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Introguction to Dark Matter

Aaron Vincent



Dark matter overview

1. Why is this a problem?
2. Detour: self-defence against Lagrangians
3. Some leading dark matter candidates

4. Looking for dark matter (Part 1)



1. Why is this a problem?



A photograph of dark matter

1846: Urbain le Verrier notices
something odd with Uranus’ orbit:
postulates the existence of a new
planet.

His calculations are so precise
that Johann Galle finds Neptune
within 1 degree of le Verrier's

orediction.




Same success story: Vulcan
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Missing matter on larger scales

/Zwicky and the Coma cluster (1932)




Missing matter on larger scales

/Zwicky and the Coma cluster (1932)

Zvvlcky measures the orbital velocities of
in the Coma cluster.

g He calculates how much mass is needed to
B cxplain the orbital speeds, and finds that this is
— 900 times more than can be observed from

| the luminosity of galaxies.

If this would be confirmed, we would get the surprising result that dark matter

1s present in much greater amount than luminous matter.



The rotation curves of galaxies

As we look outside the visible parts of

A B C
- galaxies, the rotation rates should be
( keplerian, since the small amount of

matter is seeing only the galaxy within
ts orbit

A _J\ blueshifted

C redshifted /\\

«—— bluer wavelength redder ——»
Copyright @ Addison Wesley.




The rotation curves of galaxies

Vera Rubin (1980)

Kent Ford’s flux tu
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The rotation curves of galaxies

Observations

R (x 1000 ly)
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ROTATION VELOCITY (km/s)
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Rotation curves
flattened In every
galaxy that Vera Rubin
looked at.

To explain this there
must be some heavy,
diffuse contribution to
the mass of the
galaxies: dark matter

12



dark matter




The local dark matter density

Particle physicist units  p, =~ 0.4 GeV cm ™

Astronomer units  py =~ 0.01 Mg pc™°

British units  pPx =~ 1 DMPPP

Roughly Maxwellian velocity distribution
f(v) x v2e 0"/
Vo — 270 km/s

Not corotating with the galactic disk (220 km/s here)




distorted light-rays

(’

Gravitational lensing: more
bending of light than can be
explained by the galaxies we
can see

Galaxy Cluster MACS J0025.4-1222 -
Hubble Space Telescope ACS/WFC

- Chandra X-ray Observatory

-

- = .
Near Infrared = ﬁubbla :

Collision of clus

1.5 million light-years
460 kiloparsecs AR { )

image of gas; b

from gravitational lensing. T
seems to be a heavy col

ue: mass in

ers: pink: x-ray

‘erred

component of matter holdin
clusters together.

nere
ISIonless
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Dark matter and structure formation

Simulations of galaxy formation show that it doesn’t work
unless we add a large amount of dark matter to help
structure collapse.

Given the known amount of e 5
stars and gas in the Milky / \ / ) \
Way, it would have taken p C o (

40 billion years to collapse g . Smcu

/

to Its current size, under ItS

(
own gravity ‘ / ] \ ’
S s

The problem is even worse on the scale of galaxy clusters

16



The cosmic microwave background

The CMB is an imprint of the universe when
it was ~300,000 years old (redshift z = 1000). &

It is a near-perfect blackbody, but with tiny

o
fluctuations or ~ 1073

I,

These fluctuations later grew to become the
galaxies that we see today (well, not the

ones we see. Those are somewhere else
now)

The behaviour of these fluctiations as a

function of scale tells us what physics was
acting at what scales.
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The Cosmic microwave background

| | It all the matter in the
Early Universe fluctuations on

small scales universe Is baryonic
6000 ' ' l l (i.e. normal matter) it
ool ] | exerts pressure
B preventing small scale
Lo 4 fluctuations from
Rl | | growing. This would
Tl lead to damping of the
=V YR Without DM CMB on small scales,
N inconsistent with data.
% a0 e we mm e e
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What properties dark matter must have

- Cold: Its kinetic energy must be low enough (i.e. its
temperature) so that it doesn’t “fly out” of galaxies. This is
the reason neutrinos don’t work.

Dark: More accurately: transparent. Can’t be seen, so
does not interact with light (i.e., it's neutral).

