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The Bullet Cluster
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The Bullet Cluster

> Observations of the Bullet Cluster tell us that the dominant form of matter in
galaxy clusters behaves very differently from baryonic gas:

= No emission of x-ray radiation
= No significant dissipation of energy
= No loss of direction

> In fact, the dark matter behaves much more like the collisionless galaxies in the
two galaxy clusters.

> Many similar observations in other major mergers

Abel 520 El Gordo Baby Bulle
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Collisionless dark matter?

>

If DM consists of new elementary particles, collisions of galaxy clusters seem to
imply that these particles would have small self-interactions.

To obtain an approximate upper bound on the self-scattering cross section, we can
calculate the projected (surface) DM density of a galaxy cluster.

For the central region of the Bullet Cluster, we find ~ ~ 0.3 g/cm?.

In order for the majority of DM particles to travel from one end of the Bullet
Cluster to the other without scattering, we require >0 /m =< 0.5,andthuso/m_=<

1.5 cm?/q.

Note that this is not at all a small cross section (1.5 cm?/g = 3 barn/GeV). In fact, it
is comparable to nucleon-nucleon scattering!
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Self-interacting dark matter

>

>

In order to be observable on astrophysical scales, DM self-interactions actually
have to be very large.

Nevertheless, even such large cross sections cannot be tested in the laboratory, so
astrophysics gives us a completely different window to study DM properties.

SM DM DM SM DM | DM DM
SM SM DM
Any clear astrophysical evidence for DM self-scattering would rule out many
popular DM models (neutralinos, axions, ...).

Instead: Point towards more complex dark sectors with additional structure.
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Hints for self-interacting dark matter?

> There are various discrepancies between N-body simulations of collisionless cold
DM and astrophysical observations on galactic scales:

= Too-big-to-fail problem

Boylan-Kolchin, Bullock, Kaplinghat: 1103.0007, 1111.2048
= Missing-satellites problem

Klypin et al.: astro-ph/9901240; Moore et al.: astro-ph/9907411
= Cusp-vs-core problem

Moore (1994); Flores, Primack: astro-ph/9402004

Courtesy of Hai-Bo Yu R (kpc)
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Hints for self-interacting dark matter?

> The observational situation concerning the “small-scale crisis” is not yet clear.
Maybe we just need to discover more Milky Way satellites (already many new
discoveries in 2015 & 2016).

> Even if fully established, it remains unclear whether baryonic feedback can equally
provide an explanation For missing satellites and cored dwarf galaxies.

Gas driven away Gas cools and Force retums to
Dark matter from centre flows backin original
particle s strength...
\o*b"‘ft Gravitational force s 4 i
& X ; 8 2. E
sl L = insufficient L. grav -
Il Fgav: : S ;
> [: 5. @
. -_‘ . . .-‘ -~ . b+
-\ . ... butis weaker at large
Dense, star- A . . distances, so the particle
forming gas el bl e cannot be pulled back
outwards . .
I to its old orbit

Process can repeat: analytical arguments and simulations
show that the effect accumulates with each episode
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Hints for self-interacting dark matter?

> |tis nevertheless intriguing that DM self-interactions may solve these problems.

> Basicidea: In the central

regions of DM halos, self- 10755
interactions can be 2 1o%
sufficiently frequent to allow <
For energy transfer between = 107
DM particles. 2 1 ob

o

o

> This energy transfer will heat = 10°

up DM particles that sit deep 104

in the gravitational potential

. 1 10 100 1000
and create an isothermal core.

radius (kpc)

> Moreover, sub-halos moving through a bigger DM halo will also heat up and
potentially evaporate.
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Three main avenues of model-building

1) Very light dark matter
= Large DM number densities lead to large self-interaction rates

= Relic density set e.g. by direct annihilation into SM states

Heikinheimo et al., arXiv:1604.02401; Chu et al., arXiv:1609.00399

?) Confinement in the dark sector
= New strong dynamics leads to large self-scattering

= Relic density set e.g. via 3 —» 2 processes

Hochberg et al., arXiv:1402.5143; arXiv:1512.07917; Kamada et al., arXiv:1606.01628

3) New light mediator in the dark sector
= Self-interactions are enhanced by the small mediator mass

= Relic density set by direct annihilation into pairs of mediators

Feng, Kaplinghat, Yu: arXiv:0905.3039; Buckley & Fox: arXiv:0911.3898;
Loeb & Weiner: arXiv:1011.6374
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Three main avenues of model-building

