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DARK MATTER DENSITY
IN THE SOLAR SYSTEM
15 AROUND 0.3 GeV/ew®
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IN TERMS OF MASS,

IT MEANS THE EARTH
CONTAINS ONE SQUIRREL
WORTH OF DARK MATTER
AT ANY GIVEN TIME.
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IS THERE ANY WAY
TO FIND OUT WHICH
SQUIRREL. IT 157

NO, IT'S NOT
LITERALLY—

OH, THAT EXPLAINS WHY
THEY WEIGH ENOUGH TO
SET OFF THOSE SPINNING
BIRD FEEDERS!

D‘)ﬂ{ MATIER
IQVT SQUIB?ELS’

Pt

* Credit: xqcd




grams in a GeV ~ 1.8 x 1024

Density of Dark Matter here ~ 0.3 GeV/cm?3

1000 x 1.8 x 0.3 =540 grams



Density of Dark Matter in the Universe ~ 10 than here

Density of Dark Matter here ~ 0.3 GeV/cm?3

1000 x 1.8 x 0.3 =540 grams






a hew
elementary particle



what is an
elementary particle?



what is an
elementary particle?

an irreducible, unitary
representation of the
Poincare Group



(m, J)

what do we know
about m and J?



what do we know
about m and J?



quantum effects must be
smaller than halos!



Aps = h/(mv) < 1 kpc

Apg = 0.3 cm (1 eV/m) < 3x10%! cm



m>1022 eV

Apg = 0.3 cm (1 eV/m) < 3x10%! cm



what if J=(2n+1)/2, i.e. fermion?



the phase space density is bounded (Pauli blocking): f= gh>

upper limit: highest observed phase space density: dSph!

PDM 1 (MB with exp=1)

" (- Vame?)

anpz

4 PDM h3

= Tononpr] Y

S dSp_h‘Ursa Major

Tremaine-Gunn limit (1979)

m>25 eV

what if J=(2n+1)/2, i.e. fermion?



m>10%2eV  m>25eV

bosons fermions

what is the upper limit
to the dark matter mass?

ultramassive DM: beyond M....
composite, primordial black holes!



Macroscopic Dark Matter woul
tidally disrupt structure

m < 10 3 solar masses ~ 1070 eV
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- What else do .
M;ﬁ::‘stcuonp‘lc we know about Mac_;;sacloplc
the DM?

Effects Effects




One thing we do know well about dark matter (CMB, clusters,...)

Global amount of dark matter in the universe

Knowledge of the dark matter average density
is a powerful model-building tool

Models that predict the “right” amount of dark matter get kudos

Dark Matter “cosmogony” well-motivated guideline to model building
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A successful framework for the origin of species in the

early universe: thermal decoupling

Fraction of critical density
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" — —
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10710

Baryon density (107 g em™)

A synergy of statistical mechanics,
general relativity, and of nuclear and particle physics
making predictions testable to exquisite accuracy

with astronomical observations!



The abundance of thermal relics depends on their kinematic state
at the time of decopupling from thermal bath (freeze-out)

Hot relic: decouples iy

0, h*

h2 - m,,
Perit  91.5eV

when relativistic

(T;,>>m)

when non-relativistic

Cold relic: decouples (Qx) Tt o (10—8 Gev—:z)

(To<<m)

(x=m/T>>1)



...we know at least two neutrinos are massive

Am_, = (7.53 +0.18) x 1075 eV?2 Am,, = (2.44 £0.06) x 1073 eV?
...thus, at a minimum,
AMeun + AMm 0.058 eV
Q,h? > Sun am ~ (0.00063
91.5 eV 91.5 eV
(2,
> 0.53%

OpMm



CMB by itself demands Z, m; S (0.3 —1.3) eV

..adding LSS data Y mj <0170 eV,  95% CL.

J

...putting the SM component of neutrinos as DM at

0.170 eV
O, h? < © ~0.0019

91.5 eV
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What about the 99%?



Freeze-out while m>>T: cold relic

O\ _ o (1078 GeV 2
02) 20 o

E 2
ogw ~ GZT?. ~ G% (%) ~ 1078 GeV 2,

WIMP miracle!
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Q\ _ Tro. (107° GeV 2

0.2) 20 o

“right” (model-dependent)
combinations

of masses and couplings populate a

much larger “rich hidden sector”
parameter space

a'l ~ 44 2 / 4
o C g M py/ M ped
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“right” (model-dependent)
combinations
of masses and couplings populate a
much larger “rich hidden sector”
parameter space

~ ~4 A2 4
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T O\ _ o, (1078 GeV 2
A 0.2) 20 o

“right” (model-dependent)
combinations
of masses and couplings populate a
much larger “rich hidden sector”
parameter space

~ ~4 A2 4
O ngM/mmed

...price: must invent new

<
1020 eV

1010 eV
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1020 eV 1030 eV 10%0 eV 10°0 eV 100 eV 1070 eV

m interactions besides SU(2),
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Fuzzy (wave)| K |
Dark Matter NV

v
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1020 eV 1010 eV 100 eV 1010 eV 1020 eV 103% eV 10%0 eV 10°0 eV 10%0 eV 1070 eV

» Soliton-like core, of size ~1/vp,

» Opportunities for new stellar surveys!

