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So what is Dark Matter?

® |t's remarkable that measurements on
very different scales all indicate a self-
consistent picture of a Universe
containing dark matter.

® Dark Matter is one of the few
experimentally driven indications for
Physics beyond the Standard Model.

® What do we know about it!?
® Dark (neutral)

® Massive (non-relativistic)

® Still around today (stable or with a
“Cold Dark Matter: An Exploded View” by Cornelia Parker Iletlme Of the Order Of the age Of the
Universe itself).



The Dark Matter Questionnaire

Circa 2013...
Mass:
Spin :
Stable?
Yes No
Couplings:
Gravity

Weak Interaction!?

Higgs!?

Quarks / Gluons?

Leptons!?
Thermal Relic?

Yes No $59.99 for 20 servings

Available in Blue Raspberry, Fruit
Punch, and Grape flavors....
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Probes of DM
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Indirect Detection

X

Indirect detection tries to see dark matter
annihilating.

Dark Matter particles in the galaxy can

occasionally encounter one another, and
annihilate into SM particles which can make their
way to the Earth where we can detect them.

In particular, photons and neutrinos interact
sufficiently weakly with the interstellar medium,
and might be detected on the Earth with
directional information.

Charged particles will generally be deflected on
their way to us, but high energy anti-matter
particles are rare enough that an excess of them
could be noticeable.




Indirect Detection

Fermi, HAWC, MAGIC, H.E.S.S.,Veritas Combined
Armand et al, 2108.13646
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Direct Detection
X -

The basic strategy of direct detection is
to look for the low energy recoil of a
heavy nucleus when dark matter
brushes against it.

Direct detection looks for the dark WIMP

matter in our galaxy’s halo,and a
positive signal would be a direct
observation.

Heavy shielding and secondary
characteristics of the interaction, such
as scintillation light or timing help filter

out backgrounds.

The past decades have seen rapid Signal

advances, with orders of magnitude
improvements in sensitivity every few
years!
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Collider Production

If dark matter couples to quarks or
gluons, we should also be able to
produce them at high energy
colliders.

By studying the production of WIMPs
in collisions of SM particles, we are
seeing the inverse of the process
which kept the WIMPs in equilibrium
in the early Universe.

Collider detectors infer the presence
of dark matter through momentum
imbalance, which implies that it is
most sensitive to cases where it can
be produced relativistically.




Mono-jet Searches

ATLAS Expected limit+ 2 5,
\s=13TeV, 36.1fb™
Vector Mediator

L= - - Expected limit (£ 1Gexp)

PDF, scale

Dirac Fermion DM —— Observed limit (+ 16theory

9,= 0.25, g, = 1.0
95% CL limits Relie.Bensity:(MadDM)

35.9 fb™ (13 TeV)

T T T T | T T T T T LS T | T T T I,//[//
/S 7V
S I/

. CMS

—_
o

IIIIIII|

Axial med, Dirac DM ,g// =0.25, g

- = = = Median expeq ed 95% CL 7

Observed Ogso, CL/0th

.

Searches for dark matter (missing
momentum) plus a jet of hadrons -

places limits on the masses and S <)
) 0 1000 1500 2000 2500
couplings.

[GeV]

| | 1 | 1 1 1 | 1 1 | | | | 1 | 1 |

med



papers
QS
‘ W

/)
Top "

EXD

~
Q

Yy
o
A
O
Q
S
=
S

/

/ A. Belyaev
\\\\\'\ \\\\\\‘\\\\\\\\‘\\\\\\\\\'\\\\

1980 1990 2000 2010
year




Models



Spectrum of Theory Space

Less Complete

Effective Field Theories

Simplified
Models

Y
Y
| ~a Models
Higgs s
portal o
UV Complete
Models
“Sketches of Models”
Little
Higgs

More
Complete
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Where We Were




® |n the early days, dark matter was
usually an afterthought that could
be found in some of our favorite
theories like SUSY extensions or
the PQ solution to the strong CP
problem.

