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Connecting two mostly unknown sectors

weak
interactions dark matter

neutrinos
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Modeling v-DM interactions

o Simplified EFT approach.

o Categorizing models into DM and mediator types:

scalar, fermion, vector.

o t-channel or s&u (s/u) channel v-DM scattering, depending on the

DM& mediator types.
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Only 4 or 3 parameters:

Yongchao Zhang (SEU)

A X \Z\/V

DM & mediator masses, coupling(s)

updated limits Oct 14, 2024 3/25



(light) scalar mediators: examples

@ Majoron J coupling Jui~ysv.

@ Mediator-v-DM coupling ¢xv.

Relevant to neutrino nonstandard interactions (NSls)
@ Probing neutrino self-interactions via mediators

@ Probing neutrino interactions with DM via mediators
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Limits on ¢

low-energy experiments

high-energy colliders

astrophysical effects

@ cosmological observables
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Simplest case: ¢vv

@ We study the generic coupling of ¢ with neutrinos in the form of
L =g ovv.

@ Assuming g, is flavor-conserving and universal.

@ There are some ultraviolet (UV) completions of such effective coupling.
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Meson decay M* — (= + v + ¢

e Partial width [(M* — ¢+ 4+ 1 4 ¢)
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1 — X2
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e I has Infrared (IR) divergence <= the term of xyw = m3 /my,!
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IR divergence & cancellation in QED

@ The process eTe™ — pT =y, with op(eTe™ — puTu~) = e*/127s

&2 2 2 2
Ttree = 5500 5— ? + 3|og ? + log® —*

@ The 1-loop (vertex) correction with photon (after removing the UV
divergence):

2 2 2 2
e 7 7 m o, m
OIOOP__877T200 l2—3+3|0g;+|0g 57]

@ The total cross section for ete™ — putu=(v):
2

Otot = [14—3 } finite!!!

1672

The IR divergences are cancelled out!
(]
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Meson decay: 1-loop contribution

o 1-loop contribution is from the interference term of M(© & M1,
@ 1-loop contribution is at the same order of g, as the tree-level process:

Re [ MO (g2)MD(g2)] ox g2

@ 1-loop contribution to F(M* — (* + v):

Al-loop —

_gSG%mMmff,\ﬂVP (l—XgM)2 §—| X¢|\/|(]_—Xg|\/|)2
12873 2 1672
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IR divergence cancellation

o IR divergence cancellation in decay M* — (Fv(¢):

X 7Xg|\/|(1 — XgM)2 |0g XM +XZM(1 — XgM)2 |Og XpM = 0.

tree M—4v g loop M—4v
@ Dependence of IR divergence (IRD) on charged lepton mass:

IRD « 7Xg|\/|(l - XgM)2 |Ong‘)|\/|

2 2

m; m; my,

= — (l1-—5 ) log—
My My My
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Limits on 75 — e* + v + ¢
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e For ¥ — e* + v + ¢, IRD is heavily suppressed by m2/m?2, thus not

important.
Red line is (almost) flat when my — 0.
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Limits on 75 — pu* +v + ¢

e For 7t — ui + v+ ¢, , IRD is important & has to be cancelled.
Solid blue line is flat when myg — 0.

o mF — uT + v+ ¢ is kinematically forbidden for my > m,..
Loop contribution 7% — p* + v exists for my > my.
Solid blue line extends far beyond m,.
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PIENU limits on BR(7* — ¢ + v + X)

s
G10°E
I E —e— Analysis for T”>1 2 MeV
S L—___ -
\\ 104 —=— Analysis for T <1.2 MeV

per limit of branching ratio R™* (9

=%
=)

@ PIENU provided limits on BR(7* — ¢* + v 4 X), depending on the mass
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@ The PIENU limits are re-interpreted to get the constraints on my & g,.
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Updated pion limits
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NA62 limits on BR(K* — u* + v + X)
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Updated Kaon limits
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More meson decay limits

@ Pseudoscalar coupling J7ivsv: No IR divergence!

e D & B meson decays, e.g. D* — (* + v+ ¢, BE — EO + 0% + v+ ¢, limits
are weaker.

o M(M* — ¢* + v+ Z') is dominated by the term of mf,/m%,, much larger
than the IR divergent term m?log(m%,/m?,).
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Tau limits
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o Consider both g, ¢vv & g,¢T 7~ couplings.

@ g ¢ 77 limit from a, measurement by ATLAS: —0.057 < a, < 0.024 —
g > 1.
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Updated Z limits

limits from Z — vv

1 10 100
mg [GeV]
@ 1-loop contribution: both Zvv & neutrino self-energy corrections.
@ Gap at ~ 30 GeV: cancellation of the tree & loop contributions.
@ See also
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More W /Z boson decay limits

o W boson decay W* — ¢+ 4 v + ¢,
limits are weaker.
ABR(W* = (F +v) ~ 36x1073,
ABR(Z - vi) ~ 7.3x107".
@ Z bosondecay Z v+ v+ Z,

very different from M* — ¢+ + v + 7/
IR divergence is cancelled out.

Yongchao Zhang (SEU) updated limits Oct 14, 2024 20 /25



Generalization

o M* — ¢+ + x + ¢, with gpxv coupling, for DM phenomenology.

o M* — ¢+ 4+ N + ¢, with g¢pNv coupling, for heavy neutrino physics.
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Combined v-DM limits
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Figure: Preliminary limits for Dirac fermion DM + scalar mediator.
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Neutrino flux attenuation

IceCube Collaboration, McMullen, Vincent, Arguelles & Schneider, 2107.11491

o Cascade equation:

db(E,7) e (g Ao(EE)
o —o(E)®(E,T) —I—/E dETCD(EaT)

@ Skymaps of the integrated column density n of DM:
galactic supernova at d = 10 kpc, galactic coordinates (¢, b) = (0, 0).
Spike profile, s = 10 kpc

Einasto profile, s = 10 kpe

5]

GCt

GC¢

Figure: Preliminary plots for Dirac fermion DM + scalar mediator.
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Impacts of v-DM interactions on JU events
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Effects on DUNE & Hyper-K events are similar.
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Conclusion

@ The SM is IR finite: the KLN theorem.
The IR divergence is cancelled out when we include a scalar mediator ¢.

@ Including the 1-loop contributions will also bring new limits in the region of
parameter space, in general beyond the kinematically "forbidden” region of
the tree-level processes.

@ The precision meson data provide the most stringent limits for mg 2 MeV.

@ In light of all the constraints, there could be detectable effects in future
neutrino experiments, if DM halo has a spike profile.

Thank you for your attention!
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