1) Very light dark matter
= Large DM number densities lead to large self-interaction rates

= Relic density set e.g. by direct annihilation into SM states

Heikinheimo et al., arXiv:1604.02401; Chu et al., arXiv:1609.00399

?) Confinement in the dark sector
* New strong dynamics leads to large self-scattering

= Relic density set e.g. via 3 = 2 processes

Hochberg et al., arXiv:1402.5143; arXiv:1512.07917; Kamada et al., arXiv:1606.01628

\/elociy-adependentiSeli-interactions
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Velocity dependent self-interactions

> Aim: Large DM self- interaction

rates on dwarf galaxy scales E
consistent with bounds from x
galaxy clusters. ;,;9
Q
> DM self-interactions need to <
depend on the typical relative =
velocity of DM particles. E
1 I I 1 |
10 50 100 500 1000 5000
vy (kmf/s)
> Consider a mediator with mass m__,~ m_,, v, .:

= Scattering for small momentum transfer (g<m__) proportionalto 1/m__*

= Scattering for large momentum transfer (g> m__) proportional to 1/¢*
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A new light mediator

> Such new light mediators arise naturally, e.q. if the stability of DM arises from a
charge under a new spontaneously broken U(1)' gauge group.

> Interesting feature: The relic abundance is typically set by annihilations into pairs
of mediators (so-called dark sector freeze-out):

DM - A

-~
-~

<O"U>thermal
(ov)

DM Quh? = 0.119 x

DM ~ A

> |tis always possible to fix the coupling in the dark sector in such a way that the
observed DM relic abundance is reproduced.
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Constraints on new light mediators

> To avoid overclosing the Universe, the The SHIP physics case, arXiv:1504.04855
mediator should ultimately decay into = 10
SM states, so its couplings to SM states 4100

cannot be arbitrarily small. ) 107"
10” 1072
> In fact, to avoid potential constraints o 107 10-3
from primordial nucleosynthesis, the 8 10 iod &
mediator lifetime should be smaller T 107 .
than a few seconds. .y 1
, ; 107°
> At the same time, beam dump 10 ‘ 1077
experiments and rare decay 107 B e e e 108
measurements place an upper bound L e
on the coupling of the new state to SM m, [GeV]
particles.

> Additional strong constraints from astrophysics (e.g. from horizontal branch stars
and SN1987a) for small mediator masses.
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Enhancement of DM self-interactions

> DM self-interactions are not just enhanced by the DM DM
small mediator mass, but also by non-
perturbative effects due to multiple mediator
exchange. DM DM

> These effects can be calculated by solving the non-relativistic Schroedinger
equation for the potential induced by the mediator.

> In many relevant cases, mediator

‘ | exchange gives rise to a Yukawa
1010} 3020 Attractive (@x=1072) g g

& 1 potential:

>

o 108} o
T 107 Vs(r) =age ™" /r

g 10}

g

10°r > For asmy = m

T o) or asmy, Mg resonances

& 103 appear and modify the results of

Lol 7 the tree-level calculation.
1 10 100 103 104
v (km/s)
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Enhancement of DM annihilations

> The Yukawa potential also modies the wave-function of the annihilating DM pair
(so-called Sommerfeld enhancement).

> Signicant non-perturbative
corrections to the tree-level

S 10°E planck | N} 3
annihilation rate. 10 R e .2 a8
10—207 '“\ 5 ,2:?
> Effects small during freeze-  — o g =k
out, but increase with N
decreasing DM velocity. Sl meattev |
S=wave u
4?
| £ | | AN |

10" 10°® 10 10* 102 102 107"

vic

During recombination
dark matter particles
PEDESTRIAN move at walking speed.

CROSSING
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CMB constraints on self-interacting DM

> DM annihilations during recombination, followed by mediator decays into SM
particles, inject energetic electrons and photons into the plasma.

> These energetic particles can re-ionize neutral atoms and thereby spoil the
excellent agreement between predictions and measurements of the CMB.

