiv.org/abs/arXiv:1702.02688

