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Dark (Hidden) Sectors
What if there is no connection between the SM and dark sector up to the Planck scale?


(Hidden sectors can result from a Grand Unified Theory (GUT) of nature, and are generic in string theory constructions.)

When things are at their blackest, I say to myself “Cheer up, things could get worse.” And sure 
enough, they get worse. —Robert Asprin

A Model of Dark Particle Physics?

How rich is the dark sector of matter?
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If the sectors are connected at some scale (e.g. if they are both part of a GUT), then quantum 
mechanical mixing, e.g., between the photon and dark photon, will occur resulting in feeble 
interactions between ordinary and dark matter—opening the door for DM below the EW scale.
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Dark Sector Motivations

• Dark matter exists (and WIMP searches have thus far come up empty).


• Dark sectors can solve many experimental and/or theoretical puzzles, e.g. strong CP 
problem motivates axions and axion-like particles.


• Dark sector matter shares no charges with ordinary matter, hence is naturally dark.


• Dark-sector matter charged under a new interaction is inherently stable due to charge 
conservation in the dark sector (lightest dark-charged DM particle is stable).


• The inherently feeble interactions with ordinary matter provide a natural thermal-production 
origin for dark matter, extending the WIMP miracle to lower mass scales. 


• Only a few options of how to couple a dark sector to ordinary matter that do not violate the 
symmetries of the SM (i.e. that do not invalidate the SM itself), which makes systematic 
exploration of dark sectors possible. (That said, the complexity in the dark sector could 
exceed that of the SM, resulting in a rich spectrum of possible phenomenologies.)


• Despite huge progress made in the past decade, much of the naturally most-interesting 
parameter space is still unexplored — though accessible in the next decade!
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Portal Interactions

• Vector Portal: The dark photon, A', that mediates a dark U(1) force can obtain a small coupling to 
the EM current due to kinetic mixing between the SM hypercharge and A' field strength tensors.


• Higgs Portal: A dark scalar coupled to the gauge-invariant Higgs mass operator can produce 
mass mixing between the Higgs and dark-scalar fields. 


• Neutrino Portal: A gauge-singlet fermion, referred to as a heavy neutral lepton (HNL), can be 
coupled to the gauge invariant operator formed of the SM lepton and Higgs doublets. Following EW 
symmetry breaking, the HNLs mix with the SM neutrinos.


• Axion Portal: Axion-like particles (ALPs) are pseudoscalars whose couplings to the SM gauge 
bosons are highly suppressed at low energies by a large decay constant. ALPs are pseudo-Nambu-
Goldstone bosons, and therefore, their masses are expected to be far below the dynamical scale. 

The gauge and Lorentz symmetries of the SM greatly restrict how the dark-sector mediators can 
couple to ordinary matter: (The dominant interactions between the SM and dark-sector mediators are 
naturally those with the lowest-dimensional SM gauge-singlet operators.)

4

The first three portals are renormalizable, while the axion portal is dimension 5 and suppressed by 
some high energy scale. Direct coupling of new gauge bosons to SM fermion vector currents are also 
possible, though most are anomalous; the few that are not (eg B-L) are viable.


This completes the list of possible dimension 5 and below interactions between a dark sector and the 
SM. This small list of possible interactions sharpens the focus of the experimental discovery effort.



RF6 Details
• Conveners: Stefania Gori (sgori@usc.edu) and Mike Williams (mwill@mit.edu)


• Email: SNOWMASS-RPF-06-DARK-SECTOR@fnal.gov


• Slack: #rpf-06-dark-sector


• Web: https://snowmass21.org/rare/dark
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As part of the Snowmass process, we categorized the exploration of dark-sector physics by defining 
three Big Ideas, each with associated ambitious — but achievable — goals for the next decade. We 
solicited a white paper on each of these, along with a fourth summarizing the experimental landscape:

• Big Idea 1: Dark matter production at intensity-frontier experiments, edited by Gordan Krnjaic and 
Natalia Toro (RF6 parallel session 11am Wednesday morning)


• Big Idea 2: Minimal portal interactions, edited by Brian Batell and Chris Hearty (RF6 parallel session 
11am Tuesday morning)


