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The case for minimal dark matter models:

- Small number of parameters → high predictability

- Occam’s razor:

Counting of on-shell helicity states for particle physics + gravity:

Standard model plus Einstein gravity 124 + 2 = 126

MSGSM (Minimal supergravitational SM) 264
E8 × E8 heterotic string theory 2×3968 + 128= 8064 

(at the Planck scale)

Minimal dark matter models (125..132) + 2 = 127..134

“Competition”: Modified gravity theories
TeVeS 124 + 4 = 128
MOG 124 + 6 = 130
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Standard Higgs Portal Models

Dark matter consists of electroweak singlets

• Higgs coupling to scalar dark matter                   
ℋ = 𝜂𝜂𝑆𝑆

2
𝐻𝐻+ � 𝐻𝐻 𝑆𝑆2

• Higgs coupling to vector dark matter                   
ℋ = 𝜂𝜂𝑉𝑉

2
𝐻𝐻+ � 𝐻𝐻 𝑉𝑉𝜇𝜇𝑉𝑉𝜇𝜇

• Higgs coupling to fermionic dark matter              
ℋ = 1

2𝑀𝑀
𝐻𝐻+ � 𝐻𝐻 𝜒̅𝜒𝜒𝜒
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Standard Higgs Portal 
Models

Standard Higgs portals lead 
to symmetric dark matter
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What we (usually) want to know:
• Annihilation cross sections for 

- calculating abundance as a function of 
dark matter parameters

- indirect signals in cosmic rays from 
dark matter annihilation

• Nuclear recoil cross sections for 
comparison with direct dark matter search 
experiments.

• Production cross sections for dark matter 
signals at colliders.
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Higgs-portal couplings as a function of dark matter mass
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Dark matter recoil off nucleons
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Standard Higgs portal dark matter recoil off nucleons

F. Sage & RD, Astropart. Phys. 71 (2015) 31–35.
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Standard Higgs portal dark matter recoil off nucleons

F. Sage & RD, Astropart. Phys. 71 (2015) 31–35.
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New Higgs portal models:
Higgs alignment of visible and dark gauge groups

Ψ𝐿𝐿 is a dark left-handed doublet with charges 1
2

× 𝑌𝑌𝑌𝐿𝐿 under 
a dark gauge group 𝑆𝑆𝑆𝑆𝑆(2) × 𝑈𝑈𝑈(1).
The corresponding right-handed singlets 𝜓𝜓𝑖𝑖,𝑅𝑅 have charges
𝑌𝑌𝑌1,𝑅𝑅 = 𝑌𝑌𝑌𝐿𝐿 + 𝑌𝑌𝐻𝐻 = 𝑌𝑌𝑌𝐿𝐿 + 1 and 𝑌𝑌𝑌2,𝑅𝑅 = 𝑌𝑌𝑌𝐿𝐿 − 𝑌𝑌𝐻𝐻 = 𝑌𝑌𝑌𝐿𝐿 − 1
under the dark 𝑈𝑈𝑈(1).
The coupling to the Standard Model Higgs boson
ℒ𝐻𝐻−𝐷𝐷𝐷𝐷 = − 2

𝑣𝑣ℎ
𝑚𝑚2�Ψ𝐿𝐿 � 𝐻𝐻 � 𝜓𝜓2,𝑅𝑅 + 𝑚𝑚1�Ψ𝐿𝐿 � 𝜖𝜖 � 𝐻𝐻∗ � 𝜓𝜓1,𝑅𝑅 + ℎ. 𝑐𝑐.

aligns the electroweak gauge group 𝑆𝑆𝑆𝑆𝑤𝑤(2) × 𝑈𝑈𝑦𝑦 1 with 
the dark gauge group 𝑆𝑆𝑆𝑆𝑆(2) × 𝑈𝑈𝑈(1) and gives masses 𝑚𝑚1
and 𝑚𝑚2 to the dark fermions.

→ asymmetric dark matter
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However, thermal creation for a dark matter mass above ⁄𝑚𝑚ℎ 2 yields 
a dark matter mass 𝑚𝑚𝐷𝐷 = 96 GeV, but too large a nuclear recoil cross 
section 𝜎𝜎𝐷𝐷𝐷𝐷 = 1.2 × 10−44 cm2.
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A dynamical model for alignment of visible and dark sector gauge 
groups can be constructed using two scalar fields 𝑀𝑀𝑖𝑖 = 𝑀𝑀𝑖𝑖,𝑎𝑎𝑎𝑎 :

ℒ𝐻𝐻−𝐷𝐷𝐷𝐷 = −
2
𝑣𝑣ℎ

�Ψ𝐿𝐿 � 𝑀𝑀2 � 𝐻𝐻 � 𝜓𝜓2,𝑅𝑅 + �Ψ𝐿𝐿 � 𝑀𝑀1 � 𝜖𝜖 � 𝐻𝐻∗ � 𝜓𝜓1,𝑅𝑅 + ℎ. 𝑐𝑐.

