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° Evidence for Dark Matter — Uwe Oberlack
The Problem of Missing Mass

In galaxies

In galaxy clusters

In the universe as a whole

* DM Direct Searches

> Detection principle
> Example experiment & results
> Qutlook

°* DM Candidates — Pedro Schwaller

> The DM particle zoo
> Models of DM and their creation in the early universe
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Evidence for Dark Matter In Galaxies

Dwarf Spheroida

Fornax
David Malin, Anglo-Australian Observatory.



The Mi"(Y WGY in the optical wavelength range

GAIA (2018) ESA



The Milky Way

Our view from inside the
disk (in near infrared
radiation)

2MASS Allsky survey

Edge-on view

(sketch) : . builge /

Sun's location
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Evidence for Dark Matter in
Spiral Galaxies

Rotation curves (orbital velocity vs. galactocentric radius) _
remain flat well beyond the edge of the visible disk in

spiral galaxies.

iv(R) = /GM(R)/R } N { M(R) o R
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R kpc

Rotation curves of nearby galaxies
(Sofue & Rubin ARAA 2001)
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(A. Klypin et. al, ApJ. 573, 2002)

L
20

y Way



iemand/vl-

:.d'

rg/-

Lactea 2 (2008)
.0

Via

//wwW.ucoIick

jol
3229
Mex

Ha

er

Matt

Dark




Evidence for Dark Matter in e
Galaxy Clusters

 Orbital velocities of galaxies exceed escape velocity g 8 e e ." :
estimated from visible mass in galaxies (Zwicky 1933). " ' &

- X-ray gas: pressure too great for visible mass. A ' 3
Traces gravitational potential. . E

. Qrawtahonal lensing: measures total mass distribution NOAO/Kitt Peak: Uson. Dale ™
in galaxy clusters. NASA/CXC/IoA: Allen et al.

GiKocI’Ta“nskr;IDeII'Anfonlo,T Tyson, 2002




Velocity dispersion in galaxy clusters

Fritz Zwicky (1933) used the velocity dispersion of |
galaxies in the Coma cluster and the virial theorem — E,. =
to estimate the mass of the cluster Mciuster.

Comparing this mass to the luminosity of the galaxies in
the cluster, using empirical relations between luminosity

and mass for stars, he found:
Mlum ~ 1/400 Mcluster
Something is missing : Dark Matter ?

Die Rotverschiebung von extragalaktischen Nebeln

von F. Zwicky. 125

(16. 11. 33.)

Um, wie beobachtet, einen mittleren Dopplereffekt von 1000
km/sek oder mehr zu erhalten, miisste also die mittlere Dichte
im Comasystem mindestens 400 mal grisser sein als die auf Grund
von Beobachtungen an leuchtender Materie abgeleitetel). Falls
sich dies bewahrheiten sollte, wiirde sich also das iiberraschende
Resultat ergeben, dass dunkle Materie in sehr viel griosserer Dichte
vorhanden 1st als leuchtende Materie.




X-Ray Observations of Galaxy Clusters

Baryonic matter in galaxy
clusters is dominated by
X-ray emitting hot gas.
Temperature of the hot
gas tells us the total
cluster mass.

85% dark matter
13% hot gas Zwicky knew
2% stars <— 1y about this!

This results from the
assumption
that the observed clusters
are virialized, i.e.,
|E 2 Ekin

pot| =

Kinetic energy =thermal energy
% m <v2 > = % kT
with avg. particle mass m~1.23m,

Boltzmann constant:

virial

k=1.38065x10 > J/K
= Velocity dispersion: o= \/

1/3kT ~1.4x10°km s~

0~10’kms™', T~(2—11)x10'K



Gravitational Lensinc

galaxy
galaxy cluster

\_’:J lensed galaxy images
— :

distorted light-rays |

Earth

General Relat|v1ty A masswe object (e g a galaxy cluster) curves spacetlme
Light follows! geOdeSICS > : e > ~
— A massive object acts as a grawta’uonal Jens for Ilght frorg a drs’cant source _ NASAIESA



Gravitational Lensing: Strong Lensing
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Gravitational lensing measures the total mass enclosed by the light rays, independent
of the type of matter.