Matter: It behaves, and clusters like matter, rather than
ike light.

Current measurements suggest that 85% of the matter
In the Universe is in the form of cold dark matter

20



What is dark matter?

Vulcan? (i.e. we got gravity wrong?)

Theories of modified gravity can account for galactic rotation
curves and cluster dynamics, but are not able to reproduce:
-Colliding galaxy clusters

-CMB

-Structure formation on all scales

MOND (Modified Newtonian Dynamics) TeVeS gravity
LI O AR IR IR L 8 R ol BELY !
6000 ——— —————————— ‘
6000 7 EJ\
I | 5000 & ¥ —— ACDM
- - ] ‘,"“ \'.‘-, —— bestfit
'..‘» \ Il
‘é' 00 n’i ?..'\
¢ 4000 - & ! \
f:_ ﬁ 3000 g!' f"
U d- ‘;‘ ll'\:l'n
i- 2000 f \
= 2000 15\ -
0 L L | L L l L L | L 1 1 | 1 L 1 1 L |
0 b Fid puiuny i 7 b giaad] s 5 isd peasii] - 200 400 600 800 1000 1200 1400
1 10 100 1000




What is dark matter?

Neptunes? (i.e. regular macroscopic objects that don’t glow

ike stars?)

MACHOS: Massive Compact Halo Objects

-brown dwarts
-rocks
-planets

-jam =

——

This doesn’t work. In the hot early universe

from nucleosynthesis t
(lbaryonic) matter. Assumr

these would have been atomized! We know

ne amount of regular
INg the dark matter

contributed to this gets I
D!

- wrong by a factor of

0.27
0.26
>~ 0.25
0.24
0.23

o 1073 E

SHe/H D/

"Li/H
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Supersymmetry
Hidden
Sector DM i
Se

If-Interacti
. DM
\ > echni-

Extra Dimensions

Theories of
Dark Matter s warped B

Little Higgs

QCD Axions
Axion-like Particles
23 Littlest Higgs







Models

Caveats

These break down if the scale you
are probing reaches the effective
coupling scale

Need to be careful with gauge invariance,

anomaly cancellation. Adding new

particles often imposes new couplings for

Patric

SM partic

<

es, or new particles altogether.

unney has some nice papers
about this

Observables are model-specific:

P(O\D(\{OU( wodel > <<

< Fcu
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2. Detour: Self defence against
Lagrangians
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If a theorist asks

- Q: Why are your fields out of order”?
- A: Those terms are Hermitian, it’s fine

+ Q: Your theory isn’t renormalizable
A It's an effective theory, it’s fine

- Q: Why are your derivatives out of order”?
- A: lintegrated by parts, it's fine.

- Q: Are you talking about chirality or helicity?
- A: We're not relativistic here, those concepts aren’t well-defined

- Q: Are those spinors Weyl, Dirac, or Majorana?
+A: (Run away screaming)

33



3. Some leading dark matter
candidates



The WIMP

Weakly Interacting Massive Particle

1) At very high temperatures, particles are 3) Freeze-out occurs
created and destroyed in the plasma, when Hubble expansion
maintaining equilibrium as long as kzT 2 M stops annihilation
/‘ 7
O
. ..
® e i

2) Falling temperature: heavy particles become
Boltzmann suppressed (harder to make them,
not enough energy)

‘\_}/0
® e

35

survives) depends
almost exclusively on
the self-annihilation

cross‘section (o)
5

% LN CUTRELIND

2 .
For a “weak s¢ale” ( ~ 100 GeV)
particle, the Cré){s»;ection you need
is ~107°°cm?. “Zpoughly the
weak ¢eross section?” <)




The WIMP Generically & D yyff

Weakly Interacting Massive Particle (doesn’t need to be a fermion)

 Mass ~ 1-1000 GeV (but you can go even further)
e “weak-scale” cross sections

 Many theories of supersymmetry predict a WIMP-like particle.