𝐷𝐷𝜇𝜇𝑀𝑀𝑖𝑖 = 𝜕𝜕𝜇𝜇𝑀𝑀𝑖𝑖 − 𝑖𝑖𝑞𝑞2𝑿𝑿𝜇𝜇 �
𝝈𝝈
2
� 𝑀𝑀𝑖𝑖 − 𝑖𝑖

𝑞𝑞1
2

𝑌𝑌′𝐿𝐿 − 𝑌𝑌′𝑖𝑖,𝑅𝑅 𝐶𝐶𝜇𝜇 � 𝑀𝑀𝑖𝑖

+𝑖𝑖𝑔𝑔𝑤𝑤𝑀𝑀𝑖𝑖 �
𝝈𝝈
2
� 𝑾𝑾𝜇𝜇 + 𝑖𝑖

𝑔𝑔𝑦𝑦
2
𝑌𝑌ℎ𝐵𝐵𝜇𝜇 � 𝑀𝑀𝑖𝑖

The gauge invariant potential 

𝑉𝑉 𝑀𝑀1,𝑀𝑀2 =
1
4
�
𝑖𝑖=1

2

𝜆𝜆𝑖𝑖 Tr 𝑀𝑀𝑖𝑖 � 𝑀𝑀𝑖𝑖
+ − 2 Det𝑀𝑀𝑖𝑖

yields a ground state
𝑀𝑀𝑖𝑖 = 𝑚𝑚𝑖𝑖1 with  𝑚𝑚𝑖𝑖 ≥ 0.

Proof: Use polar decomposition 𝑀𝑀𝑖𝑖 = 𝐻𝐻𝑖𝑖 � 𝑉𝑉𝑖𝑖 with positive semidefinite 
hermitian factor 𝐻𝐻𝑖𝑖 and a unitary factor 𝑉𝑉𝑖𝑖.
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Conclusions

• Minimal bosonic Higgs portal dark matter models 
in the WIMP mass range below 1 TeV are ruled 
out now by the Xenon based experiments.

• New Higgs portal models with dynamical 
alignment of gauge groups are under 
development. They seem to favor light dark 
matter.

• Dark matter couplings for thermal creation 
increase with mass, while DEAP-3600, XENON1T, 
PandaX-II and LZ push (or will push) the search 
range to ever higher masses → We need to 
enhance our understanding of non-perturbatively
coupled dark matter.
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Dark matter coupling versus mass from thermal dark matter creation

Freeze-out happens during radiation domination

Lee-Weinberg condition for freeze out temperature:

Evolution of dark matter density to the present epoch:

Elimination of 𝜎𝜎𝑣𝑣 yields ξ (or equivalently relation 𝑇𝑇𝑓𝑓 𝑚𝑚𝐷𝐷 ) 
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Dark matter coupling versus mass from thermal dark matter creation (cont’d)

Substitution of                            as a function of 𝑚𝑚𝐷𝐷 into

yields the required annihilation cross section 𝜎𝜎𝑣𝑣 for thermal 
dark matter creation as a function of 𝑚𝑚𝐷𝐷.
On the other hand, Gondolo and Gelmini have taught us how
to calculate thermal cross section averages if we know 𝜎𝜎 𝑠𝑠

Comparison yields the dark matter coupling as a function 
of mass:
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Scalar Annihilation Flux 
compared to GC Excess

Vector Annihilation Flux 
compared to GC Excess
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Bounds from Segue I on Higgs portal couplings



The matter which we know is described by the Standard Model of Particle Physics
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Alternative proposals: Modify Einstein gravity to try to accommodate flat galactic 
rotation curves and stronger than expected gravitational lensing

TeVeS = Tensor-Vector-Scalar theory (motivated by MOND):  Bekenstein (Milgrom)
adds a constrained time-like vector field and a scalar field in the gravitational sector
to modify gravity at large distances.

MOG =  Modified Gravity:  John Moffat (Waterloo)
adds a massive vector field and three scalar fields in the gravitational sector to modify 
gravity at large distances.
_____________________

Counting of on-shell helicity states for particle physics + gravity:

Standard model plus Einstein gravity 124 + 2 = 126

MSGSM (Minimal supergravitational SM) 264
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