Weak Lensing K

* Line of sight near galaxy cluster:
strong lensing (long arcs)

* Further out: weaker distortions, but more
abundant. = weak lensing

* Measure total mass distribution in galaxy clusters

@
o © @ @ D -
® @0 & _) @‘
(1} .a 0
("@0 e © ® ® ()a )
* . Qﬁ (2]
True Background Lensed Image ’; : i: L = i
> N0 g7 Bsarer
@Jrf e 5 9 = Bullet cluster
Y00t & e ® ‘)‘ % pink: X-rays — hot gas
¢ o N /ja blue: total mass
True Background Lensed Image distribution from

weak lensing



The Bullet Cluster

« “Bullet cluster” (z~0.3) is an ongoing
merger of two galaxy clusters.

» Cores passed through each other
~100 million years ago (recent!).

« Weak lensing observations (blue) trace the
total mass distribution.

« Known property of clusters: bulk of regular
(baryonic) matter consists of hot intra-
cluster gas. Stars contribute just a little. Gas is offset with respect to total

» Chandra X-ray observations (pink) trace matter distribution.

hot intracluster gas, i.e., most baryons. = Dark Matter!

. ... and not modified gravity.
« Stars and Dark Matter are collisionless, 9 y
* Mass of cluster >> Mass of gas

whereas gas (plasma) experiences ram * Bulk of total mass offset with respect to bulk of

pressure. baryonic matter.
* But: these systems are rare, dynamics complicated,
possible counter example, etc.



Evidence for Dark Matter Scale: ~10
from Cosmology

Multipole moment, €
2 10 50 500 1000 1500 2000 2500

6000

5000 |

(107 lighty

sz 5 Qb

2000 |

Cosmic Microwave Background.
» Uniformity at age 380,000 yr.

» Flatness of the universe

» Baryon density, etc.

1000 -

90° 18° il 0.‘2'q 0.1° 0.07°
Angular scale

Supernovae as standard candles.
» Expansion history of the universe.

Galaxy surveys (wide or deep) and
Simulations of structure formation.

Supernova Cosmology Project
Amanullah, et al., Ap.J. (2010}
T

» Large scale structure. «[Bang"

» Early structure formation. : 8 Ynionz S
First stars. Quasars and galaxies. T B oo

Big Bang Nucleosynthesis and light element mDark Eneray| | N4

abundances observed in the early universe = Barvone o e

» Limit on baryon density, consistent with CMB. oof

04 |

Baryon Acoustic Oscillations ...
» standard ruler

0.2

U. Oberlack 15-11-22 The Dark Matter Puzzle o



Multipole Expansion of CMB
WMAP after dipole subtraction

Expansion in spherical harmonics:

m=+¢

T(n)=T, Z Z a,Y,.

=0 m=-=¢

Pair correlation function:

o) = <[A77__(n)][A7;_(m)]>

Cc(8) = iZ(ze +1)C, P,(cos @)

C —=—— >la,’
C2041,4=""

(AT)Y=1(+1)

Jt
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CMB as seen by Planck: Power Spectra

Temperature fluctuations [ 1 K? ]
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Non-baryonic Dark Matter or
Alternative Theories of Gravity?

Multipole moment, ¢

y 10 50 500 1000 1500 2000 2500
6000 [ ‘ ' ‘ ‘ ' ]
5000 | CMB Q=5 Qb

Planck

4000 r

3000

2000 r

1000

Temperature fluctuations [ 4 K? ]

90° 18° 1° 0.2° 0.1° 0.07°

6000 [—
Angular scale

» Relative strength of acoustic peaks provides
Q2 _and Q) independently.

4000 —

+1) C, / 27 (uk)?

* One can also test for alternative theories of
gravitation (e.g., TeVeS): no alternative theory can T
do without Dark Matter. i

U. Oberlack 15-11-22 The Dark Matter Puzzle 19



U. Oberlack

— Dark Matter is non-baryonic.

15-11-22 The Dark Matter Puzzle
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Cold Dark Matter
Structure Formation

V. Springel, C. S. Frenk, S. D. M. White
Nature 440, 1137 (2006)

U. Oberlack 15-11-22 The Dark Matter Puzzle 21



U. Oberlack

— Dark Matter is non-relativistic:
cold, or at least not hot.

15-11-22 The Dark Matter Puzzle
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What do we know about Dark Matter?

* Gravitationally interacting
» How we know about Dark Matter Quarks The Standard Model

« Stable or long-lived
» Q,,=0.27

* Electrically neutral
» Dark Matter
* Non-baryonic
» does not couple with plasma
» CMB, Big Bang nucleosynthesis

* Cold or warm - not hot (relativistic)
» Structure formation, CMB

* Constraints from
» accelerator searches
» direct searches
» indirect searches

Dark Matter requires physics beyond the Standard Model!