• Big Idea 3: New flavors and rich structures in dark sectors, edited by Phil Harris, Philip Schuster, and 
Jure Zupan (RF6 parallel session 11.45am Wednesday morning)


• Experiments and facilities for accelerator-based dark sector searches, edited by Phil Ilten and Nhan Tran 
(RF6 parallel session 11.45am Tuesday morning)

All have circulated drafts for comment on slack. Please send any comments ASAP!

mailto:sgori@usc.edu
mailto:mwill@mit.edu
mailto:SNOWMASS-RPF-06-DARK-SECTOR@fnal.gov
https://snowmass21.org/rare/dark


Benchmarks
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DM Production Mediator Decay Via Portal Structure of Dark Sector
m! vs. y [mAʹ/m!=3,αD=.5]
mAʹ vs. y [αD=0.5, 3 m! values]
m! vs.αD [mAʹ/m!=3, y=yfo]
m! vs. mA [αD=0.5, y=yfo]
Millicharge m vs. q

mAʹ vs. ϵ [decay-mode agnostic]
mAʹ vs. ϵ [decays]

iDM m! vs. y [mAʹ/m!=3,αD=.5] (anom connection)
SIMP-motivated cascades [slices TBD]
U(1)B-L / μ-τ / B-3τ (DM or SM decays)

m! vs. sinθ ["=0, fix mS/m!, gD] 
(thermal target excluded 1512.04119, 
should still include)
Note secluded DM relevance of S➝SM  of 
mediator searches

mS vs. sinθ ["=0]
mS vs. sinθ ["=s.t. Br(H➝ss ~10-2)]?

Dark Higgssstrahlung (w/vector)
scalar SIMP models
Leptophilic/leptophobic dark Higgs

e/μ/τ a la1709.07001
mN vs. Ue
mN vs. Uμ
mN vs. Uτ
Think more about reasonable flavor structures

Sterile neutrinos with new forces

m! vs. fq/l ["=0, fix ma/m!, gD] (thermal 
target excluded)
What about fγ, fG? 

ma vs. fγ
ma vs. fG
ma vs. fq=fl
ma vs. fw

FV axion couplings

Benchmarks in Final State x Portal Organization
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ct
or

S
ca

la
r

N
eu

tri
no

A
LP

Bold = BRN benchmark, italic=PBC benchmark. others are new suggestions.  Underline=CV benchmarks that were not used in BRN

A broad set of benchmarks
initiated by N.Toro

Bold = BRN benchmark, italic = PBC benchmark, others are new suggestions

Focus: both the DM and the mediator are light (O(GeV) or less)

BRN = basic research needs for DM small projects 

Batell, Han, McKeen, Es Haghi 


S.Gori 8
N.b., DM is not the only motivation, especially for Big Ideas 2 and 3.



Big Ideas
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Figure 1. Visualization of the motivation for this paper. Typical dark sector searches focus on
invisible(orange) and visible(red) final states, whereas this paper aims to extend dark sector searches
by adding a variety of additional features that are indicated by 3rd green axis.

and planned experimental program can be used to probe also non-minimal dark sectors with

robust coverage and clear potential for discovery.

The non-minimal dark sector structure can be motivated by experimental anomalies. For

instance, the dark sector models discussed in Section 4.1 were built to explain the (g � 2)µ

anomaly, and as such have a nontrivial flavor structure, coupling either only to muons or at

the very least with di↵erent strength to muons than to the first and third generation leptons.

Sections 4.2 and 4.3 contains examples of non-minimal dark matter models, motivated either

by reducing the present observational constraints, as in the case of inelastic DM, or by ex-

ploring nontrivial cosmological histories (as well as non-trivial experimental signatures), as in

the case of the strongly interacting massive particles. Section 4.4 on the other hand, focuses

on non-minimal axion models, which for instance can have flavor violating couplings if the

PQ symmetry is part of the global flavor symmetry of the SM.

Two underlying questions typically underpin the decision to extend a dark sector model

beyond a minimal benchmark. First, is there a reason for well-motivated theoretical exten-

sions of the Standard Model? Second, can the dark sector be extended to resolve anomalous

observations within data? Before embarking on a detailed analysis of benchmarks, we sum-

marize the most compelling motivations currently being considered.