> Recent Planck measurements imply

10—23 === Planck TT,EE,TE+lowP
WMAP9
-- CVL
Possible interpretations for:
— AMS-02/Fermi/Pamela
—— Fermi GC

H

9
M)
¥

(OV) rec o5 g3 =1 fet - My
< 4 %10 (—)
N, ~C0 R0 100 GeV

fort < 00 > [cm?3/s]
=
o
5

Thermal Relic _J
fott < ov > 3

H
2

—
9
M

> where the efficiency factor f.. depends slightly on
the mediator decay mode. I

> Without Sommerfeld enhancement <ov> __~ 3 x 102 cm?s™, so one can typically
exclude m, <10 GeV.

> With Sommerfeld enhancement <ov>__can be much larger and hence one can

potentially probe much larger DM masses.
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Direct detection constraints

> The DM-nucleon scattering cross section is strongly enhanced for light mediators

C RmA ey Yo, Yspg €oS” Oy cos” O
- m? (m3 +¢%)*

ON

> We can expect a number of relevant constraints from direct detection

experiments!
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Mediator typology

> Possible options for a very light mediator:

Vector 1

Axialvector 1 —
Scalar 0 +
Pseudoscalar 0 — -
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Mediator typology

> Possible options for a very light mediator:

Vector 1

Axialvector 1 —
Scalar 0 + +
Pseudoscalar 0 — -

> Avector mediator cannot couple to real scalars and Majorana fermions.
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Mediator typology

> Possible options for a very light mediator:

Vector
Scalar 0 + +
Pseudoscalar 0 — —

> Avector mediator cannot couple to real scalars and Majorana fermions.

> Avery light axial-vector behaves like a combination of a vector mediator
(transverse modes) and a pseudoscalar mediator (longitudinal mode).
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Mediator typology

> Possible options for a very light mediator:

Mediator Spin Parity CP
Vector 1 — —
Scalar 0 + +
Pseudoscalar 0 — —

> Avector mediator cannot couple to real scalars and Majorana fermions.

> Avery light axial-vector behaves like a combination of a vector mediator
(transverse modes) and a pseudoscalar mediator (longitudinal mode).

> There can also be mixed states (e.g. scalar-pseudoscalar) that do not conserve CP.
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Vector mediators

> Example: A new gauge boson from a spontaneously broken U(1)' gauge group that
mixes with the neutral gauge bosons of the Standard Model.

1
LD —g)\([ob“)_(yux —3 sine B, 0" — (5m2gb“ZM

- \

Kinetic mixing: Mass mixing:
Mediator obtains photon-like couplings Mediator obtains Z-
like couplings

1" TTTh —— Br(Zpol) [LO]
1
'I‘ —— Br(Zp - pu) [R(s) data & QCD 3-loop]

“\\ --- Br(Zp —» ee) [R(s) data & QCD 3-loop] |
| > Main difference:
= A gauge boson with kinetic mixing
is effectively stable below the

electron threshold.

Br(Zp - SM)

o

o

o
T

= Mass mixing induces sizeable decay
rates into neutrinos

0.05-

OH 1 10 100

mz, (GeV)
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Constraints on vector mediators

> For vector mediators, DM annihilation proceeds via s-wave:

= Large Sommerfeld enhancement for small velocities

= Strong constraints from indirect detection and CMB measurements

10*

108

102

m, [GeV]
Overclosure and/or
gamma ray background

10’

10°

107"

Bringmann, FK et al., arXiv:1612.00845

1 |
Planck excluded _

AMS-02 excluded * |

Kinetic mixing

1074 1 s

sl PR
=
my [GeV]

m, [GeV]

Bringmann, FK et al., arXiv:1612.00845

4 -
10 Planck excluded 3

10°

QQQQQQ
-----
-

Mass mixing

SfTT . a3 3 aaaul BN R T
1074 103 1072
mg [GeV]
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Constraints on vector mediators

> Indirect constraints on vector mediators are very strong!

> Allowed parameter space if the mediator decays only into neutrinos.

> Constraints are essentially Bringmann, FK et al., arXiv:1612.00845

independent of the mixing 10* L erciuded Y

between the mediator and the

SM. of S
> Only assumption: The two é 5 -

sectors are in thermal s 1F 28

equilibrium in the early Universe. = [ &€

- 10l 2 E |- IS

> But even for different E 5

temperatures in the two sectors, .

we find strong constraints. 10 Kinetic mixing

Tdark/ Tvis = 0.3
10—1 L

Laial A NN T | L
1074 103 1072
mgy [GeV]
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Scalar mediators

> Example: A real scalar singlet that obtains a vacuum expectation value and mixes
with the SM Higgs boson.