» Strong constraints from 21 cm line (no sol. to
small-scale issues)*®

* Nebrin et al 2018



Fuzzy (wave)

Dark Matter

Light bosons
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1020 eV 1010 eV 100 eV 1010 eV 1020 eV 103% eV 10%0 eV 10°0 eV 10%0 eV 1070 eV

» Many exciting new ideas!*

* ABRACADABRA, LC resonators, HAYSTAC, MW cavities...



Fuzzy (wave)
Dark Matter
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» We (might) need them (v masses,
leptogenesis)

Sterile Neutrinos| » Detectable with X-rays

» Detected? (3.5 keV line) No: Draco,
XMM Blank Fields!*

* Jeltema + Profumo ‘16; Dessert+ ‘19




G | Z M O D O We come from the future
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PHYSICS

The Fate of a Dark Matter Theory Hinges on These
Unidentified X-Rays

Ryan F. Mandelbaum O W
0O Y o &
3 >k s

3/26/20 4:20PM - Filed to: DARK MATTER v




G l Z M o D o We come from the future

LATEST REVIEWS RJ9l4/[#8 109 FIELD GUIDE EARTHER DESIGN PALEOFUTURE VIDEO

But when this paper first appeared on the arXiv physics preprint server over a
year ago, some physicists took issue with its results. Boyarsky’s team did find
evidence of the line in XMM observations of the Milky Way halo. Boyarsky told
Gizmodo that the new paper was “completely wrong.” He disagreed with the
way the new paper handled XMM-Newton’s backgrounds, meaning the data it
records that isn’t the signal, and said that it obscured the signal his team did

see.

Nicholas Rodd, another coauthor of the new paper, told Gizmodo via email that
he was aware of Boyarsky and others’ concerns about the paper. He agreed that
the differences were in the statistics but said that “the Boyarsky team has
suggested to us several modifications we could make to our analysis and
alternate analysis frameworks. Examples include modeling speculative
instrumental lines, amongst many more. We have performed every one of these
checks... and each time our analysis remains robust: No line emerges, and the

dark matter explanation for the 3.5 keV line remains excluded.”



G l z M o D o We come from the future
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California, Irvine thought it was a case of cherrypicking the data—that the '

'J .
‘ A\
j )

Physics and astronomy professor Kevork Abazajian at the University of /
range of frequencies the team hunted for was too thin, potentially removing the
signal. “The short of it is, they don’t have enough information to make a strong

conclusion,” he said. | | S U PPORT
DR. KEV!

For Irvine City Council

Tesla Jeltema, associate professor of physics at University of California, Santa
Cruz, told Gizmodo in an email that this new paper, as well as the papers that
first discovered the line, were all very careful analyses of the data. But, said
Jeltema, “Regardless of who you think is ‘right,’ if there were such a thing, I
would argue that if you can model the data in different, reasonable ways and
sometimes you get an excess and sometimes you don’t, the evidence for the
need for new physics is not there.” In other words, if the presence or absence of
a phenomenon relies strongly on which statistical model you’re using, then

there isn’t strong evidence that dark matter is the cause.
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it detection program

"/ » Controversial indirect signals
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v' Galactic Center excess
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/ » Common in BSM weak-scale
i“z.v‘ ‘,/{"j » Very advanced direct

! detection program

‘\/ » Controversial indirect signals
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v’ Galactic Center excess
v’ other gamma-ray excesses



10—11

T T T T 1
rror = 1 kpc

rror = 5 kpc, 7° only
~+  Ackermann et. al. (2015)
[ Walterbos and Grave (1985)

bb, M, = 11 GeV
bb/Trr—, M, = 5.8 GeV

robs = 1 Kpc

| 10 - 15 l
log(v[Hz])

25

b

50% bb/T T

(ov) |
(2012) 3
dSphs. Ackermann et. al. (2015)5

Steigman et. al.

