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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
E; x Eg heterotic string theory 2x3968 + 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



Standard Higgs Portal Models
Dark matter consists of electroweak singlets

* Higgs coupling to scalar dark matter
H =2 (H* - H)S?

* Higgs coupling to vector dark matter
H =T (HY - H)V,VH

* Higgs coupling to fermionic dark matter
H = —(H* - H)fx



Standard Higgs Portal

Dark matter creation (early universe, colliders)
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What we (usually) want to know:
e 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 recolil off nucleons

The nucleon recoil cross section for bosonic Higgs

portal dark matter of mass mp 1s
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47?!%2 (mp + my)*

ODN =

mp 1s the nucleon mass
g 1s the coupling constant in the effective Higgs-
nucleon coupling term gNN#h,

210 MeV < gvy, <365 MeV.



Standard Higgs portal dark matter recoll off nucleons
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Standard Higgs portal dark matter recoll off nucleons
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New Higgs portal models:
Higgs alignment of visible and dark gauge groups

WY, Is a dark left-handed doublet with charges % X Y'; under
a dark gauge group SU'(2) x U'(1).

The corresponding right-handed singlets ; p have charges
Yig=Y_ +Yy=Y +1landY g =Y, -V, =Y, —1
under the dark U’'(1).

The coupling to the Standard Model Higgs boson

\/E 11) 1T) *
LH—DM — —Z(mijL -H - lpZ,R + mlqu cE - H™ - ¢1,R) + h.c.

aligns the electroweak gauge group SU,,(2) x U, (1) with
the dark gauge group SU'(2) x U'(1) and gives masses m,
and m, to the dark fermions.

— asymmetric dark matter
11



New Higgs portal models:
Higgs alignment of visible and dark gauge groups

The coupling to the Standard Model Higgs boson
\/E (1) (1) *
LH—DM = —;(mijL .H°l/)2,R +m1"IJL ’Q‘H °l/)1,R) +hC

aligns the electroweak gauge group SU,,(2) x U,,(1) with
the dark gauge group SU'(2) x U'(1) — asymmetric dark
matter. Dark matter creation (early universe, colliders)
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<vo>[cm?/s]

However, thermal creation for a dark matter mass above m;, /2 yields
a dark matter mass mp = 96 GeV, but too large a nuclear recoil cross
section opy = 1.2 X 10™** cm?.
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A dynamical model for alignment of visible and dark sector gauge
groups can be constructed using two scalar fields M; = {M; 4, }:

Vi, *
LH—DM__v_h(LPL My -H-YPop+ P, -My-€-H -yp)+h.c
D,M; = d,M X E-M—'ﬁ(y' Y r)Cy M
Ui — Yulti lCIZuZ_i 12 L LR)%u l

. g 9y
+lgWMl'E°Wu+l7YhBu Ml

The gauge invariant potential

2
1
V(My, My) =7 ) B[Te(M; - M) - 2|Dethd;]
i=1
yields a ground state

Mi = mil with m; > 0.
Proof: Use polar decomposition M; = H; - V; with positive semidefinite
hermitian factor H; and a unitary factor_V;.
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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.

e Dark matter couplings for thermal creation
Increase with mass, while DEAP-3600, XENONI1T,
PandaX-Il 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. 15
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Annihilation cross sections for scalar singlets
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with N, = 1 for leptons and N, = 3 for quarks, and
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where 6. = 1 for annihilation into Z bosons and 6. = 0
for annihilation into W*W~. L
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Annihilation cross sections for vector singlets

Ovy—hh =
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Dark matter coupling versus mass from thermal dark matter creation

Freeze-out happens during radiation domination

b ShmplancerQ D
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Lee-Weinberg condition for freeze out temperature:

exp(§) =

20k3,m pc? VE B )
(\/%hc) vl & mec kel

Evolution of dark matter density to the present epoch:

2_25_3 /fB\/_

(1) _ £
26 — 17 2(cv)t, 3/225(;‘

o5 = nlto)mpc

Elimination of (ov) yields ¢ (or equivalently relation T (mp))
19



Dark matter coupling versus mass from thermal dark matter creation (cont’'d)
Substitution of & = mpc”®/kpT} as a function of m,, into

26 -3,  kpVb

(1) ¢
26 — 17 2{(0v)l ey 2.4"

05 = n(ty)mpc* =

yields the required annihilation cross section (ogv) for thermal
dark matter creation as a function of m;.

On the other hand, Gondolo and Gelmini have taught us how
to calculate thermal cross section averages if we know o (s)

1 ~ 2
(o) aa(T) = ST 2/ T) /4m2ds Vs (s —4m?) o(s)K1(/s/T)

Comparison yields the dark matter coupling as a function

of mass: o (o0} (T})
(ov)ea(Ty)/n* 20
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Bounds from Segue | on Higgs portal couplings
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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

Eg x Eg heterotic string theory 2x3968 + 128= 8064 (at the Planck scale)
Minimal dark matter models (125..132) + 2 =127..134

TeVeS 124 + 4 =128

MOG 124 + 6 = 130
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