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Portals 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.

Community Planning Exercise: Snowmass 2021

[Snowmass reports: 2207.06898, 2207.06905, 2209.04671]

In this talk,
Leptophilic Higgs and vector portals.
Possibility of interesting LFV signals.
Complementarity between low and high-energy LFV searches.
Connection to neutrino mass, gravitational waves, and more.
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LFV is guaranteed!

LFV is forbidden in the SM due to an accidental global
symmetry: U(1)B × U(1)Le × U(1)Lµ × U(1)Lτ .

Observed neutrino oscillations already imply LFV.

But we haven’t seen LFV in the charged lepton sector.

Negligible in the SM(+neutrino mass) [Petcov ’76]:

`−β → `−α γ : 3α
32π

∣∣∣∣∣∑
i

U∗βiUαi
m2
νi

m2
W

∣∣∣∣∣
2

. O(10−54)

Opportunity for probing new physics: m2
ν/m

2
W → m2

F /Λ2.

Could be enhanced by orders of magnitude over the SM.

CONTENTS 50

Figure 11. The one-loop Feynman diagrams for the charged-lepton-flavor-violating

�� ! ↵� + � decays mediated by (a) the light Majorana neutrinos ⌫i and (b) the

heavy Majorana neutrinos Ni (for i = 1, 2, 3), where ↵ and � run over the e, µ and ⌧

flavors and m� > m↵ holds.

decays �� ! ↵�+� (for ↵, � = e, µ, ⌧ and m� > m↵) at the one-loop level as illustrated

by Figure 11. In comparison, the dominant tree-level decay modes �� ! ↵� + ⌫↵ + ⌫�
are insensitive to the tiny masses of three active neutrinos, so the ratios

⇠↵� ⌘ �(�� ! ↵� + �)

�(�� ! ↵� + ⌫↵ + ⌫�)
(6.1)

should automatically vanish when the neutrino masses and lepton flavor mixing e↵ects

are switched o↵. Focusing only on the contributions from the three active and light

Majorana neutrinos ⌫i (for i = 1, 2, 3) and assuming the 3 ⇥ 3 PMNS matrix U to be

exactly unitary, one may calculate the ratio of the decay rate of µ� ! e� + � to that

of µ� ! e� + ⌫e + ⌫µ as a typical example and arrive at a formidably suppressed result

as follows [16, 191, 192, 193, 194, 195, 196]:

⇠eµ =
3↵em

32⇡

�����
3X

i=1

U⇤
µiUei

m2
i

M2
W

�����

2

=
3↵em

32⇡

�����
3X

i=2

U⇤
µiUei

�m2
i1

M2
W

�����

2

. O
�
10�54

�
, (6.2)

where ↵em is the fine structure constant of electromagnetic interactions, MW is the W -

boson mass, and a numerical estimate has been made by using the experimental data

listed in Table 2. It becomes obvious that this decay mode will be completely forbidden

if the neutrino masses are vanishing as in the SM. Note that the rate of µ� ! e� + �

obtained in Eq. (6.2) is roughly forty orders of magnitude smaller than the sensitivity of

today’s measurements [7], so it will be hopeless to observe such charged-lepton-flavor-

violating processes unless their reaction rates can be significantly enhanced by a kind

of new physics beyond the SM [189, 190].

Now that the canonical seesaw mechanism introduced in section 2.4 is the most

popular theoretical framework for neutrino mass generation based on a most reasonable

and economical extension of the SM, let us take a look at the contributions of those

heavy Majorana neutrinos Ni to the radiative decay modes �� ! ↵� + � and discuss

the constraints of µ-⌧ reflection symmetry on them. As shown in Figure 11, the flavor

mixing factors U↵iU
⇤
�i and R↵iR

⇤
�i are associated with the flavor-changing neutral current

processes �� ! ↵� + � mediated respectively by ⌫i and Ni (for i = 1, 2, 3). Thanks

to the unitarity condition UU † + RR† = I given in Eq. (2.31) and the huge mass

Low-energy experiments are doing a great job.

High-energy colliders provide a powerful complementary
probe of LFV (e.g. via exotic decays of Higgs, Z and top).
see talk by W. Altmannshofer
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LFV decays of h(125)→ µ±τ∓

[Barman, BD, Thapa 2210.16287 (PRD ’23)]

see also [Harnik, Kopp, Zupan 1209.1397; Davidson, Verdier 1211.1248; Altmannshofer, Caillol, Dam, Xella, Zhang 2205.10576]
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BSM Higgs H → µ±τ∓

[Barman, BD, Thapa 2210.16287 (PRD ’23)]
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Leptophilic Higgs@LHC?
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[1909.10235 and EW Moriond ’23 talk by K. Leney]

If survives, simplest explanation: Leptophilic
(pseudo)scalar resonance, e.g. in a leptophilic 2HDM.

Use lepton PDF of the proton. [Bertone, Carrazza, Pagani, Zaro

(JHEP ’15); Buonocore, Nason, Tramontano, Zanderighi (JHEP ’20, ’21)]
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Explaining the CMS eµ excess in a leptophilic 2HDM

0.5 1.0 1.5 2.0

0.01

0.10

1

10

100

|Yeμ|

σ
(p
p
H
/A


eμ
)
[f
b
]

mH/A=146 GeV

[Afik, BD, Thapa, 2305.19314]
8



Explaining the CMS eµ excess in a leptophilic 2HDM

CMS-excess (1σ)

CMS-excess (2σ)
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ATLAS exclusion

CMS-excess (1σ)

CMS-excess (2σ)
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How about muon g − 2?
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BMW fits better than WP
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LEP dimuon constraint
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Muonium-antimuonium oscillation is the killer
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Can be evaded for a degenerate scalar spectrum
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LFV in the Higgs sector, but no cLFV at tree level
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Future lepton collider prospects of leptophilic Higgs
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LFV Z ′ in U(1)Lα−Lβ : Current constraints

L ⊃ g′Z′µ(L̄αγµLα + ēR,αγ
µeR,α − L̄βγµLβ − ēR,βγµeR,β).
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LFV Z ′ in U(1)Lα−Lβ : Future collider prospects

L ⊃ g′Z′µ(L̄αγµLα + ēR,αγ
µeR,α − L̄βγµLβ − ēR,βγµeR,β).
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Gravitational wave signal

First-order phase transition if scalar sector is conformally invariant:

Vtree = λH(H†H)2 + λ(Φ†Φ)2 − λ′(Φ†Φ)(H†H) .

[Dasgupta, BD, Han, Padhan, Wang, Xie, 2308.12804 (JHEP ’23)] 20



Conclusions

LFV is a ‘smoking gun’ signal of BSM physics.

High-energy colliders provide a powerful probe of LFV (from heavy BSM physics),
complementary to the low-energy cLFV searches.

We covered the possibility of LFV originating from the Higgs and vector portal scenarios.

The recent CMS eµ excess is an intriguing hint of LFV. [Update at Moriond ’24?]

A flavorful way to BSM physics?
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