
David Marsh, Stockholm University

Dark Matter  
Theory and  
Paradigmatic Models
… and EuCAPT’s activities

iDMEu kick-off meeting 11th May 2021



Theory papers on dark matter

2000-2004 2015-2019 2020-20242010-20142005-2009



Model independent results
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Ultralight DM, axion Dark  
sector

Nuggets? 
WIMPzillas? Composite PBH
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What models do people work on?
(caveats apply)

2000-2004 2015-2019 2020-20242010-20142005-2009

WIMPs, supersymmetric dm, neutralino dm

Sterile neutrino

Axion dm

Dark sector, portal dm



Point 3:
The theory community strives to be  
open-minded and inter-connected

Point 1:
Thermal models are still going strong

Point 2:
Non-thermal models are increasingly tested



Point 1:
Thermal models are still going strong



?

WIMPs
Thermal freeze-out:

Works well with low-energy supersymmetry
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⌦dm ⇡ 0.2 if

Traditionally
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GeV . m . TeV

<latexit sha1_base64="+VlNI073zpOUMzMcKCbzhZvLYCs="></latexit>

h�annvi ⇠
↵2
w

m2
⇠ 1

(TeV)2



WIMPs

Hints from indirect detection 
(subject to astrophysical uncertainties) 
inspire sharpened model building

Viable models down to & within 
the neutrino “fog”

Challenges & developments:
WIMPs that do more
Highlight underlying assumptions

cf. Baudis talk

cf. Cirelli’s talk at EuCAPT symposium



Dark sectors
Thermal dark matter beyond WIMPs

Simplified models, effective field theory parametrisation

<latexit sha1_base64="BwZQC+/3xDd3v+m0sJ3OeoBE+kw="></latexit>

h�annvi ⇠
↵2
x

m2

New mediator
e.g. vector that kinematically mixes with Z, γ

Many realisations, e.g. SIMP dark matter:
dm

dm

dm

dm

dm

<latexit sha1_base64="P+/g8uXeHYsFQ653WK/t3ksYtgE=">AAACFHicbVDLSsNAFJ3UV62vqODGzWARXEhJRNFl0Y0boYJ9QBPKZHrbDp1JwsxEKDG/4Qe41U9wJ27d+wX+htM2C9t64MLhnHs5lxPEnCntON9WYWl5ZXWtuF7a2Nza3rF39xoqSiSFOo14JFsBUcBZCHXNNIdWLIGIgEMzGN6M/eYjSMWi8EGPYvAF6YesxyjRRurYBwJ7ignsOo53ilNPCnwHjaxjl52KMwFeJG5OyihHrWP/eN2IJgJCTTlRqu06sfZTIjWjHLKSlyiICR2SPrQNDYkA5aeT/zN8bJQu7kXSTKjxRP17kRKh1EgEZlMQPVDz3lj8z2snunflpyyMEw0hnQb1Eo51hMdl4C6TQDUfGUKoZOZXTAdEEqpNZTMpgSRD0FmpZJpx53tYJI2zintRce7Py9XrvKMiOkRH6AS56BJV0S2qoTqi6Am9oFf0Zj1b79aH9TldLVj5zT6agfX1C5r5nOk=</latexit>

m ⇠ 100MeV
<latexit sha1_base64="mSkg/90XXJUl2rNNHVKpU4zOh/U=">AAACBnicbVDLSsNAFJ34rPFVdekmWARXJRFFN0LRjcsK9oFtKDfTm3boZBJmJmIJ3fsBbvUT3Ilbf8Mv8DectlnY1gMXDufcy733BAlnSrvut7W0vLK6tl7YsDe3tnd2i3v7dRWnkmKNxjyWzQAUciawppnm2EwkQhRwbASDm7HfeESpWCzu9TBBP4KeYCGjoI300Aae9KHzdOV1iiW37E7gLBIvJyWSo9op/rS7MU0jFJpyUKrluYn2M5CaUY4ju50qTIAOoIctQwVEqPxscvHIOTZK1wljaUpoZ6L+ncggUmoYBaYzAt1X895Y/M9rpTq89DMmklSjoNNFYcodHTvj950uk0g1HxoCVDJzq0P7IIFqE9LMlkDCAPXItk0y3nwOi6R+WvbOy+7dWalynWdUIIfkiJwQj1yQCrklVVIjlAjyQl7Jm/VsvVsf1ue0dcnKZw7IDKyvX/6JmQE=</latexit>

