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Overview

-) strongly interacting dark matter -) indirect searches of dark matter
candidates -) dark radiation from dark matter

-) self-interacting dark matter decays
-) rather new theory -) max. sensitivity in direct detection

experiments and PTOLEMY
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Strongly interacting massive particles (SIMPs)

Low-energy effective description of dark Sp(4) theories
(arXiv:2202.05191)
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Project and Groups

Cooperation Partner
N.Bozorgnia (astrophysics)

Direct Detection with CRESST 
PI Schieck (ÖAW)

Collider Physics
PI Kulkarni (ÖAW)

Phenomenology and Cosmology
PI Pradler (ÖAW, Coordinator)

UV completion on the lattice
PI Maas (University of Graz)

Setup

spectrum, widths,
matrix elements,

self-coupling

Setupcross
sections

spectrum, widths,
matrix elements

velocity
dependence

direct 
detection limits

FWF research group STRONG-DM 

Cooperation Partner
B.Lucini (lattice)

J-factors,
local DM distribution

direct 
detection limits

complementarity

technology technology

SIMP Discovery Potential

essential input
essential output
information flow
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Freeze out and thermal relic dark matter

WIMP paradigm

WIMP dark matter
DM in thermal equilibrium with SM particle via annihilations
DM DM ! SM SM

decoupled from thermal equilibrium, when universe cooled down ! freeze out
DM relic abundance 
dm � 0:26

cold dark matter (non-relativistic) with mass mWIMP � O(GeV � TeV)

searched for � 35 yr, WIMPs have not been observed
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Is dark matter a WIMP?

The WIMP paradigm is being challenged (e.g. neutrino floor in direct detection
experiments)
Are there different signatures from another thermal DM?
Is there an alternative DM candidate we can search for?

IF YES:
What would happen if dark matter was secluded from the SM sector?
What would its mass be?
What interactions would appear?
How would it interact with SM?
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Production of SIMPs in the early stages of the universe

SIMP paradigm

Strongly interacting massive particles (SIMPs) as DM
3 ! 2 annihilation implies heating of DM sector
DM must be coupled to SM ) opens door to phenomenology, mSIMP � O(MeV )

DM abundance regulated by number changing process in DM sector only
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�6�`�Q�K �l�o �G���;�`���M�;�B���M �i�Q �2�z�2�+�i�B�p�2 �G���;�`���M�;�B���M �@ �q�2�b�b�@�w�m�K�B�M�Q�@�q�B�i�i�2�M
�i�2�`�K

�2�z�2�+�i�B�p�2 �G���;�`���M�;�B���M�,

L 2 =
f 2

�

4
�h�`

h
@� � @� � y

i
+ 2 � 3

�
Tr [ M �] + Tr

h
� yM y

i�
�U�R�9�V

�j �i�Q �k �T�`�Q�+�2�b�b) �M�2�2�/ �8 �T�Q�B�M�i �B�M�i�2�`���+�i�B�Q�M �i�2�`�K

�8�@�T�Q�B�M�i �B�M�i�2�`���+�i�B�Q�M �Q�m�i �Q�7 �:�Q�H�/�b�i�Q�M�2�b) �q�2�b�b�@�w�m�K�B�M�Q�@�q�B�i�i�2�M �B�M�i�2�`���+�i�B�Q�M

L W ZW =
� iN c

240� 2

Z
�h�`

h
(� yd�) 5

i
�U�R�8�V

�q�w�q �B�M �i�2�`�K�b �Q�7 �:�Q�H�/�b�i�Q�M�2 �}�2�H�/�b �U�/�2�;�2�M�2�`���i�2 �K���b�b�2�bN f = 2 �V

L �q�w�q =
8Nc

15� 2 f 5
�

� ���� Tr [ �@� �@� �@� �@� � ] + O
�
� 6 �

�U�R�e�V

�q�w�q �i�2�`�K ���H�H�Q�r�b �Q�M�H�v �B�M�i�2�`���+�i�B�Q�M�b �r�B�i�? �:�Q�H�/�b�i�Q�M�2�b �Q�7 �/�B�z�2�`�2�M�i �;�2�M�2�`���i�B�Q�M