* Can look for dark matter annihilating into @

energetic stuff, or bonking into nuclel in sensitive\ /

experiments (what many of you are doing) @

36



Pko&-e—n
}?rw”/ et 2R ’
- au + a 0 <, S
The axion > o™
Rot\ v
i ld

* The strong CP problem: The neutron electric dipole moment seems to be zero, and there’s no
good reason for that.

* Peccel & Quinn introduced a solution, which happens to also predict a new scalar particle (if
this seems suspicious, this is how the Higgs was predicted)

* For this to be dark matter, it must be light (m ~ 1070 eV)

* The same mechanism could pop up independent of the strong CP problem, giving axion-like
particles (ALPs). The could be ultralight and weird, behaving like waves on galactic scales.

* AXions can ‘convert’ into a photon in the presence of
a magnetic field. “Light-shining-through-walls”
experiments are a classic way to look for them.

37



Primordial black holes

fer = Qpeu/DM

10°F

e
=
(-

pd
=
(\W)

pd
=
w

1 —4
010

Mpgnh |g]
1015 1018 1021 1024 1027 1030 1033 1036
' ' I ' ' I ' I | I I |
—
Microlensing %
I ! I N ! I \ I | ! ! | ! ! I ! \ I ! N |
—18 10~ 10~ 12 10~° 1076 103 10° 103
Mpgpn [Mo)

38

Rraan K Kaviananh

If some mechanism existed in
the early universe to produce
black holes, they would behave
just like dark matter.

They could have survived until
today.

High mass: limits from
microlensing & dynamics

Low mass: limits from Hawking
evaporation


https://arxiv.org/abs/2007.10722

3. Looking for dark matter (part 1)



DM phenomenologist’'s guide to new data

New Datal

IS there a
feature”

Does your
MOodael
predict a
feature”?

Ves
gle

Does your
Modael
predict a
feature”?

yes New hint!

they probably
underestimated
NO their systematics

NO -
New lImit!

they probably
overestimated
YES their sensitivity

40



| aboratory searches for particle dark matter

make It shake It break It

>, Lol o]

SM / \ DM SM SM DM SM

collider searches direct detection iINdirect detection

the next 2 talks

41



By colliding particles with Ecm > Mpwm, can produce dark matter particles as
long as they are strongly coupled enough to the SM particles being collided.

42



can’'t be seen

Look for missing
momentum.

X Is some standard
model particle that
may or may not form
a Jet.

“Mono-X" — th:

43



Other signals to look for

Invisible HiIggs decays

Mediator production

f production is s-channel
and exchanged momentum
IS above mediator mass scale:

SM DM

M DM

SM \U SM
5 \‘\g”

resonant dijet production

See also searches
for long-lived particles

Light DM at fixed target

f

d oteddee

44



Comparison to Direct detection: model-dependent

— CMS observed exclusion 90% CL
CMS Preliminary ICHEP 2018 Vector med.. Dirac DM: g'::o.zs. g =10
¢E\ 10_35 L] 1 L l] ) |l 1 L I]
Boosted dijet (35.9 fb™)
O, 10726 | [arXiv:1710.00159] D | ' e _tS
_::5-_: 10°% Dijet (35.9 fo ™) J
g [arXiv:1806.00843]
T (38
~ cT)g 10 — DM+jV(qq) (358 b

[arXiv:1712.02345]

>
é'\'
o

ﬁ \Y g 107 3 — ez Mono-X
- 10741 ’\v DM + Z(Il) (35.9 fb™)

[arXiv:1711.00431]

DD observed exclusion 90% CL
CRESST-I
[arXiv:1509.01515]

CDMSlite
[arXiv:1508.02448]

PandaX-l|

[arXiv:1708.06917] D ' _t D _t
- |[:alr’)x(iv:1608.07648] l reC e "

XENON1IT

10_47 1 L1 el 1 L1l 1 L1 1 el [arXiv:1805.12562]
: 10 102 3 CDEX-10

10 .
[arXiv:1802.09016]
Dark matter mass m ,, [GeV] o




Global searches

Vvint.eresting )

lim
e oc ‘/t()tal

* Constraints from many different sectors

 Experiments should be compared self-

consistently
. Four-dimensional Rosenbrock function
« Models have many free parameters: the
. - - - Points found inside the 95% confidence region
space of models is a high-dimension 1-50 1 " g5 confidonce level contour
@ Diflerential evolution: 11,591 out of 200,000 points
prOblem 1.251 & Random scan: 7 out of 10,000,000 points
0 Gridscan: 10 out of 10,000,000 points
Simplistic: overlay 95% regions Better: combine likelihoods —2In L = 1.001
) - 1 O 2| 18 g