> This mixing induces couplings to SM

fermions consistent with minimal flavour 0T
violation:
o0t} e
+1
= — — L 10}
L=Lsu—ZF—0ff mﬁxx :
1073 %
. .. ) 100 —— S .
> Branching ratios in the GeV region are 101 | : E’\lwillm ............ 1
difficult to calculate due to hadronic | %,%’il,lgghue et %Y — 1
3 uchovni et al. - E
resonances 2 e K Higgs Hunter’s Guide —on -
S 1070 | k
. . & 106 }
> Below the pion threshold the leptonic and ® o |
photonic decay modes are well 1078 |
-9
understood . 107
0.1 1

my, {GGV)
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Constraints on scalar mediators

> For fermionic DM and scalar mediators annihilation proceeds via p-wave (due to CP
conservation).

> No constraints from indirect detection or the CMB.

> Direct detection constraints are very strong for scalar mediators.

10*
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10%

10°
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107! £

10-3
107

10" &
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0p =0, dgm = 0, ygnr = 1077

:_(UT/mfl,b)cluster
= > lem?/g

1074
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Ll Lorrinl Loraninl Lyl L1l
0% 1072 107" 10

10!
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10" g

103 ;

10%

101_

10°
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107t

1072 E

1 —3 Lol
0 104
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103 102 1!t
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Constraints on scalar mediators

> Direct detection constraints can be suppressed if the mediator couples very
weakly to the SM.

> |Fthe couplings become very small, two new problems arise:

= The mediator can no longer
bring the dark sector in (o7/ ™) awart scales = 10 cm? g~
thermal contact with the 10" gy
visible sector. :

= The mediator obtains a
lifetime T > 1 s, so that it

typically decays during or after
BBN.

100 ¢
: 102

My [GGV]
My [GE‘V]

> Impossible to satisfy all
requirements and have large
self-interaction cross sections.

1071 §

1074

FK, Schmidt-Hoberg, Wild, in preparation 10-2

wE 1wt WY wE 1w+ g 10
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Pseudoscalar mediators

> Example: An axion-like particle that obtains its couplings to SM quarks for example
via mixing with a second Higgs doublet.

. _ , V2mys | -
Loy =19y AXY°X LS = igy > . LAFyf

10
o -
§ L
> 107"
= -
=
[&]
% |-
m 1072:
i Yukawa-like
10_3-2 " ""“‘-1 T Y
10 10 10 10
my [GeV]
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Pseudoscalar mediators

>

In the non-relativistic limit, scattering via the exchange of pseudoscalar mediators
is strongly suppressed by powers of the momentum transfer.

Direct detection constraints are therefore .
effectively absent. 2 4

Strongest bounds come from direct
searches for light pseudoscalars. el

The same effect suppresses DM self-scattering.

It is impossible to obtain large self-interaction cross sections from pseudoscalar
exchange.

This conclusion still holds when including loop-induced processes and Sommerfeld

enhancement.
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Summary (so far)

> Possible options for a very light mediator:

Vector Strong constraints from
indirect detection and CMB
Scalar 0 + + Strong constraints from
direct detection
Pseudoscalar 0 — - No sizeable self-interactions
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A mediator with CP violation

> Let's assume that CP is not a good symmetry of the DM interactions

Mediator Spin Parity CP Phenomenology
Vector 1 — — Strong constraints from
indirect detection and CMB
Scalar 0 + + Strong constraints from
direct detection
Pseudoscalar 0 - — No sizeable self-interactions
Mixed state 0 ? ? ?

LDM D Yy 086y, hhd + Yy sin by, iy Yo

m = .m ; =
Luiing = Ysm Y | L cosdsu Ff6 + i sindsu 27 9]
f
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The key idea

> Ford, ~ 0O (like a scalar) DM self- by =0, bsm = 7/2
interactions can be large. 104; 2 A
103%
> For 6, ~ /2 (like a pseudoscalar) :
direct detection constraints are e
strongly suppressed. = 0k
C  HKor/myawm
g’ 10" = et g1

> Sizeable differences between Gw and _
6., can arise for example in 101§

models with spontaneous CP
violation in the dark sector.

1072

10_3 Ll Ll Lol Lol Lol Lo
107 103 102 1+ 10° 10*

> Large allowed parameter space! my [GeV]

> Constraints on the CP-violating phase &, (e.g. from electron EDMs) can be
satisfied even for very light mediators as long as y,,, is sufficiently small

-2
Vg, K 1072).
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The return of CMB constraints

> Central problem: The fact that annihilation can only proceed via p-wave was a
consequence of CP conservation.

