
@ f l i p . t a n e d o YOUNGST@RS MITP

Introduction to Hidden Sectors

Flip Tanedo

November 6, 2023 
Interacting Dark Sectors in  

astrophysics, cosmology, & in the lab 
YOUNGST@RS MITP

Model Building for Dark Sectors



@ f l i p . t a n e d o YOUNGST@RS MITP 42

Outline
Mostly p/re/over-view to contextualize talks today

• Introduction: working definitions

• WIMPS: what is not a hidden sector

• Dark photons: a simple example

• Models: why build them?

• Production mechanisms: populating the dark sector

Apologies: we will be a bit idiosyncratic, but the lessons are general. 2
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Some useful definitions

3
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Hidden sector, n.
Set of particles whose interactions 
with the Standard Model vanish 
when a coupling goes to zero.

4
Snowmass: Particle dark matter 2209.07426 

Higgs singlet


Kinetic mixing


Neutrino mixing


Axion-like

+ others (variations of mass mixing, rich dark sectors, …)

https://arxiv.org/pdf/2209.07426.pdf
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Dark sector, n.

SLAC Workshop on Dark Sectors 2016, Simons Center “Beyond WIMPS” 2017 5

A hidden sector that is also a model of dark 
matter. Contains at least one dark matter 
particle that is sufficiently stable. 


Dark matter candidates realize the observed dark 
matter abundance. In this way, dark sectors have 
a target for model building.
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Model of dark matter
A checklist for model-builders

• What is it? Particle(s) and their interactions, written as a Lagrangian. 

• How did it get here? Production mechanism. 

• Why is it still here? Stability on cosmological scales. 

• Why isn’t it ruled out? Existing observations. 

• How do we discover it? New observations, techniques, … 

6
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Weakly Interacting Massive Particles
A useful example of what is not a hidden sector… and how we got here

7
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Two Big Puzzles in Particle Physics in the 90s

Images: Cham and Whiteson, We Have No Idea

mh ? Missing Mass
it mean? Who will help us in our hour of need? The answer is: the Higgs
boson.

The Higgs Boson

In 2012 particle physicists announced the discovery of the Higgs boson to
great international fanfare. Almost nobody understood what the Higgs boson
was, but lots of people got very excited. The New York Times wrote that it
“represents the very best of what the process of science can offer to modern
civilization.” That’s right, the Higgs boson is apparently better than
computers, flushing toilets, and reality TV.35

So what is the Higgs boson? Here’s a quiz to test your knowledge. Take it
now and then again after you read this chapter. We hope that at the very least
your score will not decrease.

Dark matter is not even in our current mathematical or physical models of the
universe. There is a large amount of stuff out there silently pulling on us, and
we don’t know what it is. We can’t possibly claim to understand our universe
without understanding this huge part of it.

Now, before you start feeling paranoid about weird, dark, mysterious
stuff floating all around you, consider this: what if dark matter is something
awesome?

Dark matter is made of something that we have no direct experience with.
It’s something we haven’t seen before, and it might behave in ways we
haven’t imagined.

Think of the amazing potential that exists here.

What if dark matter is made of some new kind of particle that we are able
to produce and harness in high-energy colliders? Or what if in discovering
what it is, we figure out something about the laws of physics we didn’t know
about before, such as a new fundamental interaction or a new way that the
existing interactions can work? And what if this new discovery lets us
manipulate regular matter in new ways?

Imagine you’ve been playing a game your whole life, and suddenly you
realize that there are special rules or special new pieces you could be playing
with. What amazing technology or understanding could be unlocked by
figuring out what dark matter is and how it works?

We can’t stay in the dark about it forever. Just because it’s dark doesn’t
mean it doesn’t matter.

… and now a brief summary of the best [& mostly unrealized] ideas in 
theoretical particle physics from the 1980s to 2010s: WIMP variants
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The story of supersymmetry

mh ?

SUSY New Particles

p+ stability

R-parity

?

Dark Matter ?

Missing Mass

How much 
dark matter?
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How much dark matter is there? WIMP miracle
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The story of supersymmetry

mh ?

SUSY New Particles

p+ stability

R-parity

?

Missing Mass

Dark Matter
with correct 
abundance !
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The story of extra dimensions

mh ?

Extra 
Dimensions New Particles

precision
observables

KK-parity

?

Dark Matter
with correct 
abundance !

free in 
flat XD

warped 
extra dim.