0.8 >: > 08 - 16 £ 0.75

Qo Qo 14 Iy

e ne NI @ &l 12 )

T >' g O 10 o

§'0.4- I c_g'0.4 -8 0.25 -

o o)

. 4
2 0.2 ><>)_// 20.2 - -
0.0 & 0.0 0 ' ' ' ' ' : '
0.0 0.5 1.0 0.0 0.5 1.0 46 et el ol T e L
Parameter x;

Model parameter x Model parameter x



1

2.

3

Global searches

. Write down a model: Lagrangian £'(6;) where 0, are the parameters, i = 1,2,...N

Pick a point In parameter space
. Calculate all the physics observables, and evaluate the <—— this is hard

ikelihood based on the data: L(6;) = P(d | 0))
. Jump to another point. «— this requires you to be clever

. Repeat. <\
this Is time-consuming
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Global searches: GAMBIT output example:

non-trivial combination of
@ User chooses a model to scan, which observables to include, constraints
and the scanning method

GAMBIT 1.0.0

@ GAMBIT constructs a dependency tree

1. ldentifies which functions and inputs are needed to compute the
requested observables

2. Obeys rules at each step: allowed models, allowed backends,
constraints from input file, etc
— tree constitutes a directed acyclic graph

3. Uses graph-theoretic methods to ‘solve’ the
graph to determine function evaluation order

).2
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—
~
N
",
o

R

=
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&

%

Scalar singlet
8 Prof. likelihood

@ GAMBIT scans the parameter space by calling
the necessary module and backend functions
in the optimal order, for each parameter point
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Summary

* Dark matter is there, go find it
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WIMP-nucleon cross section [cm?]

" i | . |
s TEEEe— . | The "WIMP Miracle' H
10 ' c 1rYdcClie ope
e 1RO " For Dark Matter Is Dead
' f Or vdar dller 1S Ded
10~ 3
|
10-42 g | Ethan Siegel Senior Contributor
§ Starts With A Bang Contributor Group ®
10-43 ot Science
§ | The Universe is out there, waiting for you to discover it.
107 il
NMSSM N see \PB.-- =
R N cat it NO
J.Cao + " el D!"-‘s‘s 8
-45 " - s -9 o
107" 1104.1754 5 .‘._.___.,.-5‘“??'0}@9!‘3- 10 cé
10746 P e (T 2710710 L WIMPs on Death Row
1047 ; S SN S ""’_,,,«' 3 10-1! § ! Posted on July 21, 2016 by woit
i . CMSSM- -~ ., a | One of the main arguments given for the idea of supersymmetric extensions of tt
: S T MSSM = : : »
10 TA'SZ;:T“"C = ,.Gc.owh::kf:d i Cahill-Rowley + 10 5 standard model has been what SUSY enthusiasts call the “WIMP Miracle” (WIM
o202 o a o SBpRRE) | siss tesiers 12064321 =~ = lan-13 ] Interacting Massive Particle). This is the claim that such SUSY models include a
o | 10 100 1000 010 >
1 very massive weakly interacting particle that could provide an explanation for da
WIMP Mass [GeV/c?]
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Neutralino (arguably the OG WIMP) WINO & Higgsino DM
Not close to dead should not have been found yet

4 - | alive tan =10 E '

\\\\\\\

\\\\\\\

PP

AR 1050
= 3 T
o 2\ /
& HIGGSINO
: 10_51 ----- L . 2 . . e,
s 2 o 120 125
u[Te pin-independent Gny ~ . - m» ((GeV
o(x,'n—y,m)= <10 [@ 10" |e 10" |@104°|@10* |@>10"* cm? H? Hg Hg 5 ( ) Hill, Solon 1309.4092
Joe Bramante Z% %Z
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