↵x = 1

Broad viable mass range:
<latexit sha1_base64="7OnkFEI7joSShMds+TbLNE8Stp8=">AAACK3icbVDLSsNAFJ34rPUVdelmsAgutCSi6LLoxmWFvqApZTK9aYfMJGFmIpTQr/A7/AC3+gmuFLfibzhtA9rWAwOHc87l3jl+wpnSjvNuLS2vrK6tFzaKm1vbO7v23n5DxamkUKcxj2XLJwo4i6CumebQSiQQ4XNo+uHt2G8+gFQsjmp6mEBHkH7EAkaJNlLXPss8KXAIjRH2OCilmMDil7qOg73TSaZmMl275JSdCfAicXNSQjmqXfvb68U0FRBpyolSbddJdCcjUjPKYVT0UgUJoSHpQ9vQiAhQnWzyrRE+NkoPB7E0L9J4ov6dyIhQaih8kxRED9S8Nxb/89qpDq47GYuSVENEp4uClGMd43FHuMckUM2HhhAqmbkV0wGRhGrT5MwWX5IQ9KhYNM248z0sksZ52b0sO/cXpcpN3lEBHaIjdIJcdIUq6A5VUR1R9Iie0Qt6tZ6sN+vD+pxGl6x85gDNwPr6AS97pqI=</latexit>

keV . m . 100TeV

Feng, Kumar 0803.4196

Review: Lin 1904.07915

 
Hochberg et al. 1402.5143



Both the dark matter and the mediator can be searched for

Synergetic with many new proposals for direct detection of light dark matter

Many models have additional cosmological constraints, e.g. from Neff

Astrophysical constraints among the most stringent

Model building and phenomenology alongside experimental and observational efforts

Dark sectors

Challenges & developments:

cf. Privitera’s talk



Point 2:
Non-thermal models are increasingly tested



Sterile neutrinos
Singlet fermions that mix with neutrinos

<latexit sha1_base64="rYt/8iPmsW1rPCGRmjCg8AuYMH0="></latexit>

1

2

�
⌫̄L , ⌫̄cR

�✓ 0 mD

mD M

◆✓
⌫cL
⌫R

◆
+ h.c.

<latexit sha1_base64="KyIgoaJue8aGRJ8/zd703gZOKTg=">AAACFHicbZBLSgNBEIZ7fMb4igpu3DQGwVWYEUU3QlAXboQI5gFJCD2dmqRJz4PuGiGMcw0P4FaP4E7cuvcEXsNOMguT+EPBz19VVPG5kRQabfvbWlhcWl5Zza3l1zc2t7YLO7s1HcaKQ5WHMlQNl2mQIoAqCpTQiBQw35VQdwfXo379EZQWYfCAwwjaPusFwhOcoYk6hf0W9gEZvaQtTzGe+J2bNLlLO4WiXbLHovPGyUyRZKp0Cj+tbshjHwLkkmnddOwI2wlTKLiENN+KNUSMD1gPmsYGzAfdTsb/p/TIJF3qhcpUgHSc/t1ImK/10HfNpM+wr2d7o/C/XjNG76KdiCCKEQI+OeTFkmJIRzBoVyjgKIfGMK6E+ZXyPjMc0CCbuuIqNgBM83lDxpnlMG9qJyXnrGTfnxbLVxmjHDkgh+SYOOSclMktqZAq4eSJvJBX8mY9W+/Wh/U5GV2wsp09MiXr6xe+Fp43</latexit>

✓ =
mD

M
See-saw mass, and small mixing

Narrow mass range:

Production: thermal non-thermal

Always there

cannot produce all dm

MSW resonance

in-medium mass degeneracy, if L is sufficiently large 

<latexit sha1_base64="5PoUliAJ4UjaeRPMqxeDdJ4y8L0="></latexit>

keV . M . few ⇥ 10 keV
Review: Boyarsky et al. 1807.07938



<latexit sha1_base64="Ss0xQ3jkKJBUmtQtTGEq4xpvZxA=">AAACAnicdVDJSgNBEO1xN25Rj14ag+Bp6BkTTG5BLx4VzALJID2dStKmZ6G7RgghNz/Aq36CN/Hqj/gF/oadRVDRBwWP96qoqhemShpk7N1ZWFxaXlldW89tbG5t7+R39+omybSAmkhUopshN6BkDDWUqKCZauBRqKARDs4nfuMOtJFJfI3DFIKI92LZlYKjlept7APym3yBuZUKKxZLlLkl5vt+2RJ24pcrHvVcNkWBzHF5k/9odxKRRRCjUNyYlsdSDEZcoxQKxrl2ZiDlYsB70LI05hGYYDS9dkyPrNKh3UTbipFO1e8TIx4ZM4xC2xlx7Jvf3kT8y2tl2C0HIxmnGUIsZou6maKY0MnrtCM1CFRDS7jQ0t5KRZ9rLtAG9GNLqPkAcJzL2WS+3qf/k7rveiWXXRUL1bN5RmvkgBySY+KRU1IlF+SS1Iggt+SBPJIn5955dl6c11nrgjOf2Sc/4Lx9AuDsl+0=</latexit>

✓

Sterile neutrinos

Test: X-ray line signal

Robust calculations of spectrum


How to generate large enough L? 