3.1 Theoretical motivations

Theoretical motivations for an extended sector are governed by trying to extend the dark

sector to introduce additional, well motivated dark sector dynamics or by trying to introduce

a new mechanism to help explain the observed dark matter relic density.

Extending the dark sector is typically motivated by the need to increase the variety

of signatures beyond the simplest possible signatures. In section 4.2, we will discuss the

– 5 –

Big Idea 1

Big Idea 2

Big Idea 3

image from Big Idea 3 white paper



Big Idea 1: Dark matter production 

at intensity-frontier experiments
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Thermal equilibrium of DM and ordinary matter in the early universe, followed by freeze-out of the DM, 
provides a simple explanation for the origin of the observed cosmological DM abundance. 

For MeV-to-GeV DM, need light mediator and feeble coupling 
to SM of O(10-6—10-3), as expected from portal interactions.

1

DM

DM

SM

SM

A’ εegD

If m(A’) > 2 m(DM), A’ decays to DM — we can produce DM 
in the lab via the A’ portal! 


Look for this either as missing momentum, mass, energy, or 
via subsequent rescattering of the DM in a downstream 
detector.

Edited by Gordan Krnjaic and Natalia Toro 

(RF6 parallel session 11am Wednesday morning)



Big Idea 1: Dark matter production 

at intensity-frontier experiments
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Interaction strengths needed to explain 
relic abundance via thermal freeze out

Thermal targets are only a few orders of 
magnitude of current sensitivities — and 
will be accessible to the next generation 

of experiments!

Thermal targets also consistent with 
expected interaction strengths from 

kinetic mixing.

example: invisible A’ decays

Edited by Gordan Krnjaic and Natalia Toro 

(RF6 parallel session 11am Wednesday morning)



Big Idea 2: Minimal Portal Interactions
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ε
2

FμνF′￼μν

(μϕ + λϕ2)h†h

yNhLN

a
fa [cgg

⃗Gμν ⋅ ⃗Gμν + cγγFμνFμν…]

A′￼→ ℓ+ℓ−, …

ϕ → μ+μ−, π+π−, KK, …

N → ℓ−π+, …

a → γγ,3π, ηππ, …

Focus on minimal SM extensions with a single new light mediator coupled through one of the portals. 
DM is assumed to be heavy enough that the mediator can only decay to visible SM states. This 
implies that both the production and visible decay occur due to the portal interaction. 

Portal Decays

Dominant production modes are: (vector) EM, light meson decays, DY; (Higgs and ALP) B and K 
penguin decays; and (HNL) weak decays of leptons and mesons.
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Increasing production rate

Increasing A’ lifetime

Need high intensity to 
produce dark sector particles


Detection strategy depends 
on the lifetime and mass


Complementarity between e 
or p fixed target, e+e-, 

meson and lepton factories, 
LHC, beam dumps, etc.

example: visible A’ decays
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Big Idea 3: New flavors and rich structures

 in dark sectors
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• Richer structure in the dark sector could lead to richer phenomenology, which could require 
a rethinking of experimental approaches.


• Anomalies in data motivate many of these efforts, e.g. (g-2), flavor anomalies, etc.


• One class of examples involves taking the minimal benchmark models and going beyond 
minimality in the couplings (e.g. flavor violating ALPs).


• Another class of models are dark quarks charged under a confining dark strong force, 
which leads to phenomenology similar to QCD (dark mesons, etc).


• Inelastic DM models posit a spectrum of dark states with the heavier ones unstable (we can 
search for their decays, which are semi-visible).

Edited by Phil Harris, Philip Schuster, Jure Zupan

(RF6 parallel session 11.45am Wednesday morning)
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 in dark sectors

13Figure 2. Constraints (shaded regions) on the parameter space of the Lµ � L⌧ gauge boson (left)
and light scalar S coupling to muons, along with projected sensitivities for planned experiments, as
indicated. The parameter space that can explain the (g �2)µ anomaly is shown with black lines in the
left panel, and as a green band in the right panel. The projected sensitivities from planned or proposed
experiments/measurements are shown with dotted (solid) lines in the left (right) panel. Figures from
[64, 69].