GCE Contours (bb)
~= Gordon & Macias (2013) -
-~ Calore et. al. (2015) 3
-~ Daylan et. al. (2016)
== Abazajian et. al. (2016)

| 102
M, GeV

McDaniel, Jeltema, Profumo 2018, 2019



MeV cm~2%s~1

an
dE

E2
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== MSp = XX-UTHT
—_— XX—qQ —% |sotropic + Diffuse Fermi ~ 9 years
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Reynoso, Profumo +, 2019



. » Common in BSM weak-scale
i / » Very advanced direct
detection program

‘/ » Controversial indirect signals
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v’ Galactic Center excess
v’ other gamma-ray excesses

m v' Positron excess
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. » Common in BSM weak-scale
i /f"//f » Very advanced direct
detection program

/' » Controversial indirect signals
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v’ Galactic Center excess
v’ other gamma-ray excesses

m v' Positron excess

v Antiproton excess
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¢ PAMELA 2012
¢ AMS-02 2015

/ —  Fiducial
‘? Uncertainty from: Cross-sections

Propagation
B Primary slopes
Solar modulation
1 5 10 50 100
Kinetic energy T [GeV]

Resonaances: “experts unanimously
agree that the brown smudge in the plot
above is actually just s**t, rather than a
range of predictions from the secondary
production”



'~ » Common in BSM weak-scale
v/ » Very advanced direct
detection program

/' > Controversial indirect signals

< i i i i ! } —>
1020eV  10eV  10%eV 101ev 100eV  10%eV  10%eV  10%0eV  10€eV  107eV

v’ Galactic Center excess
v’ other gamma-ray excesses

m v' Positron excess

v Antiproton excess
v 3He events
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An anti-Helium candidate:
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e
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102

Coogan and Profumo 2017



'/ > Non-thermally produced
/", > Could be charged U(1)gy,
c sU(3)...

./ > Ifso, could be detectable
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As BH approach the Planck scale, they can acquire a
significant relic electric charge

(under simple assumptions) P(()) ~ exp (—47ra:(Q/e')2)
the relic charge is
approximately Gaussian* ('g-ﬁa;)—l/Q ~ 2 34

If evaporation stops around the Planck scale
(because of extremality, or because of quantum gravity)
we are left with a population of charged, Planck-scale relics!

* Page, 1977
** Lehmann, Johnson, Profumo and Schwemberger, 1906.06348



A"frehc / A[P]

* Lehmann, Johnson, Profumo and Schwemberger, 1906.06348



...even if PBH are NOT the dark matter, they can PRODUCE
the dark matter via Hawking evaporation!

mnvb NMattar nf (almmnact)

4 /'\ WoRLD CuBE ASSOCIATION Search site
ORY O D&
© Information ~ @ Competitions ~ := Results ~ & Regulations ~
John Tamanas
Country WCAID Gender Competitions
B | jnited States 2007TAMAO2 Male 41

Current Personal Records
Event NR CR WR Single Average
£52 3x3x3 Cube 330 424 1485 8.16 10.13
am 2x2x2 Cube 195 265 901 1.55 3.49
$#E 4x4x4 Cube 1115 1644 7465 51.91 58.40
HH 5x5x5 Cube 1654 2403 9997 2:28.52 2:43.81

i@ 3x3x3 Blindfolded 666 900 4609 5:47.28



...even if PBH are NOT the dark matter, they can PRODUCE
the dark matter via Hawking evaporation!

Mass (g) | Ty (GeV) 7 (8) Tevap = T'(7) (GeV)
S5Mp ~ 10~* | 1.7 x 10%7 10~ 2 x 10'7
1 1.7 x 103 4 x 107 2 x 101
103 1.7 x 1010 4 x 10=20 6 x 10°
106 1.7 x 107 4 x 1071 200
10° 1.7 x 10 0.04 0.006
101 17 4x 10"~ 1yr ~ 1 keV

* Morrison, Profumo and Yu (JCAP, 2019)



Relative initial
abundance of PBH
to everything else

PBH (eventually) Mass of decaying
dominate RH neutrino
universe energy producing baryon

density asymmetry

X

m., = 100 MeV

10~2

Ruled out by CMB
limits on H,

10t 10°

Mpph (g)

* Morrison, Profumo and Yu (JCAP, 2019)

— gy = 1
e gy = 10
— g, = 100

RH produced below
EWPT

Dark Matter too fast




Dark Matter can be a mix of Planck-scale relics from PBH
evaporation, and stuff the PBH evaporated into!