Non-minimal models

Challenges & developments:

Review: Abazajian 2102.10183



Axions
A class of naturally light (pseudo-) scalar dark matter candidates

The QCD axion:
• Naturally light


• Couples to photons


• Couples to gluons


• Nulls neutron EDM


• One parameter:

Axion-like particles (ALPs):
• Naturally light


• Does not couple to gluons


• All Wilson coefficients are 
parameters:


• Ubiquitous in string theory 

Excellent cold dark matter candidates
Behaves like classical field

cf. Majorovits talk



Axions
Viable mass range for QCD axion dark matter depends on cosmology

I. Homogeneous across the universe <latexit sha1_base64="S7UmbPjNf0APjSt8TFXsYujcw1k=">AAACF3icbZDLSgMxFIYz9VbHW9WVuAkWwYWUGVF0WXTjsoK9QKcMmfS0DU0yY5IRylB8Dh/ArT6CO3Hr0ifwNUwvC9v6Q+DnP+dwTr4o4Uwbz/t2ckvLK6tr+XV3Y3Nre6ewu1fTcaooVGnMY9WIiAbOJFQNMxwaiQIiIg71qH8zqtcfQWkWy3szSKAlSFeyDqPE2CgsHIiQ4IDDA/ZK/kVwirNACSygNgwLRa/kjYUXjT81RTRVJSz8BO2YpgKkoZxo3fS9xLQyogyjHIZukGpICO2TLjStlUSAbmXjLwzxsU3auBMr+6TB4/TvREaE1gMR2U5BTE/P10bhf7VmajpXrYzJJDUg6WRRJ+XYxHjEA7eZAmr4wBpCFbO3YtojilBjqc1siRTpgxm6riXjz3NYNLUzC7Tk3Z0Xy9dTRnl0iI7QCfLRJSqjW1RBVUTRE3pBr+jNeXbenQ/nc9Kac6Yz+2hGztcvzeCeEw==</latexit>

ma  0.15meV
<latexit sha1_base64="D8A5W7NftrkidlSk0KQeyaYw5BM="></latexit>

ma & 0.1µeV
�
or 10�12 eV

�

II. Random initial conditions when formed

“Pre-inflationary scenario” 
axion misalignement

“Post-inflationary scenario” 
axion misalignement + topological defects 

<latexit sha1_base64="YGawn4QxM/H8BNx8Jrr4Q7ZFV6k="></latexit>

ma = (25.2 ± 11.0)µeV
?

A single viable value, 
but hard to compute

Buschman et al. [1906.00967]

Review: Di Luzio et al. [2003.01100]ALPs can comprise ultralight dark matter:

<latexit sha1_base64="FXxbuvxbm+lNqyBYqpnHizCMcBM=">AAACHnicbVDLSgMxFM34rPVVdekmWAQXWmaKosuiG5cV7AM6tWTS2xqazAzJHaEMs/U7/AC3+gnuxK1+gb9h+lho64HA4ZxzuTcniKUw6LpfzsLi0vLKam4tv76xubVd2NmtmyjRHGo8kpFuBsyAFCHUUKCEZqyBqUBCIxhcjfzGA2gjovAWhzG0FeuHoic4Qyt1ClR1GPX7aBOKeu5delIuZ/4xTX2tKNQz2ikU3ZI7Bp0n3pQUyRTVTuHb70Y8URAil8yYlufG2E6ZRsElZHk/MRAzPmB9aFkaMgWmnY5/ktFDq3RpL9L2hUjH6u+JlCljhiqwScXw3sx6I/E/r5Vg76KdijBOEEI+WdRLJMWIjmqhXaGBoxxawrgW9lbK75lmHG15f7YEmg0As3zeNuPN9jBP6uWSd1Zyb06LlctpRzmyTw7IEfHIOamQa1IlNcLJI3kmL+TVeXLenHfnYxJdcKYze+QPnM8fLg+g5A==</latexit>

ma & 10�22 eV



Axions
Most interesting parameter space is 
now probed experimentally

Strong synergy with astroparticle 
physics

Get predictions right

New ways to probe

Theoretical expectations for ALP models

Populating the parameter space

Challenges & developments:



Point 3:
The theory community strives to be  
open-minded and inter-connected



• bring together the European community of 
theoretical astroparticle physicists and 
cosmologists 


• increase the exchange of ideas and knowledge


• coordinate scientific and training activities 


• help scientists attract adequate resources for their 
projects 


• promote a stimulating, fair and open environment 
in which young scientists can thrive 

Fonded in 2019 by APPEC and CERN.

EuCAPT aims to:



Steering committee:

Junior contributor: Nikolina Sarcevic

Team

Gianfranco Bertone 

(director)



Activities

Webpage

Newsletter

Community profiles

White paper

Virtual colloquia

List of virtual seminars

Census

Thematic workshops

Code of conduct

Research highlights

Annual symposium

Training

Meetings & talks: Community building: Communication:

eucapt.org

http://eucapt.org


Summary
Dark matter theory isn’t a topic, but a wide field

Several sub-fields develop closely with experiments and observations

Each sub-field has its own challenges;  
developments on many fronts

Models offer a way to organise huge span of 
possibilities; suggest paths for detection; highlight 
tacit assumptions

Several long-standing paradigms are facing critical tests