Missing Mass
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The story of compositeness

mh ?

composite New Particles

precision
observables

T-parity

?

Dark Matter
with correct 
abundance !

Missing Mass
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Model of dark matter
Typical WIMP

• What is it? Lightest parity-odd partner of an extended EW sector 

• How did it get here? Thermal freeze out (miracle) 

• Why is it still here? Parity (introduced for other reasons) 

• Why isn’t it ruled out? … tuning? (e.g. pure Higgsino)  

• How do we discover it? … (in)direct detection, LHC

14
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WIMP Complementarity … a phrase from Snowmass 2013 

15

Dark matter searches related by crossing symmetry:
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“Shake it, make it, break it” … but by around 2015 we got sick of hearing this phrase and seeing this slide.



@ f l i p . t a n e d o YOUNGST@RS MITP 42
16

Particle Data Group (2020)
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Introducing mediators

17Feature: keep thermal relic, parametrically hide from WIMP searches. Cost: more parameters.
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http://bit.ly/12wA4kQ.
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Introducing mediators

18Feature: keep thermal relic, parametrically hide from WIMP searches. Cost: more parameters.
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Model of a dark sector
Example of a “vanilla” dark photon model

• What is it? Some state carrying the dark charge 
(not the interesting question!) 

• How did it get here? Thermal freeze out (by construction) 
… may have a much richer answer! 

• Why is it still here? Dark charge (introduced for other reasons) 

• Why isn’t it ruled out? Small Standard Model coupling 

• How do we discover it? e.g. effects of dark photon 
… may have a much richer answer!

19
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Why is it still here?
Total stability is not necessary

20Snowmass: Particle Dark Matter Topical Group 2209.07426

https://arxiv.org/abs/2209.07426.pdf
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Dark photons
A useful example of what is a hidden sector

21
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Introducing mediators

22Feature: keep thermal relic, parametrically hide from WIMP searches. Cost: more parameters.
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Step 1: Mediator Production
Some examples of light mediator production

23

A

A0

e

e

A

e

N N

A0

e

annihilation bremsstrahlung

⇡0 =
1p
2

�
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Step 2: Mediator Decay
Produces dark matter (invisible) or ordinary matter?

24

bump hunts

displaced 
vertex

displaced vertex, long decay length
Dark Sectors 2016 Workshop: Community Report 1608.08632

https://arxiv.org/abs/1608.08632
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Remixing complementarity
Something that you could not do with neutralinos

J. Feng, J. Smolinsky, FT 1509.07525; for see, e.g. Leane and Smirnov 2309.00669 for more recent updates 25

1

2

3 4
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Model building targets
Why build models of hidden sectors?

26
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Reasons for building a model (examples)

Theoretical puzzle
• Electroweak naturalness

• Strong CP problem (axions)

• Neutrino mass (scotogenesis)

• Baryogenesis

27

Experimental puzzle (“anomaly”)
• Hubble tension

• Muon magnetic moment

• KOTO, ANITA, LSND/MiniBooNE

• Galactic Center Excess, 3.5 keV Line

Experimental opportunity
• JWST, Rubin, …

• Hyper-K, next Milky Way SN

• Gravitational waves

• DUNE, future collider, …

Theoretical curiosity
• e.g. SIDM c. 2013: solution to non-

perturbative Yukawa potential? (1302.3898)

• continuum fields: e.g. 2210.16326 (DM), 

2102.05674 (mediator)
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Curiosities of the continuum

28

Kaluza–Klein representation. One may use the KK representation of the free propagator
(3.15) in the spectral representation of the potential (5.5); this amounts to identifying the
exchange of a 5D bulk scalar with the sum of t-channel diagrams with each KK mode:

= + + + · · · (5.6)

The spectral distribution is Disc⇢
⇥
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While this KK representation of V is exact, it requires knowledge of the entire spectrum of
KK masses and wavefunctions.

Canonical representation. One may alternatively use the canonical representation of
the propagator (3.13) in the spectral representation of the potential (5.5). In this case, one
may apply the closed-form asymptotic expressions derived in the following section. These
asymptotic expressions carry the same poles as the KK representation. The momentum
flowing through the propagator is necessarily spacelike in diagrams that contribute to the
potential. Thus we may readily use the asymptotic expressions for large |p| that are valid
away from the poles, (5.11) for ↵ < 1 and (5.16) for ↵ = 1. We numerically validate this
approximation in Section 5.5.