� ���� � 1@� � 2@� � 3@� � 4@� � 5 �U�R�d�V

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �R�3 �f �9�e



�l�o�@�G���;�`���M�;�B���M �i�Q �2�z�2�+�i�B�p�2 �G���;�`���M�;�B���M �7�Q�` �7�2�`�K�B�Q�M�b
�U�/���`�F �[�m���`�F�b�V �r�B�i�? �M�Q�M�@�/�2�;�2�M�2�`���i�2 �K���b�b�2�b

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �R�N �f �9�e



�_�2�K�B�M�/�2�` �@ �l�o�@�i�?�2�Q�`�v �7�Q�` �M�Q�M�@�/�2�;�2�M�2�`���i�2 �[�m���`�F �K���b�b�2�b

�b�v�K�K�2�i�`�v �2�t�T�H�B�+�B�i�H�v �#�`�Q�F�2�M �#�v �K���b�b �i�2�`�K

L = 	 y i�� � D � 	 �
1
2

	 T � 2SM 	 + �?�X�+�X �U�R�3�V

�/�2�;�2�M�2�`���i�2 �K���b�b �K���i�`�B�t�,M = m E

E =
�

0 I2� 2

� I2� 2 0

�
: �U�R�N�V

�a�l(4)
explicit

! �a�T�U4�V

�M�Q�M�@�/�2�;�2�M�2�`���i�2 �K���b�b �J���i�`�B�t

mu 6= md ) M = M �/�2�; + � M =

0

B
B
@

0 0 mu 0
0 0 0 md

� mu 0 0 0
0 � md 0 0

1

C
C
A �U�k�y�V

�a�l(4)
explicit

! Sp(2)u � Sp(2)d

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �k�y �f �9�e



�l�o�@�i�?�2�Q�`�v �7�Q�` �M�Q�M�@�/�2�;�2�M�2�`���i�2 �[�m���`�F �K���b�b�2�b

�b�T�H�B�i�i�B�M�; �Q�7 �/�2�+���v �+�Q�M�b�i���M�i�b ���M�/ �p���+�m�m�K �+�Q�M�/�2�M�b���i�2�b

f �
m u 6= m d�����!

(
f � �7�Q�`� 1;2;4;5

f � 3 �7�Q�`� 3
; � 3 m u 6= m d�����!

8
<

:

� 3
u =

1
2

huT � 2SE2ui

� 3
d =

1
2

hdT � 2SE2di
; �U�k�R�V

�+�?�B�`���H �G���;�`���M�;�B���M

L = L �F�B�M+ L �K���b�b+ L �q�w�q

=
4� 6

u

(� 3
u + � 3

d )2

�
f 2

�

4
�h�`

h
@� � @� � y

i
�

1
2

� 3
u (�h� [̀M �] + �?�X�+�X)

�

+
� 6

d

p
� 6

u + � 6
d

�
� 3

u + � 3
d

� 5

32
p

2� 24
u

L �/�2�;�X
�q�w�q

�U�k�k�V

�:�Q�H�/�b�i�Q�M�2 �K���b�b�2�b

m2
� � m2

� 1; 2 ; 4 ; 5 =
2� 6

u (mu + md )
f 2

� (� 3
u + � 3

d )
; m2

� 3 =
2� 6

u (mu � 3
u + md � 3

d )
f 2

� (� 6
u + � 6

d )
: �U�k�j�V

�`�2�b�m�H�i�b �b�m�T�T�Q�`�i�2�/ �#�v �H���i�i�B�+�2 �b�B�K�m�H���i�B�Q�M�b

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �k�R �f �9�e



�G���i�i�B�+�2 �b�B�K�m�H���i�B�Q�M�b

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �k�k �f �9�e



�J�m�H�i�B�T�H�2�i �b�i�`�m�+�i�m�`�2

�m�M�/�2�` �ó�M���B�p�2�ô �T���`�B�i�vP :  (x ; t ) ! 
 0  (� x ; t )

