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Lambda Cold Dark Matter model

Remarkably successful
at large scales

Mass Variance Ay /M

Mass deficits at galactic scales

New avenues for Self-Interacting Dark Matter

102

10~°

F- % ¥

- TI‘ *LL\L!\ \

™.

SDSS DR7 (Reid et al. 2010)

LyA (McDonald et al. 2006)

ACT CMB Lensing (Das et al. 2011)
ACT Clusters (Sehgal et al. 2011)
CCCEP II (Vikhlinin et al. 2009)
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Core vs. cusp problem

This is the seemingly mass deficit
observed in objects such as dwarf
galaxies when compared to the
predictions of collisionless dark matter

Moore (1994)
Flores et al. (1994)
Naray et al. (2011)
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Astrophysical possible solutions: Particle physics solution:

@ Including baryons on the simulations
@ postulate dark matter interactions that

o

_ become relevant at small scales, without
@ Tidal effects modifying the physics at large scales.
[+

Low star-formation rates

Supernova feedback

“..To be more specific, we suggest that the dark matter particles should have a mean free path

between 1 kpc to 1 Mpc at the solar radius in a typical galaxy.” Spergel, Steinhardt (1999)
—1
Mean Free Path ~ (—mgM Gscattering)

T scattering

o~ lcm?/g  at the scale of galaxies (v ~ 10 - 100 km/s)

Wandelt, et.al (2000), Vogelsberger et.al (2012)

Peter et.al (2012), Rocha et.al (2013),Zavala et.al (2012)

Elbert et.al (2014), Kaplinghat (2015), Vogelsberger et.al (2015)
Francis-Yan Cyr-Racine (2015)

Simulations show that this is indeed a solution
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ABSTRACT

We present new weak-lensing observations of 1E 0657—558 (z = 0.296), a unique cluster merger, that enable a
direct detection of dark matter, independent of assumptions regarding the nature of the gravitational force law. Due to
the collision of two clusters, the dissipationless stellar component and the fluid-like X-ray—emitting plasma are spatially
segregated. By using both wide-field ground-based images and HST/ACS images of the cluster cores, we create
gravitational lensing maps showing that the gravitational potential does not trace the plasma distribution, the dominant
baryonic mass component, but rather approximately traces the distribution of galaxies. An 8 ¢ significance spatial
offset of the center of the total mass from the center of the baryonic mass peaks cannot be explained with an alteration
of the gravitational force law and thus proves that the majority of the matter in the system is unseen.

Subject headings: dark matter — galaxies: clusters: individual (1E 0657—558) — gravitational lensing
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FiG. 1.—Left panel: Color image from the Magellan images of the merging cluster 1E 0657—558, with the white bar indicating 200 kpc at the distance of the
cluster. Right panel: 500 ks Chandra image of the cluster. Shown in green contours in both panels are the weak-lensing « reconstructions, with the outer contour
levels at k = 0.16 and increasing in steps of 0.07. The white contours show the errors on the positions of the kx peaks and correspond to 68.3%, 95.5%, and
99.7% confidence levels. The blue plus signs show the locations of the centers used to measure the masses of the plasma clouds in Table 2.
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Cross sections
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Cross sections

Dark matter halos as particle colliders

Kaplinghat ,Tulin, Yu (2017)

How does that compare to
nucleon-nucleon collisions?

New avenues for Self-Interacting Dark Matter
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Cross sections
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Resonant SIDM

Resonances can be studied in a model independent way (Breit-Wigner)

dr S I'(v)?/4 o 2L+1
mE®) (E(v) — B(un)? +T(0)7/a’ 1 (V) = Mmryv

o = 0g+

Chu, CGC, Murayama (2018)
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Resonant SIDM

Resonances can be studied in a model independent way (Breit-Wigner)
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Resonant SIDM

Resonances can be studied in a model independent way (Breit-Wigner)
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Concrete examples

Scenario Interaction Lagrangian L Jpy J RP S vy

I g RDM~°DM 0 L 0o i &

lla  gRDM'DM’ 00 0" 3 i
ITh ges RRDMODM* 1 0 17 1 §£;
111 1R, Thu 2 0 27 5 =2

Table I: Benchmark RSIDM models.
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Pseudo-scalar mediator

Dark pions interacting with
a dark sigma (lla) or a rho
(llb) resonance

— "R .
3072072 Spin-two exchange

Chu, CGC, Murayama (2018)
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Resonant SIDM

Resonances can be studied in a model independent way (Breit-Wigner)
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Puffy DM