Too much Dark Matter My = 1 GeV

104
S
109
10_14 1 1 1
101 101 103 10° 107
Mppy (g)

* Morrison, Profumo and Yu (JCAP, 2019)
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“Stellar-Mass”
(10°° g)
Black Holes

THIS PLOT
IS WRONG

log10(Mc/Mo)
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1020 eV 1010 eV 100 eV 1010 eV 1020 eV 103% eV 10%0 eV 10°0 eV 10%0 eV 1070 eV

v" How does accretion work? (1)

v’ Spins look a lot like PBH! (2)
v ...or maybe they are low because of super-radiance? )
v" Catch a sub-Chandrasekhar mass BH! (4)

(1) SP+Lehmann (2) SP+Fernandez (3) SP+Fernandez+Ghalsasy (4) SP+Lehmann



“Asteroid-Mass”
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Evaporation
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1020 eV 1010 eV 100 eV

~ 7h observations of
0O(106°) stars in M31
with Subaru HSC




0.100

n: Qppu/2om

= 0.001 WMAP

ge . DF

3 HSC-M31 constraint (95% C.L.)

2

E 10—5 L

% — + one remaining candidate

- - - w/o one remaining candidate
10—7 Ly [ N [

SUBARU HSC microlensing, 1701.02151 VERSION 1



wacky constraints
(WD, NS) have
disappeared

Mpgr M)
-5 qp-10 195 100
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— HSC 95% CL: +finite source size effect

10—5 N NN NN N T TN TN TN [N TN TN TN MU A SN SN SO N S
1015 1020 1025 1030 1035

MpgH |g]

SUBARU HSC microlensing, 1701.02151 VERSION 2: wave effects



* Katz et al, 1807.11495
-A4PBEI[A4h4
10-1%  10- 10"
=
—2L =
< 10 .{é
= L 5
= fz
S 10 S
| [ HSC M31 constraint (95% limit)
o, [
104
| | | I | | | | I | | | | I | | | | I |
1030 1035

10_15015I 1020 1025
Mppn [g]

SUBARU HSC microlensing, VERSION 3: finite source AND wave effects

...but assuming all stars have R=R_, !



Sun-like stars are however too dim for HSC!

Mean Source Radius of HSC Detectable Stars in M31

mmm Mean Radius
140000 -

120000 A

100000 -

80000 A

Abundance

60000 -

40000 A

20000 -

0.0 25 5.0 75 10.0 125 15.0 17.5 20.0
Radius [R@]

* Profumo, Smyth+ PRD 2020



BH Evaporation

1022 1024 1626 . 1028
Mpgy (9)

0.100
= (/]
S 0.050 £
m B
< 2 1000
g S 500
® ped |
E < 100 |
0.010 - 2 50 |
0.005 S 1g
. = :
S 1 j — 0ld Constraints (R)
s d
s
'8

— Updated Constraints

0.001 1018 1020 1622 l 1624 ‘ 1626 1028

MpgH (9)

How do we go after them? Capture and perturbation around PSR?

* Profumo, Smyth+ PRD 2020
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1 26. Dark Matter

26. Dark Matter

Written August 2019 by L. Baudis (University of Zurich) and S. Profumo (UC Santa Cruz).

26.1 The case for dark matter

Modern cosmological models invariably include an electromagnetically close-to-neutral, non-
baryonic matter species with negligible velocity from the standpoint of structure formation, gener-
ically referred to as “cold dark matter” (CDM; see The Big-Bang Cosmology—Sec. 21 of this
Review). For the benchmark ACDM cosmology adopted in the Cosmological Parameters—Sec. 24
of this Review, the DM accounts for 26.4% of the critical density in the universe, or 84.4% of the

tatal mattor doncityy The natiire af anlyr a emall fraction hotwoen at loact N RO (aivvan nontrina nc

particle doto grovp

About PDG | PDG Authors | PDG Citation | News | Contact Us

The Review of Particle Physics (2019) >

M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update.
pdgLive - Interactive Listings
Summary Tables
Reviews, Tables, Plots (2018)

Particle Listings




Advanced Textbooks in Physics

Stefano Profumo

The paradigm of dark matter. is one of the key developments at the
interface between cosmology.and elementary particle physics. Itis
also one of the foundational blocks of-the Standard Cosmological
Model. This book offers a brand new perspective within this complex
field: building and testing particle physics models for cosmological
dark matter. Chapters are organized to give a clear understanding of
key research directions and methods within the field. Problems and
solutions question,accepted knowledge of dark matter and provide
guidance in the practical implementation of models. Appendices are
also provided to summarize physical principles in order to enable
the huilding of a quantitative understanding of particle models for
dark matter.

This is essential reading for anyone interested in understanding

the microscopic nature of dark matter as it manifests itself in

particle physics experiments, cosmological observations and .
high-energy. astrophysical phenomena. This interdi c
textbook is an introduction for.cosmologists and astrc
interested in particle models for dark matter, as well as
physicists interested in early-universe cosmology and hi
astrophysics.

* Not a review!

e “Blackboard”-style
et X * 233 Exercises

* Designed for “self-study”

Pablo Carlos Budassi
World Scientific p
www.worldscientific.com \\e World Scientific
8382 he w b







