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Self-interacting dark matter (SIDM) with a light mediator:
pros and problems



A small-scale crisis for standard cold DM?

» Long-standing discrepancies between N-body simulations and observations

on small scales (galaxies):

Recent review: Tulin+ [1705.02358]
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Cusp-vs-core problem

 Essentially two possible solutions:

® Observations
— CDMonly
— Hydro sims
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Diversity problem

(1) Baryonic feedback processes (star formation, supernovae, ...)

(2) “New” DM physics



Self-interacting dark matter (SIDM)

Strong self-interactions of DM can potentially . "
oiite Ph/
cure the small-scale crisis of standard cold DM 9909386]

Spergel+




Self-interacting dark matter (SIDM)

Dark Matter Density (M@;’kpc?’)

(ov)/m (cmz/g x km/s)

Strong self-interactions of DM can potentially
cure the small-scale crisis of standard cold DM
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e Observational preference for

Spergel+
[astro-ph/
99093861

 Self-interactions allow for efficient
energy transfer between DM particles

 This heats up DM and creates an

~ 2 —20barn/GeV (v ~ 30 km/s)
or/m < 0.1 —1cm?/g (v~ 1000 km/s)
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e Observational preference for

Spergel+
[astro-ph/
9909386]

 Self-interactions allow for efficient
energy transfer between DM particles

 This heats up DM and creates an

~ 2 —20barn/GeV (v ~ 30 km/s)
or/m < 0.1 —1cm?/g (v~ 1000 km/s)

Which models can provide a large and velocity-dependent
self-interaction cross section of dark matter ?
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Kaplinghat+ [1508.03339]



Feng+ [0905.3039]

SIDM via a light mediator Buckley+ [0911.3898]

Tulin+ [1302.3898]
WIMP mpwm =~ GeV — TeV) SW+ [1704.02149]

(
+ light mediator (Mmeq =~ 1MeV — 100 MeV)
+ weak coupling (g ~ 0.1)

DM " DM ?M\g g» ; g/ﬁw
DM M % > \D\M
- enhanced by 1/¢* or 1/m?# — enhanced by non-perturbative effects

(relevant if a,mpy/mMmed 2 1)



Feng+ [0905.3039]

SIDM via a light mediator Buckley+ [0911. 389]

Tulin+ [1302.3898]
WIMP mpm ~ GeV — TeV) SW+ [1704.02149]

(
+ light mediator (Mmeq =~ 1MeV — 100 MeV)
+ weak coupling (g ~ 0.1)

DM " DM ?M\g g» ; g/ﬁw
DM M % > \D\M
- enhanced by 1/¢* or 1/m?# — enhanced by non-perturbative effects

(relevant if a,mpn/Mmed 2 1)

e Strong DM self-interactions with weak couplings! «

 Desired velocity-dependence comes for free:
large cross section at dwarf scales « -
suppressed cross section at cluster scales «

 How can this be realized in a concrete particle physics model




SIDM via a decaying vector mediator

my ~ 10MeV — 10 TeV
mz, ~ 0.1 MeV — 100 MeV

Buckley/Fox [0911.3898]
Feng/Kaplinghat/Tu/Yu [0905.3039]
Tulin/Yu/Zurek [1302.3898]

i —ywﬁfyﬂszg —sine B, 75"
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SIDM via a decaying vector mediator

my ~ 10MeV — 10 TeV
mz, ~ 0.1 MeV — 100 MeV

Buckley/Fox [0911.3898]
Feng/Kaplinghat/Tu/Yu [0905.3039]
Tulin/Yu/Zurek [1302.3898]

i —ywlﬁfyﬂszg —sine B, 75"

o At Toump ~ eV, DM still can annihilate
— injection of energetic electrons and photons
— this process is strongly Sommerfeld enhanced
- (0v)omB > 3-107%% cm? /s



SIDM via a decaying vector mediator
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— this process is strongly Sommerfe
- (0v)omB > 3 - 1072 em? /s

Bringmann+ [1612.00845]

Simple model with a decaying
vector mediator is excluded

Side remark: also the model with a scalar mediator
is under strong pressure Sw+ [1704.02149]
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What if the vector mediator is stable?

o If Z§ is stable, the CMB constraints from 1) — ZpZp are avoided
— sufficiently small kinetic mixing parameter
— or: dark charge conjugation symmetry Ma [1704.04666]
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What if the vector mediator is stable?

o If Z§ is stable, the CMB constraints from 1) — ZpZp are avoided
— sufficiently small kinetic mixing parameter
— or: dark charge conjugation symmetry Ma [1704.04666]