5 �:�Q�H�/�b�i�Q�M�2�b=
�

3 �S�b�2�m�/�Q�b�+���H���`�b� A ; � B ; � C

2 �a�+���H���`�b; � D ; � E

�m�M�/�2�` �T���`�B�i�vD :  (x ; t ) ! � i
 0  (� x; t )
5 �:�Q�H�/�b�i�Q�M�2�b ���`�2 �S�b�2�m�/�Q�b�+���H���`�b

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �k�j �f �9�e



�.�J �+�Q�m�T�H�2 �i�Q �a�J

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �k�9 �f �9�e



�.�J �+�Q�m�T�H�2�/ �i�Q �a�J

�B�M�i�`�Q�/�m�+�2 �� �M�2�r ���#�2�H�B���M �/���`�F �;���m�;�2 �;�`�Q�m�TU(1)0 �r�B�i�? �U�K���b�b�B�p�2�V �;���m�;�2 �}�2�H�/V �

V � �F�B�M�2�i�B�+���H�H�v �K�B�t �r�B�i�? �a�J �?�v�T�2�`�+�?���`�;�2

L int =
"

2 cos� W
B �� V �� ; �U�k�9�V

�r�?�2�`�2B �� ���M�/V �� ���`�2 �i�?�2U(1)D ���M�/U(1)Y �}�2�H�/ �b�i�`�2�M�;�i�?�b

�+�Q�p���`�B���M�i �/�2�`�B�p���i�B�p�2�,

@� 	 ia ! D � 	 ia = @� 	 ia + ieD V� Q ij 	 ja : �U�k�8�V

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �k�8 �f �9�e



�.�J �+�Q�m�T�H�2�/ �i�Q �a�J

�:���m�;�B�M�; �i�?�2 �i�?�2�Q�`�v �m�M�/�2�`U(1)0 �K���v �T�`�Q�p�B�/�2 �� �b�Q�m�`�+�2 �Q�7 �2�t�T�H�B�+�B�i �;�H�Q�#���H
�b�v�K�K�2�i�`�v �#�`�2���F�B�M�;

�b�i�m�/�v �?�Q�r �i�?�2 �;���m�;�2 �B�M�i�2�`���+�i�B�Q�M �i�2�`�K �B�M �i�?�2 �G���;�`���M�;�B���M�-

L � � eD V�

� �
	 i

� y

a
� � Q ij 	 ja

�
�U�k�e�V

�i�`���M�b�7�Q�`�K�b �m�M�/�2�` �i�?�2 �`�2�K���B�M�B�M�; �~���p�Q�` �b�v�K�K�2�i�`�v �a�T�U�9�V ���b

	 ia ! Vij 	 ja =
�

1 + i� N T N
ij + : : :

�
	 ja ; �U�k�d�V

�p���`�B���i�B�Q�M �B�M �i�?�2 �G���;�`���M�;�B���M �/�2�M�b�B�i�v

� L = ieD V�

�
(	) y � � � N

h
Q; T N

i
	

�
; �U�k�3�V

�`�2�K���B�M�B�M�; �~���p�Q�m�` �b�v�K�K�2�i�`�v �B�b �b�T���M�M�2�/ �#�v �i�?�Q�b�2 �;�2�M�2�`���i�Q�`�bT N �Q�7Sp(4) �i�?���i
�+�Q�K�K�m�i�2 �r�B�i�?Q�X

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �k�e �f �9�e



�.�J �+�Q�m�T�H�2�/ �i�Q �a�J

�*�?���`�;�2 ���b�b�B�;�M�K�2�M�iQ �"�`�2���F�B�M�; �S���i�i�2�`�M �J�m�H�i�B�T�H�2�i �a�i�`�m�+�i�m�`�2

(+ a; � a; � a; + a) Sp(4) ! SU(2) � U(1)

0

@
� C

� D

� E

1

A �-
�

� A

� B

�

(+ a; + a; � a; � a) Sp(4) ! SU(2) � U(1)

0

@
� C

� A

� B

1

A �-
�

� D

� E

�

(+ a; + b;� a; � b) �-a 6= b Sp(4) ! U(1) � U(1) ( � C )�-
�

� A

� B

�
�-

�
� D

� E

�

0

B
B
@

0 0 a 0
0 0 0 � a
a 0 0 0
0 � a 0 0

1

C
C
A Sp(4) ! SU(2) � U(1)

