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A model of vector dark matter
The model:
= extra U(1) gauge symmetry (A%),

® a complex scalar field S, whose vev generates a mass for the U(1)’s
vector field, S = (0,1,1,1) under U(1)y x SU(2);, x SU(3). x U(1)

= SM fields neutral under U(1),

® to ensure stability of the new vector boson, a Z, symmetry is assumed
to forbid U(1)-kinetic mixing between U(1) and U(1)y. The extra
gauge boson A% and the scalar S field transform under Z, as follows




A model of vector dark matter

The scalar potential

V = —ug H? + Mg |H|* — 12|81 + Mgl S|* + slSP|H|.

The vector bosons masses:

1 1 /
My = Egva My = ) 92 +gl2v and Mz’ = 9z Vs,




A model of vector dark matter

The mass squared matrix M? for the fluctuations (¢, g) and their
eigenvalues

M2 = (2)\HU2 K/UUx>

KUv, 2 Svi

ML = g+ gl N80t — g0l + Nt + k0%




A model of vector dark matter

sign(Asar — Apr)(MT) —
VM2 — ME,)? 1 4(A

sign(Agar — Agr) 2M3,
VM2 — M25)? + 4(MEy)?

sin 2 = , CoS2a =

There are 5 real parameters in the potential: g, pg, Ay, Ag and k.
Adopting the minimization conditions pz, pg could be replaced by v and
v,. The SM vev is fixed at v = 246.22 GeV. Using the condition

My, =125.7 GeV, v2 could be eliminated in terms of




A model of vector dark matter

® Bottom part of the plot (A\g <
Asar = M, /(2v°) = 0.13): the
heavier Higgs is the currently 0.20
observed one.
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A model of vector dark matter
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A model of vector dark matter
Vacuum stability

V = —ph H? + Mg|H* - 13181 + Mgl S|* + sISP| HI?

2-loop running of parameters adopted

Au(Q) >0, Ag(@) >0, #(Q)+2vAn(Q)As(Q) >0

1~ (solid) and 2~ (dashed) loop, g,[m]= 0.3, Ay[m]= 0.14, As[m}= 0.1,k[m]=~0.06 1- (solid) and 2~ (dashed) loop, gx[m= 0.3, Au[mi= 0.14, As[m{= 0.1, K[m(]=-0.06




A model of vector dark matter

The mass of the Higgs boson is known experimentally therefore within the
SM the initial condition for running of Ay (Q) is fixed

Ap(my) = My, /(2v%) = Agpr = 0.13

For VDM this is not necessarily the case:

lel = )\Hv2 + )\Svi e \/)\gvi — 2)\H)\Sv2vfc - )\%_11)4 L 521;21;;1.
VDM:

® Larger initial values of Ay such that Az (m;) > Agj, are allowed




A model of vector dark matter




Problems of ACDM vs. self-interacting
dark matter

“The core-cusp problem” (also known as the cuspy halo problem) e.g. de
Block et al.2001: There is a discrepancy between the observed dark matter
density profiles of low-mass galaxies and the density profiles predicted by
cosmological N-body simulations.
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Problems of ACDM vs. self-interacting

dark matter
® “The too big to fail problem” Bolyan-Kolchin al. 2013: Simulations of
galaxies show that satellite galaxies (e.g. Large and Small Magellanic
Clouds) are too dense compared to what we observe around the MW.

B “The missing satellites problem” e.g. Klypin et al.1999: The number
of Dark Matter sub-halos in Milky Way sized haloes is over-predicted
by roughly one order magnitude.
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Problems of ACDM vs. self-interacting
dark matter

Problems

® “The core-cusp

problem” Solutions
® “The too big t Oself
e too big to T £ 0

fail problem”

® “The missing
satellites problem”



Problems of ACDM vs. self-interacting
dark matter

cm?

1 1 s 1 . Oself
Upper bounds on self-interaction cross-section: Ry <1 g




Problems of ACDM vs. self-interacting
dark matter

Problems

® “The core-cusp
problem”

Solutions

0.1m” < owar < 1cm’

® “The too big to
g ~ Mpm g

fail problem”

® “The missing
satellites problem”

Observation
Bullet cluster
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Problems of ACDM vs. self-interacting
dark matter

Large cross-section

0.1 cm2 S ]\tj[sehf S 1 cm2 barn
DM

g gNGeV>>




Model independent resonance
enhancement of o s

DM DM
DM R DM

Breit-Wigner resonance (2Mpy; ~ M) DM self-interaction.




Model independent resonance
annihilation

DM SM

DM R SM

Breit-Wigner resonance (2Mpy; ~ M ) annihilation.




Model independent resonance
annihilation

fl—y— 2 R(a) (Y - Yig)

3 2 ) 2
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(6 +"/4)" ++°




Model independent resonance
annihilation

6=107*, y=10"°




Model independent resonance
annihilation
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Model independent resonance
annihilation

® parameters: (0v,q)o (present annihilation), 7 (resonance DM
coupling), ¢ (resonance location), v (resonance width)

= constraints: Qh%, Osett/ Mpapr and Fermi-LAT upper limits on (ov,q)0

the goal: minimize (ov,q)( for a given (large) —5;11\% r BTw —77—

Mp s 8249

‘ 1/2
(oVre1)0 . 960 ( Mp >3/2 Osett/Mpar
2x10 P em?st T &nyw \ 100 GeV 1em?/g

(100)1/2 (0.12)
X )
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Early kinetic decoupling

Dark matter annihilation rate is enhanced by the resonance, therefore
coupling of the mediator to the SM particles needs to be suppressed in
order to be consistent with the observed abundance.

I
Temperature of the kinetic decoupling T},; (too weak DM-SM elastic
scattering in order to maintain equilibrium) can be, in the resonant
case, higher than in the typical WIMP scenario.

4
If dark matter decouples kinetically when it is non-relativistic, then the
DM temperature T, evolves according to Thy; o a2, contrary to
the radiation-dominated SM thermal bath, for which Tq;; a




Early kinetic decoupling

_ ) Tsur, if T > Thg
PM\ Tu/Thay i T < Tha.

dY )\0 2 2 o 1'2




Early kinetic decoupling

1TeV

6=-10"7, y=10"°, M




Early kinetic decoupling

H(Tyq) ~ Useat (Tha) = Tra
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Resonant self-interaction of vector dark
matter




Resonant self-interaction of vector dark
matter

Minimal (ov,q)¢ in the VDM




Resonant self-interaction of vector dark
matter

With early kinetic decoupling
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Resonant self-interaction of vector dark

matter
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Summary
A model of vector U(1) dark matter (VDM) was introduced and
discussed. The model contains a second neutral Higgs boson hs.

Problems of ACDM were reviewed.

A possibility of enhancing the dark-matter self-interaction
cross-section (og.¢/Mpas) by s-channel resonance was considered in a
model independent way.

Dark matter annihilation in the vicinity of a resonance was discussed in
details. Approximate analytical and exact numerical solutions of the
Boltzmann equation were found. Early kinetic decoupling of dark