Dark
Matter
Candidates

Standard-
model
neutrinos

Sterile
neutrinos

Neutrinos

Super- Extra
symmetry dimensions

Dark matter Weak scale

Effecti
Simplified e
models theory

Macroscopic Macros

Primordial
black holes MaCHOS



Searching in all directions:
Direct Searches, Indirect Searches, Searches at Accelerators

SM SM

101el9[922y
indirect

direct

Uwe Oberlack Astroparticle Physics SS19

28



WIMP Dark Matter Direct Detection

* Elastic scattering of WIMPs y off nuclei A.

— nuclear recoil
» spin-independent (~A?) or spin-dependent? (... EFT op's)

* MaSS range 18 evts/100-kg/year — Xe (A=131)
» my ~ 10 — few 10° GeV/c? (“traditional”) (Eu=5 keVi) Ge (A=73)
8 evts/100-kg/year — Ar (A=40)

» <1 GeV/c? to 10* GeV/c? (extended)

* Energy spectrum:

» “Standard” spherical halo

» DM relative velocity: vy ~ 230 km/s
— exponential recoil spectrum 10%F

<E> ~ O(10 keV) :

> large nuclei: coherence ~A? for small g

» nuclear form factor reduction at higher g | P PN P P PN PR VU |

> Local number density of WIMPs: py/my Recoil Energy [keVr]

px ~ 0.3 GeV/cz/om? Rate < 10 events / kg / day
> px/my ~ 100/ L * (30 GeV/c2/my)

(Ep=15 keVr)

Rate [evis/keVr/kg/day
2




Backgrounds in Direct DM Search

Cross-sections are very small: <104 cm? (spin-independent).
Without background, sensitivity «c (mass x exposure time)
With background subtraction o (M t)72 until limited by systematics.

Backgrounds by origin: Backgrounds by radiation type:

» external .
> cosmic — depth, veto
» radiogenic — shielding, self-
shielding, veto, material selection

e surface — |localization, veto
* internal — minimize!

— discrimination

gamma rays: long range
beta decays

« adecays from natural decay chains

+ nuclear recoils

neutrons from (a, n) reactions and
spontaneous fission (up to ~10 MeV)

neutrons from cosmic ray muons

>~ 100 MeV
neutrinos!
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Dark Matter Searches: Status
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Cross Section [cm?]

Neutrino Floor:
Nuclear Recoils from Solar, Supernova, and Atmospheric v's

107" . JCAP 01. 044 (2014)
10‘39 n 0 % v: Sum WIMP 6 ECY’;C ’
10 E CRESST-II % - WIlei ]409“(36?11\2”0 B
= DAMA/Na - =
10" :g . / - B WIMP 100 GeV/e *
E -DiMShite -—.;_. 101 _ 2x107 em?2
107 — CRESST-II ; E
43 E SuperCDMS E, =
10 i =
3 2 el
107 = B L NG
= 3 4 5 6 7 8910
10 & Energy [keV]
106 é ;Qgggfggggzﬂgglr;‘) Interactions from coherent neutrino-nucleus
0 = ’ scattering (CNNS) will dominate
E o c 0
= — ultimate background for direct detection
48 -
1 E_ . : \-»f/,.
[ . : —T > ~ 0
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WIMP mass [GeV/c?] g
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Water tank, Support structure
Experiment'building
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* Prompt scintillation photons give first signal (S1)
* lonized e drift up to the anode and amplified,

time

giving S2
GXe . * Time difference gives Z position
* B « S2 Hit pattern on top gives XY position
o Ratio S2/S1 indicates type of interaction
LXe drift time
(depth)
Edrift 8000 F
E 4000 —
_________ [~ g 2000 =
, £ 1000 LR
Na] [
/ / CE 400
particle £ 20 o
§ 100 8 : B ) E
500;: 1I0 2I0 3|0 4|0 5IO 6|O 70 1|0 ;0 3; 4|0C 5IO - 6|0 :7~0
Corrected S1 [PE] Corrected S1 [PE]
ER: v, B NR: n, x
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Best constraints on WIMP dark matter
with masses > 3 GeV/c?
10—34 ;

B ER ™ Surface Neutron M AC B WIMP
8000

- Yo 6o

4000 1036 -

2000 1038 4

10-4° { S2-only Migdal

cS2y, [PE]
=
o

DM-nucleon cross-section [cm?]