0

@
� C

� A;B

� E;D

1

A �-
�

� D;E

� B;A

�

�Q�i�?�2�` �Q�z�@�/�B���;�Q�M���H ���b�b�B�;�M�K�2�M�i�bSp(4) ! U(1) � U(1) ( � C )�-
�

� A

� E

�
�-

�
� B

� D

�
�Q�` �b�B�K�B�H���`

�B�7� C �B�b �b�B�M�;�H�2�i�- �B�i �/�2�+���v�b ���r���v�- �#�2�+���m�b�2 �B�i �B�b �M�Q�i �T�`�Q�i�2�+�i�2�/ �#�v �~���p�Q�` �b�v�K�K�2�i�`�v

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �k�d �f �9�e



U(1)0 �B�M�i�2�`���+�i�B�Q�M�b �r�B�i�? �K�2�b�Q�M�b

�B�M�i�2�`���+�i�B�Q�M �r�B�i�? �;���m�;�2 �}�2�H�/V� �r�B�i�? �/���`�F �b�2�+�i�Q�` �B�M �i�?�2 �2�z�2�+�i�B�p�2 �i�?�2�Q�`�v �i�?�`�Q�m�;�?
�+�Q�p���`�B���M�i �/�2�`�B�p���i�B�p�2

D � � = @� � + ieD V� (Q� + � Q) �U�k�N�V

eD �B�b �i�?�2U(1)0 �;���m�;�2 �+�Q�m�T�H�B�M�;

�B�M�i�2�`���+�i�B�Q�M �/�2�T�2�M�/�b �Q�M �+�?���`�;�2 ���b�b�B�;�M�K�2�M�iQ

�7�Q�` �� �+�?���`�;�2 ���b�b�B�;�M�K�2�M�i(+1 ; � 1; � 1; +1)

L V � � = � 2ieD V �
�

� A @� � B � � B @� � A
�

+ e2
D V� V � � A � B �U�j�y�V

�7�Q�`(+1 ; +1 ; � 1; � 1) V� �+�Q�m�T�H�2�b �Q�M�H�v �i�Q� D ; � E

�Q�M�2 �T���B�` �Q�7 �:�Q�H�b�i�Q�M�2�b �+���`�`�vU(1)0 �+�?���`�;�2

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �k�3 �f �9�e



U(1)0 �B�M�i�2�`���+�i�B�Q�M�b �r�B�i�? �K�2�b�Q�M�b

�/�2�+���v�b �Q�7 �:�Q�H�/�b�i�Q�M�2 �#�Q�b�Q�M�b �Q�+�+�m�` �i�?�`�Q�m�;�? �T�`�Q�+�2�b�b�2�b �K�2�/�B���i�2�/ �#�v �T���B�`�b �Q�7 �/���`�F
�T�?�Q�i�Q�M�b

� � V � V �p�2�`�i�2�t �B�b �b�Q�m�`�+�2�/ �#�v �i�?�2 �;���m�;�2�/ �q�w�q ���+�i�B�Q�M

L �B�M�i�
40iCe2

D

f 2
�

" ���� V � @� V � Tr
�

Q2@� �
�

�U�j�R�V

�b�B�M�+�2 ���H�H �;�2�M�2�`���i�Q�`�b �Q�7SU(4)=Sp(4) ���`�2 �i�`���+�2�H�2�b�b) ���M�Q�K���H�v �+���M�+�2�H�H���i�B�Q�M
L �B�M�i= 0 �7�Q�Q̀2 / I

�J���`�+�Q �L�B�F�Q�H�B�+ �a�i�`�Q�M�;�H�v ���M�/ �r�2���F�H�v �B�M�i�2�`���+�i�B�M�; �/���`�F �K���i�i�2�` �+���M�/�B�/���i�2�b�J���v �k�9�- �k�y�k�k �k�N �f �9�e



�*�Q�M�+�H�m�b�B�Q�M�b

�a�A�J�S�b ���`�2 �+�Q�K�T�Q�b�B�i�2 �b�i���i�2�b �+�`�2���i�2�/ �i�?�`�Q�m�;�? �+�?�B�`���H �b�v�K�K�2�i�`�v �#�`�2���F�B�M�;