5.2 Propagator Asymptotics

We present the limits of the bulk propagator Gp for Minkowski momenta p much smaller and
larger than the mass gap, µ. We focus on propagation to and from the UV brane where the
dark matter currents are localized. These limits illuminate the properties of the theory and
yield simplifications for the self-interaction potential.

We treat the ↵ < 1 and ↵ = 1 cases separately; the asymptotic behavior of Bessel
functions with near integer order have an extra contribution that is neglected for non-integer
order.4 As a result, one typically cannot obtain the ↵ = 1 asymptotic behavior as the ↵ ! 1
limit of the ↵ < 1 asymptotic behavior. The ↵ = 1 case is a meaningful benchmark as it is
equivalent to the exchange of a single 4D mediator.

4This is due to the expression for the Bessel function of the second kind with integer index ↵ ! n,
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Figure 2: Absolute potential |V (r)| plotted to validate the continuum-mediated potential with a
mass gap (black) against a sum over nmax Kaluza–Klein modes (colored). The potential with nmax

KK modes is valid for separations larger than r & m�1
nmax

. The disagreement at long separations
between the blue and black lines represents our numerical error and does not change the quantitative
behavior of integrals over the potential. Also shown: the non-integer power law limit (dashed gray)
that is realized in the gap-less limit m1 ! 0.

limit. Instead the full logn r series would need to be resummed. Nevertheless, we verify that
the Fourier transform of the propagator (5.25) matches the potential (5.30). Interestingly,
in this limit the contribution from the light mode is replaced by the �(⇢) contribution in the
discontinuity across the propagator, (5.26), which is otherwise cut o↵ at finite µ. Details of
this calculation are presented in Appendix B.

The expressions in this section show that the KK mode contribution tends to be small
with respect to the light mode for both large and small r. This logarithmic correction is
negligible in our self-interacting dark matter calculations and thus the ↵ = 1 case matches
the standard single 4D mediator scenario. It can thus be used as a benchmark comparing to
↵ 6= 1 phenomenology.

5.5 Validation of Potential

In this study we use the asymptotic approximation of the gapped continuum-mediated po-
tential (5.19). In order to quantify its validity, we compare our approximation to an explicit
sum over Kaluza–Klein mediated Yukawa potentials (5.7). This is a meaningful check since
a sum over nmax KK modes is a valid approximation to the full sum on scales longer than
the inverse mass of the heaviest mode, r & m

�1
nmax

. We thus test for agreement of the gapped
continuum-mediated potential with the sum over a large number of KK in the regime where
the latter is valid.

We present our validation in Figure 2. The key comparison is between sum over nmax =
104 KK modes (blue) and the continuum-mediated potential (black). For values of ↵ . 0.95,
the sum over nmax KK modes agrees with the continuum potential in the regime where the
finite KK sum is valid, r & m

�1
nmax

. However, at distances longer than the inverse mass
gap, r & m

�1
1 , the curves diverge slightly while maintaining the same qualitative gapped

behavior. This discrepancy is caused by the |p| � µ limit assumed in the derivation of the
continuum-mediated potential (5.19). This discrepancy grows when ↵ ⇡ 1; see Footnote 4.

18

Chaffey, Fichet, Tanedo: 2102.05674
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n.b. KK picture is 
consistent as long as 
you’re within the 
effective theory (do not 
probe beyond heaviest 
KK mode) 

Can behave like sum of many discrete modes…
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Curiosities of the continuum

29

… or can surprise you with completely different behavior

Analogous to “dark radiation” in RS2,  
See e.g. Hebecker and March-Russell  
hep-ph/0103214 

Does it form halos?

Megias, Perez-Victoria, Quiros 
2310.16593 
 
(quasi-)stable continuum states 
despite apparent decay channels due 
to breakdown of narrow width approx.
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Dark matter production mechanisms
How did it get here?

30
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Dark matter production
… often tied to dark sector phenomenology

indico.mitp.uni-mainz.de/event/361/timetable/ 31
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Dark matter production
An incomplete map

• Thermal: freeze out/ freeze in/ number-changing

• Asymmetric: relate to baryogenesis; also comes in WIMPy version

• Axion: Misalignment and oscillation; also topological defects 
• Neutrino: e.g. Dodelson-Widrow 
• PBH: also includes dark matter production from Hawking radiation

• … others? Remixes of the above?