> Assoonas  is not exactly zero, s-wave annihilation is again possible and
will receive huge Sommerfeld enhancement.

6y =5-1073, dgm = m/2 by =3-1072, Gy = 7/2

c -

1 2 ke

: S I 5

10° ¢ 3 . o B @ g)_

g ' j o c

102 & 4 = c

E A _O“ 6

z 10 = z =

< 5 = S
s 0 =

g & 8 S &

@) (@)

10~ L T

© o

g S =

. 5 5

N N

=3 L - 1 —3 Lol Ll Lol Lol Lol Lo .

10 = 0 o 10 102 10t 100 10t X

T Ol S
m¢ |G€V| me |G€V|
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How much tuning is required?

> To obtain large self-interaction cross sections and evade CMB constraints, we
typically require 6,< 10

My, = ) GeV, 651,4 =S 7T/2 my, = 20 GeV, 553,1 = WfQ
r/2—10-3F T e 7 /2 — 1073 Frmm
ﬂ'/? = 10_2 Planck - ﬂ'/? = 10_2 = —

|
m/2—1071 . 72 — 1071
\J Y
4k 2 1 1
/4 o/ mg)cumer 23 mf
5 51 pind gt S\ s

= 107 Fre < 107!
1072
102
107+

10_5 Ll T TR | L1 Lol L1 10_5 Ll Lol N W 1

104 10+ 10+ - 10° 10=* 10-* 10+ i 10°
my |GeV| my [GeV|

> A second solution with 6, > n/2-1072 is also marginally allowed.
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Mediator

Vector

Scalar

Pseudoscalar

Mixed state

Spin
1

0

Parity

CP

Phenomenology

Strong constraints from
indirect detection and CMB

Strong constraints from
direct detection

No sizeable self-interactions
Large self-interactions

possible for appropriately
tuned CP phases
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Future directions for light mediators

> There are a number of ways to evade the various constraints
= Inert decays of the mediator, for example into (sterile) neutrinos

= Thermalization via a different mechanism (possibly leading to different
temperatures during freeze-out)

* No thermalization (DM production via the freeze-in mechanism)

= Suppressed couplings to quarks (to evade direct detection constraints)

> Nevertheless, constraints from BBN and from the CMB are very generic and will
generally be relevant to any model of DM interacting via a new light mediator.

> Exciting phenomenology and interesting model-building challenges!
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Conclusions

>

Astrophysical probes of dark matter self-interactions offer a promising new
window For exploring the dark sector.

To obtain large effects on small scales consistent with bounds from galaxy cluster
scales, self-interactions must be velocity dependent.

Dark matter interacting via the exchange of light mediators offers an attractive
framework for obtaining dark matter with velocity-dependent self-interactions
from thermal freeze-out.

The simplest possibilities (scalar or vector mediator coupling to fermionic dark
matter with no additional new states) are in strong tension with direct and indirect
detection experiments.

Out of the many interesting avenues for model-building, one particularly
attractive idea is spontaneous CP violation in the dark sector, leading to different
CP phases in the dark and visible sector.
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Spontaneous CP violation

> Consider a fermionic DM particle coupled to a real pseudoscalar P:
Loy = Y(id — mo)y — (iyy PYryr +hc.) — V(P)

> The pseudoscalar acquiresavev: P = vp + ¢

Lom = ¥ [id — (mo + iyyopy°)] o — (iyypd¥ribr +he) — V(o)

> Perform a chiral rotation: 1)) — exp(iv°a/2)v

with tan o« = yva/mo

Lom = Y(@ — myp)t — yydio(cos by + isindyy” )
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Spontaneous CP violation

>

SM fermions can obtain couplings to the pseudoscalar mediator for example via
mixing with a second Higgs doublet:

ﬁmmmg D —sint Z Pffyg}f

The pseudoscalar vev then leads to complex fermion masses:

Yf

V2

A chiral rotation with aigy = sin @ vp /v makes the masses real, but
introduces CP-violating pnases:

mye = (v+isinfvp)

ﬁmlxmg — —YSM Z \/_ SIIl dsMm + 2 cos 551\/[’)/ )f

Crucially, since ® < 1, one finds 6., =n/2-6 v,/ v=n/2.
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