1.5 ——— ]
DM, '
o 1.0
Suppose that dark matter has a finite size
that is larger than its Compton =
wavelength: Puffy DM T 5
TD
Chu, CGC, Murayama (2018)
0.0¢ /\_/q
107"
Shape p(r) DM F(q) I
tophat L 350(rg —7)  2/3r, et coxloa) bmd
dipole %:;2 2 \/%7"0 W
Gaussian 8rg11'1'3/2€_r /(4r0) V61 e o4

Table I: Form factors for different density distributions.
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Puffy DM

Suppose that dark matter has a finite size
that is larger than its Compton
wavelength: Puffy DM

Chu, CGC, Murayama (2018)

Shape p(r) DM _ F(q)
tophat | xO(ro— 1) 2v/3r, TRt
o To
- e "o 1
dipole p— - \/3/5rq (1+T§2q222
Gaussian 8T3;3/2 e/ e, e o4

Table I: Form factors for different density distributions.

The way the non-relativistic cross section
varies with the velocity is largely independent
of the dark matter internal structure when the

range of the mediating force is very short.
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Effective Range Theory

Tulin, Yu (2017)

| np-np elastic scattering

L
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Effective Range Theory

For short-range interactions, regardless of the
potential, the non-relativistic scattering cross
section can be approximated by means of

—1
a

o (v) = dra® ((1 _ %T_e(mm,y)z i1 (mav)2>

“practically no information could be
obtained,  from  classical  scattering
experiments, on the shape of the potential.”

Hans Bethe (1949)
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Effective Range Theory

For short-range interactions, regardless of the
potential, the non-relativistic scattering cross
section can be approximated by means of

o(v) = dra’ ((1 L (mav>2>2 o (mav)z> .

a

“practically no information could be
obtained,  from  classical  scattering
experiments, on the shape of the potential.”

Hans Bethe (1949)
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Effective Range Theory

For short-range interactions, regardless of the
potential, the non-relativistic scattering cross
section can be approximated by means of
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Effective Range Theory

For short-range interactions, regardless of the
potential, the non-relativistic scattering cross
section can be approximated by means of
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Effective Range Theory

For short-range interactions, regardless of the
potential, the non-relativistic scattering cross
section can be approximated by means of
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Effective Range Theory

For short-range interactions, regardless of the
potential, the non-relativistic scattering cross
section can be approximated by means of
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Effective Range Theory

30
For short-range interactions, regardless of the 20!
potential, the non-relativistic scattering cross
. . Bound:States
section can be approximated by means of 100 ;
. n—;:) collision S=1 (via deuteron)
Born regime e
1 ol repulsive Yukawa
2 Ir 2 S| 9 S Born regime
o(v) = 4ma (1 — g_e(mav) ) + Z(mav) t /1 atractive Yukawa
a I .
-10 Narrow 7/ Virtual Levels
Resonances n-ngcollision (via dineutron)
=20+ Broad Pt
. . . \ n—p; ccilllswn S=0
“practically no information could be i |
obtained,  from  classical  scattering 7230 -20 -10 0 10 20 30
> > b2
.
experiments, on the shape of the potential. ° Chu, CGC, Murayama (2019)
Hans Bethe (1949)
106““ T T ' ' T T ' ' T T
m =3 GeV m =3 GeV - m =3 GeV
104 a =0.04 a=0.04 - a=0.04
v=10 km/s v=100 km/s L v=1000 km/s
5 1%
o - \
& 100 + A\,
£ .
5 102 Lol
-
1074 -
.
107 6L ] T o e ] e N C ] L
10 102 10° 10’ 102 103 10' 102 10°
mg (MeV) mg (MeV) mg (MeV)

The case of light mediators
New avenues for Self-Interacting Dark Matter Carnilo A. Garcia Cely (DESY)



Effective Range Theory

For short-range interactions, regardless of the
potential, the non-relativistic scattering cross
section can be approximated by means of

a

o(v) = dra’ ((1 L (m%)Q)z o (mav)2> .
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Effective Range Theory
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This allows for a model-independent approach
to SIDM!!
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Effective Range Theory
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Conclusions

» Self-interacting dark matter (SIDM) is a well-motivated solution to the problems
encountered at small scales.

* Resonant SIDM is a viable model giving velocity-dependent scattering cross sections.
* Scenarios in which DM is puffy are another alternative.

* The velocity dependence of the scattering cross section is largely model independent
and given by the effective range theory.

* This theory is able to simultaneously describe resonances, light mediators and DM
bound states. As a result, we advocate its use in future SIDM studies.
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Thanks for your attention
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Back-up slides

a QCD-like theory of dark matter

low-threshold direct detection experiments

have the potential to probe Puffy Dark
Matter.
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Particle SU(3)p U(1)p Description

2/3  Dark charm quark
-1/3  Dark down quark
0 Dark photon
Pseudoscalar meson dd
Pseudoscalar meson cd
Vector meson dd
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