See also “Three exceptions in the calculation of relic abundances,” Greist and Seckel, Phys. Rev. D 43, 3191 (1991) 32
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Twists on thermal relics

Adapted from Julia Harz: “Dark Matter & Particle Cosmology” CRC TRR 257 meeting (Oct 2020) 33

modify Hubble 
e.g. relentless DM (1703.04793)

modify cross section 
e.g. enhancements, thermal effects

change assumptions 
e.g. number changing interactions

modify initial condition 
e.g. freeze-in 

https://indico.scc.kit.edu/event/713/contributions/6475/attachments/3703/5456/CRCSiegen2020.pdf
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Freeze In
A thermal relic, but not initially in equilibrium

More sophisticated: resonances, medium effects, phase transitions in DarkSUSY: 2111.14871 34
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Freeze In Variant: Pandemic
A thermal relic, but not initially in equilibrium

Bringmann, Depta, Hufnagel, Ruderman, Schmidt-Hoberg, PRL 127 (2021) “Dark Matter from Exponential Growth”
35

Thermal Bath Particle

Exponential growth of dark matter from drawing 
energy out of the thermal bath.


example of number changing interaction 
n.b. “pandemic” because similar to SIR model; but 
PRL title is “exponential growth”
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SIMPs, ELDERs, Cannibals…

See e.g. Hochberg, “SIMP Dark Matter,” SciPost Phys. Lect. Notes 59 (2022); Cornell group 1706.05381 36
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Elastic scattering with SM Annihilation into SM Number changing Elastic self-scattering
Thermal energy distribution 
within dark sector

This term is small

Controlling the abundance through elastic scattering (temperature control)

SIMP: SM elastic scattering decouples after number-changing scattering 
ELDER: SM elastic scattering decouples before number-changing scattering 

Cannibalize X number to 
keep X warm (changes 
equilibrium temperature)

Usually not related to 
abundance

Other variations with mediators, e.g. cannibal dark matter (1602.04219)

https://scipost.org/SciPostPhysLectNotes.59
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Asymmetric and Cogenesis
Non-thermal and semi-thermal

Suppose no anti-dark matter. Propose a common origin of the baryon–anti-
baryon asymmetry and dark matter–anti-dark matter asymmetry. Cogenesis: 
asymmetric “WIMPy” dark matter.

37Asymmetric Review, 1305.4939; WIMP Cogenesis: 2002.05170

https://arxiv.org/abs/1305.4939
https://arxiv.org/abs/2002.05170.pdf
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Axions and related 

Right: Chadha-Day et al. “Axion dark matter: What is it and why now?” 
Science Advances 10.1126/sciadv.abj361 
Left: Ge, “AQN Dark Matter” at IPA 2018. Review: Zhitnitsky, 2105.08719 

38

axion quark nugget: axion + baryogenesis

http://Sci.Adv.8,eabj3618(2022).DOI:10.1126/sciadv.abj3618
https://indico.cern.ch/event/707123/contributions/3143173/attachments/1729576/2794761/1_IPA_presentation_Shuailiang_Ge.pdf
https://arxiv.org/abs/2105.08719
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Dodelson-Widrow Reloaded 
Non-thermal production of [self-interacting] sterile neutrino dark matter

Regular DW: excluded by X-ray lines 

Sterile self-interactions: new production channels, 
changes interaction rate and thermal potential.

See, e.g. Abazajian, “Sterile Neutrinos in Cosmology” 1705.01837; de Gouvêa, Sen, Tangarife, Zhang 1910.04901 39

measurement may collapse to 
sterile component

produce active neutrino 
(weak eigenstate) 

no self-interaction
new allowed range

3.5 keV

https://arxiv.org/abs/1705.01837
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Primordial Black Holes
Both as dark matter, and as dark matter factories

Tao Xu, “Asteroid-mass Dark Matter” CETUP* 2023;  
Gehrman, Haghi, Sinha, Xu, “The PBHs that Disappeared” 2304.09194

40

PBH may be dark matter candidates…  

or can non-thermally produce dark matter through 
Hawking radiation
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Models of dark sectors
Versus typical WIMP

• What is it? Some new particle… doesn’t have to be “deep” 

• How did it get here? Many options and room for more creativity 

• Why is it still here? Sufficient stability from small interactions? 

• Why isn’t it ruled out? Small interaction with Standard Model 

• How do we discover it? Room for creativity!  
Usually related to “how did it get here?”

41
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Thanks!

42


