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Why single out the taus?

Pµ→τ = sin2(2θ23) sin2
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
At SBN experiments, L is too small for a beam of νµ to oscillate into ντ .

Production rate of Ds mesons is too small to give enough ντ events (from
Ds → τντ ).

Therefore, appearance of ντ events at SBN is anomalous.

A ‘smoking gun’ signature of new physics (modulo background issues).
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Popular mechanism: Sterile neutrinos

[from Alex Sousa’s talk at NuTools Workshop (Dec 2022)]

Larger (smaller) ∆m2
41 corresponds to ND (FD)-dominated signal.

see also de Gouvêa, Kelly, Stenico, Pasquini, 1904.07265 (PRD ’19) 3



A new mechanism for anomalous tau production

π±/K± → `± (−)
ν` V with V → ντ ν̄τ

Doojin Kim PITT PACC Workshop

Reason-1: Various Dynamics in the Three-Body Decay
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Cf. For models having couplings to the quark contents inside the meson, (QCD-origin) structure-dependent (SD) terms may arise.
See also [Khodjamirian, Wyler, arXiv:hep-ph/0111249] for more details. 

Inner bremsstrahlung 1 (IB1) IB2 IB3

o Typically, IB3 contributions ≫ IB2 ≈ IB1(plus contributions from neutral mesons and proton bremsstrahlung, if V couples to quarks)

Motivation: V can serve as a portal to the dark sector

Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
di↵erent experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in di↵erent scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an o↵-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how
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Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.
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Why charged meson decay is important?

1. Large BR enhancement for 3-body decays.

Doojin Kim PITT PACC Workshop

Why Charged-Meson-Induced Tau Neutrino Signals?
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Dutta, Kim, Thompson, Thornton, Van de Water, 2110.11944 (PRL ’22)
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Why charged meson decay is important?

2. Focusing of charged mesons can be used to enhance the BSM signal at ND.

[figure from Zarko Pavlovic]
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Charged Meson vs. Neutral Meson
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Why charged meson decay is important?

3. Dominant (only) production channel for leptophilic dark-sector mediators.
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Otherwise difficult to search (e.g. by dark matter direct detection experiments).

There exist several models for leptophilic U(1). See e.g. He, Joshi, Lew, Volkas (PRD ’91); Araki, Heeck,

Kubo (1203.4951); Farzan, Heeck (1607.07616); Farzan, Tortola (1710.09360); Chauhan, Xu (2012.09980); Chauhan, BD, Xu

(2204.11876) (and references therein).
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Example scenarios

Lint ⊃
∑
f

gV xfVµf̄γ
µf .

We consider three cases for the vector mediator (to illustrate the effect of ντ
appearance):

1 Neutrinophilic: xf = 1 for f = νe, νµ, ντ , and xf = 0 otherwise.

2 B − L: xf = 1/3 for f = quarks, and xf = −1 for f = leptons.

3 B − 3Lτ : xf = 1/3 for f = quarks, xf = −1 for f = τ, ντ and xf = 0
for e, µ, νe, νµ.

Take the appropriate BR(V → ντ ν̄τ ) in each case.
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Experimental Specifications

DUNE ND-LAr ICARUS-NuMI
[2002.02967] [1312.7252]

Beam energy 120 GeV 120 GeV
Dist. to dump 204 m 715 m

Dist. to detector 575 m 800 m
Detector angle On axis ∼ 6◦ off-axis
Active volume 3× 4× 5 2.96× 3.2× 18

(w × h× l) [m3] (× 2 modules)
POT 2× 1022 1022

Run-time ∼ 20 years ∼ 10 years
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Unknown form factors

For a massive V coupling to quarks, unknown form factors in the hadronic current:

Tµρ = c1g
µρ + c2(p` + pν)µpρV + c3(p` + pν)ρpµV

+ c4(p` + pν)µ(p` + pν)ρ + c5p
µ
V p

ρ
V

+ FV ε
µρλσ(p` + pν)λpV,σ .

Unlike massless case, where using Ward identities yields [Khodjamirian, Wyler, hep-ph/0111249]

c1 + c2(p` + pν) · pV = fm,

c4(p` + pν) · pV = fm.

We choose two benchmark cases for illustration:

I : c1 = 0.1 GeV, c2 = c4 = 10 GeV−1,

II : c1 = 102 GeV, c2 = c4 = 104 GeV−1.

FV should be inferred from π+ → e+νeγ data [Bryman, Depommier, Leroy (Phy. Rep. ’82); Donoghue,

Golowich, Holstein (OUP ’14)].

Should not blindly use the photon form factors, as sometimes done in the literature [e.g.

Chiang, Tseng, 1612.06985 (PLB ’17)].
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Background

In real life, tau identification efficiency is
not 100%.

Neutrino energy threshold of 3.4 GeV.

ντ events limited by statistics.

Any mis-ID (from NC/CC) would cause
backgrounds.

But not so bad at FD.
[Machado, Schulz, Turner, 2007.00015 (PRD ’20)]

[see also Thomas Kosc’s PhD Thesis, 2021 (Lyon)]
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More difficult at Near Detector

[from Miriama Rajaoalisoa’s talk at NuTau 2021]
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ντ Selection Efficiency
[from Miriama Rajaoalisoa’s talk at NuTau 2021]
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ντ Selection Efficiency
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Results

[BD, Dutta, Han, Kim, 2304.02031]
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Conclusion

Accelerator neutrino experiments are versatile and can probe light BSM physics.

Charged meson decays provide an important BSM production channel for beam-focused
SBN experiments.

We used anomalous tau neutrino appearance at SBN detectors to probe light mediators.

Sensitivity reach can be competitive (assuming that the background is under control).

Let us hope that the future of dark (sector physics) is bright.
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