1075+ 52-only NR
10—44 .
400 L S1-52 N\/
10—46 i
200 10_48 | ! % ! I T T TTET] ! | L R e T T T rrrrr
@ I. I“: I-: : .I S : o I.' T .I 0.1 0.3 1 3 10 30 100 300 1000
é 03 10 20 30 40 50 60 70 Dark matter particle mass [GeV/c?]
87 cS1 [PE]
B linear a’xis PRL 123, 241803 - Migdal effect
ER “Ieakage” in the NR band < 0.3 % PRL 123, 251801 - Light dark matter

.@ ® | PRL 121, 111302 - Main WIMP search
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W ER ™ Surface ™ Neutron B AC @ WIMP * ER band search for excess above
P known, flat-like backgrounds

* A “dedicated” Dark Matter
experiment can do much more!

8000

4000

2000

cS2y, [PE]
s
=

400FH:" s

2008 '
w - .-: .. d . . = - A L] -
" L1 L | | | U |
< 03 10 20 30 40 50 60 70
o 1 [PE
8 cS1 [PE]

linear axis

arxiv:2006.09721
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XENON1T Dark Matter Search

» Blinding: to avoid potential bias in event selection and the signal/background modeling the nuclear
recoil ROI (S2 vs S1 only) was blinded from the start of SR1 analysis (and SRO re-analysis).

« Salting: to protect against post-unblinding tuning of cuts and background models, an undisclosed
number and type of event was added to data

R [cm]
I ER BB Surface Neutron B AC B WIMP
“ 10 20 30 40
8000 - I I I — | —
60 oy ™
O: —
4000 i . o
AT e e Fled T Tl
* > .‘. * : = .. :Q’.“..t.:.:: :;..- K :.é..'\ -® s ._:b
20001~ 75 | Se A AR e A
Tees TS L& VISIAET ael el e T
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~Q . e I
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400 ; " °
200 P
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I . I i )
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XENON1T Result from 1 ton x year exposure

e Results interpreted with unbinned profile likelihood analysis in cs1, cs2, r space
e piechart indicate the relative PDF from the best fit of 200 GeV/c2 WIMPs with a
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2
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Spatial Distribution of DM Search Data

I ECR M Surface "™ Neutron B AC W WIMP
TP e =] 3t ==e ()9f =65t

-30

-45

U. Oberlack

e Results interpreted with unbinned profile likelihood analysis in cS1, ¢cS2, r space
e Core volume to distinguish WIMPs over neutron background
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XENON1T DM Search Result (2018) Phys. Rev. Lett 121, 111302

Normalized

o
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Current Status and Future Goals
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Conclusions

Important question

Exciting Progress

We are still looking!

Time for input from theory?
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- NEW NEUTRON VETO DETECTOR

Neutron background suppression
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NEW NEUTRON VETO DETECTOR

-
Hit Map of Thourium Calibration Run

27 March 2021
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NEW RADON

REMOVAL SYSTEM

ER background reduction
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NEW RADON
REMOVAL SYSTEM
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S2

E=(ny+n)- W=(5+2)- 7

‘W =13.7 eV/quanta‘
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[1] Go through > km of rock
[3] Infiltrate the LXe

222Rn - 214Pb,
85Kr, 136X6, 133X3, 124Xe (!)
* Accounted for, different energies

Muons: too high energy
Neutrinos, dark particles

[2] Go through many cm of
metal and xenon

127Xe, 37Ar
e t,, ~ month, too short

e

* Requisite air leak ruled out by Kr

Neutrons: different S1/S2
measurements.

B, v: Energy and spectrum
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Spatial distribution
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* Right now being
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* Factor 5-10 lower background
* Factor ~4 larger fiducial mass

> Good chances to
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* A low-energy ER analysis of XENON1T full exposure found an excess in the
1-7 keV range.

* A number of signal models are significant at >30 (global).

* Tritium, left unconstrained, lowers the significance to 2.x o at most.
>~ We do not have a separate way to estimate the T content.
> |t remains a possibility.

* The excess is robust to most assumptions, including threshold, energy
reconstruction, microphysics. We continue to study new suggestions.

* We are continuing our studies for improved low-energy response modeling
using a *’Ar source developed at Mainz. Yet, the energy scale looks robust.

* Higher exposure with lower background would allow XENONNT to distinguish
between T and several signal models.
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Thanks to ...

* the XENON low-E ER team for a great job on analysis

* everyone on XENON for putting together and operating a fantastic detector
and for working hard on the XENONNT upgrade

* Ranny Budnik, Matteo Alfonsi, Evan Shockley, Jelle Aalbers for reuse of
slides & plots
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