�/�v�M���K�B�+�b �Q�7 �a�A�J�S�b ���`�2 �/�2�b�+�`�B�#�2�/ �#�v �2�z�2�+�i�B�p�2 �U�+�?�B�`���H�V �G���;�`���M�;�B���M

2 �i�Q2 �b�+���i�i�2�`�B�M�; �7�Q�` �7�`�2�2�-3 �i�Q2 �B�M�i�2�`���+�i�B�Q�M �;�B�p�2�M �#�v �q�w�q �i�2�`�K

SU (4) SSB�! Sp (4)

�/�2�;�2�M�2�`���i�2 �+���b�2�, �a�l(4)
explicit

! Sp(4)

�M�Q�M�@�/�2�;�2�M�2�`���i�2 �+���b�2�, �a�l(4)
explicit

! Sp(2)u � Sp(2)d
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Dark radiation

Sensitivity of direct detection experiments to neutrino dark radiation
from dark matter decay and a modified neutrino-floor

(arXiv:2008.13557)

Probing sub-eV Dark Matter decays with PTOLEMY
(arXiv:2012.09704)
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Energy budget of the universe

Dark matter
many efforts to find DM in the laboratory to understand its particle nature
direct detection experiments designed to search for nuclear recoils induced by
DM
DM has not been directly observed in laboratories ) look for other possible
signals
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Energy budget of the universe

Dark radiation
new form of relativistic particles produced by unstable dark matter (few % of
total DM abundance) ! dark radiation (DR)
number budget unknown ! large DR flux possible
DR may leave a detectable signal in direct detection experiments
we analysed sensitivity of baryonic and SM neutrinos in these experimentsMarco Nikolic Strongly and weakly interacting dark matter candidatesMay 24, 2022 33 / 46



Energy budget of the universe

Dark radiation
new form of relativistic particles produced by unstable dark matter (few % of
total DM abundance) ! dark radiation (DR)
number budget unknown ! large DR flux possible
DR may leave a detectable signal in direct detection experiments
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“What is the maximum sensitivity to DR that we can reach in direct detection
experiments?”

irreducible backgrounds from STANDARD NEUTRINO SOURCES
(solar,atmospheric, supernova �) in direct detection experiments
backgrounds may mimic DR
find region in parameter space of DR where DR and backgrounds are
distinguishable
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DARK RADIATION

DR in form of SM neutrinos
2-body decay

X ! �� (32)

parameter space of DR: �X ;mX ; fX (fX = 0:1)
benefit of scenario: interactions of neutrinos are known
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Dark Radiation from decaying Dark Matter

Dark Radiation as SM neutrinos

d�X2�(�X ;mX)

dE�
=
d��;gal:

dE�
+
d��;e:g:

dE�

galactic flux extragalactic flux
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Dark Radiation from decaying Dark Matter

DARK RADIATION vs. STANDARD NEUTRINO SOURCES

Marco Nikolic Strongly and weakly interacting dark matter candidatesMay 24, 2022 38 / 46
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Neutrino sources

Solar neutrinos produced in the Sun by fusion processes
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Neutrino sources

atmospheric neutrinos
Cosmic rays collide with nuclei in the atmosphere
hadronic showers: pions, kaons, neutrons, protons
muon decay: �� ! e� + ��� + �e; �+ ! e+ + �� + ��e

electromagnetic showers: production of photons and electrons
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Irreducible neutrino background

coherent scattering

� +N ! � +N (39)

spin-independent neutrino-nucleus cross section

d�N�(E� ; ER)

dER
=
Q2

WG2
FmNF (~q )2

4�

�
1 � ERmN

2E2
�

�
; (40)

Fermi constant GF = 1:1663787(6) � 10�5 GeV�2

weak charge QW = (4 sin2 �W � 1)Z +N , Weinberg angle �
Helm form factor

F (~q ) =
3j1(~q R)

~q R
e�~q 2s2=2 (41)

Coherence lost, when momentum transfer too large
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