4.1 The models explaining (g � 2)µ

The experimental determination, a
exp
µ [70], of the anomalous magnetic moment of the muon,

aµ = 1
2(g � 2)µ, di↵ers by 4.2� from the consensus SM prediction, a

SM
µ [5], obtained using

dispersion relations, giving

�aµ = a
exp
µ � a

SM
µ = (251 ± 59) ⇥ 10�11

. (4.1)

This long-standing discrepancy dates back to the first measurement performed by the Muon

g�2 collaboration at BNL [6], and was recently strengthened by the measurements performed

at Fermilab [70–72]. The experimental result is much closer to the aµ prediction that uses

the BMW collaboration lattice QCD calculation of the hadronic vacuum polarization contri-

bution [73]. In this case the SM prediction and experiment are consistent at 1.6 �, however,

the result should be confirmed by other lattice QCD groups.

If the discrepancy in �aµ (4.1) is assumed to be due to new physics, there are broadly

two classes of new physics models that can lead to a contribution to �aµ of the required

size (see, e.g., reviews in [74–78]). In all of the new physics models the new physics states

contribute to �aµ through radiative corrections. The correct value of �aµ is obtained for

qualitatively di↵erent parameter regimes depending on whether the chirality flip can occur on

the internal new physics line. The chirality flip on the internal line requires at least two new

physics fields, which can be quite massive, in the several TeV range, see Refs. [64, 69, 79–114]

for concrete examples.

We focus on the second class of new physics models, in which the the chirality flip occurs

on the muon line, so that the contribution is suppressed by the muon mass. As a result the
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example: scalar coupled to muons
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Experiments & Facilities
Impressive array of experiments and facilities searching and/or planning to search for dark sectors!
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1 Executive Summary66

Searches for dark sector particles in the GeV mass range and below at relativistic particle accelerators are a highly-motivated67

physics opportunity in the next decade. This paper summarizes and characterizes experiments and facilities for accelerator-based68

dark sector searches. The physics drivers are characterized into three main thrusts and those are described in companion reports:69

thermal dark matter [], visible dark portals [], and new flavors and rich dark sectors []. Motivated by these physics drivers,70

we enumerate a number of experimental initiatives, describing them and characterizing them by their types of experimental71

signatures: missing X , DM scattering, long-lived particles, millicharged particles, and rare decays. Given the large interest in72

this physics and the number of current and proposed experiments, this paper provides a summary, in one central place and73

including brief descriptions, of these experiments and facilities. We also provide references to more detailed studies where the74

reader can find more information. This information is summarized compactly in fig. 1 based on the beam producing the dark75

sector particles, the facility, and the types of detector signatures proposed at those facilities.

Figure 1. Summary of accelerator facilities and detector signatures of experiments.
76

3/41

Edited by Phil Ilten and Nhan Tran

(RF6 parallel session 11.45am Tuesday morning)



Accelerators vs Direct Detection

•Direct detection explores cosmic abundance, which accelerators 
cannot do directly.


•Accelerators can explore the entire dark sector — or even multiple 
dark sectors — whereas direct detection can only explore the 
cosmologically stable parts.


•Vastly different kinematics: Direct detection explores non-relativistic 
scattering, while accelerator production is highly relativistic. 

15



Accelerators vs Direct Detection
slide by Natalia Toro
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Kinematics Matters
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Scientific Opportunities & Roadmap

• exploiting the capabilities of existing large multi-purpose detectors, including near-future upgrades;


• investing in specialized small-scale experiments, and in facilities that can deliver high-intensity 
beams;


• and supporting the theory community to further develop the theory of dark-sector physics.

The goals of the three Big Ideas are complementary and must be pursued in parallel to fully explore 
the physics of dark sectors. Realizing them requires simultaneously:
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Collectively, these activities provide a roadmap for the US dark-sectors program for the next decade. 


Discovering a dark sector would not only shed light on the enigma of dark matter and possibly several 
additional open issues in particle physics—but would revolutionize our understanding of the universe 
and open an entire new pathway to studying nature. 


Following the roadmap outlined here will secure the leadership role of the US dark-sectors 
community.