* Problem: Z; would overclose the Universe
— introduce a scalar field o which breaks the U(1)p associated to Z5
— massive Z5 and a dark Higgs hp
— ZpZp — hphp annihilations suppress the abundance of Z§

* Model summary (after symmetry breaking):

 Dirac fermion ¢, my, ~ GeV-TeV , U(1)p charge 9y
— dominant DM component

* Gauge boson Zf , mz, ~ (1-100) MeV
— subdominant DM component
 Dark higgs boson hp, my, ~ 1 MeV < mg,

associated to scalar field with U(1)p charge gp
— small mixing with SM Higgs « A\,p



Thermal history

equilibration with SM at large T
» Dark sector freeze-out of ¢ and 7, : | Via hip — h MiXing o< App

y

hp decays Zp < hp W < Zp < hp
} } > T
Zp freezes out at Y freezes out at
T ~mg,/25 T ~ my/25

e Correct relic density for gy, gp ~ 107° — 10"
= 0.0 /0, ~ 101 0
— numerical treatment using micromegas v4.3.5
(conversion processes, semi-annihilation, ...)



Thermal history

equilibration with SM at large T
» Dark sector freeze-out of ¢ and 7, : | Via hip — h MiXing o< App

y

hp decays Zp < hp W < Zp < hp
} } > T
Zp freezes out at Y freezes out at
T ~mg,/25 T ~ my/25

e Correct relic density for gy, gp ~ 107° — 10"
= 0.0 /0, ~ 101 0
— numerical treatment using micromegas v4.3.5
(conversion processes, semi-annihilation, ...)

* BBN bounds?
— For \;p <4 x 107* , dark and SM sectors decoupling prior
to QCD phase transition, resulting in ANqg < 0.27 «
— For my, < 2MeV , decay products of hp are below the
photo-disintegration threshold of deuterium «/

More detailed BBN analysis of MeV-scale decaying particles:

Ongoing work [Hufnagel, Schmidt-Hoberg, SW]



CMB constraints strike back

Two types of CMB constraints:

(1) Spectral distortions from late-time decays of hp exclude 75, > 10°s

— this (basically) excludes mp, < 2m,
- we fix my, = 1.5 MeV (precise value irrelevant)



CMB constraints strike back

Two types of CMB constraints:

(1) Spectral distortions from late-time decays of hp exclude 75, > 10°s
— this (basically) excludes mp, < 2m,
- we fix m;, = 1.5 MeV (precise value irrelevant)

(2) Energy injection from late-time annihilations of ¢ and Z5 :

/<SM
/ /hD

ZD

7
E\{ b

N \hD
T s
« ) — Zphp is Sommerfeld enhanced
« ZpZp — hphp can give important constraints even for Q,_ h? < 0.12
 We employ the bounds on (ov) from Slatyer [1506.03811]
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Impact of CMB constraints

1) dominantly annihilates
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Impact of CMB constraints
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Viability

of self-interacting DM?
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There are regions in parameter space leading to the desired
ot /my , without being excluded by CMB or BBN!

(upper bound on o1 /m,, on cluster scales is satisfied)



Viability of self-interacting DM?
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There are regions in parameter space leading to the desired
ot /my , without being excluded by CMB or BBN!

(upper bound on o1 /m,, on cluster scales is satisfied)
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Conclusions

 Self-interacting dark matter is an interesting solution to the small-scale
problems appearing within the standard cold dark matter paradigm

 Model-building challenge: large and velocity-dependent cross sections
— WIMP + MeV-scale mediator

— most simple realizations are under strong pressure

e New idea:
SIDM with a stable vector mediator 75 and a dark Higgs hp
— annihilations ZpZp — hphp suppress abundance of Zp
— Two DM particles: ¢ (dominant, GeV-scale)
Z§ (subdominant, MeV-scale)

e Most important constraints on this scenario:
(1) CMB constraints on spectral distortions from hp decay
(2) CMB constraints on late-time annihilations of ) and Z§

There are regions in parameter space leading to the desired
self-interaction cross section, without being excluded by CMB or BBN!




Backup material



- SIDM with a scalar mediator

Tryp [GBV]

(O_T/mtp)dwarf scales — 10 cm? g_l

10! ¢
10° £
-1
10 E (UT/mw)cluster
> lem?g? o
L
L
1077 5 A TIIHHM GIHHHI 5 . 4 3
10~ 10~ 10~ 10~ 10~ 10~
YsM

3-1073

1073

3-107*

Mg [GBV]




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29