® |n particular, the Minimal
Supersymmetric Standard Model
contains a prototypical WIMP, lots
of interesting associated
phenomena, and (best of all) more
than 100 quantities
parameterizing supersymmetry R portiotes
breaking. e e

Higgsino

H

® mSUGRA reduced that to 4+1, e
Wh i C h m U St n eve r b e refe rred tO {t Squarks Sleptons SUSY force particles
as five.




MSUGRA

@03 <Qh°< 1. Qh°< 0.1
0.1 <Qh°< 0.3 @ excluded by theory
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“Funnel Region”: Higgs close 500 1000 1500 2000 2500 3000

to on-shell in decay Baer, Balazs, Belyaev, mg, (GeV)
hep-ph/0211213




Cahill-Rowley et al,
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Contact Interactions

Goodman, |be, Rajaraman, Shepherd, TMPT,Yu 1005.1286 & PLB

E.g. leading interactions between

quarks and gluons and a Majorana
WIMP,

There are 10 leading operators
consistent with Lorentz and gauge
invariance that describe WIMPs
coupling to quarks or gluons.

Each operator has a (separate)
coefficient M+ which parametrizes its
strength.

In principle, a realistic UV theory
will turn on some combination of
them, with related coefficients.

Other operators may be rewritten in
this form by using Fierz transformations.



Example: Majorana WIMP

Goodman, |be, Rajaraman, Shepherd, TMPT,Yu 1005.1286 & PLB

® The various types of interactions are
accessible to different kinds of
experiments.

® Spin-independent elastic
scattering

® Spin-dependent elastic scattering

Other operators may be rewritten in
this form by using Fierz transformations.




Complementarity

® We can map each interaction into a
prediction for WIMPs annihilating.

DM interacting with gluons

current
— — - projections™ _
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® This allows us to consider bounds
from indirect detection, and with
assumptions, maps onto a thermal
relic density.

DM Complementarity, arXiv:1305.1605




Engineering

Vector Interactions

4 { Pulsars, intensity-scaled ( NFW, NFW-c )
@ O Pulsars, index-scaled ( NFW, NFW-c )
A A OB Stars, intensity-scaled ( NFW, NFW-c )

® This understanding also allows us to 5 [ 1o vt o ke
construct theories that realize
experimental signals and/or evade
experimental constraints.

® For example, we can saturate the
Galactic Center Excess as a signal of
dark matter annihilation while
evading strong constraints from
direct searches.

Darwin ( 200 t yr)

‘A

¢ O Pulsars, intensity-scaled ( NFW, NFW-c )
@® O Pulsars, index-scaled ( NFW, NFW-c )

A /\ OB Stars, intensity-scaled ( NFW, NFW-c )
M [] 0B Stars, index-scaaled ( NFW, NFW-c )

Karwin, Porter. Murgia, TMPT,
Tanedo 1612.05867 & PRD




Where We Are




Simplified Models

® A compromise is to include some of the

important mediator particles as well as the
dark matter.

This allows one to discuss the mediators at
colliders more robustly, and also to capture
natural correlations that the EFT fails to
describe.

It also allows one to delve into theoretical
considerations (such as a dark Higgs sector,
more particles to cancel gauge anomalies,
etc), which can be important for the
phenomenology.

Mass

|

Mediator




Mediator Searches

27 ' & 36 fb' (13 TeV)

q

CMS
There are also searches purely for the g6 oL lmis

mediator particles, by looking for
cases in which it is produced and then

decays back into ordinary particles |
such as electrons or jets of hadrons. Xthé’“ﬁt
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Phys. Rev. D 91, 052007 (2015)
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Where We're Going




Dark Photons

An interesting part of the parameter space has t
light mediating particles

This opens up a window where the relic density
turns out correctly for light (~MeV) dark matter.

Mass

In this limit, the couplings of the mediator to the
SM look like photon couplings scaled down by €. | Mediator

The mediator in this case is often referred to as >
a “dark photon”.

This regime motivates different kinds of searches, Yp Parameters:
including for long-lived and/or low mass ultra

& A: , {my,mas,ap, €}
weakly interacting particles.



New Experiments

Invisibly Decaying Dark Photon A4' - Yy
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10 DarkLight
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Many projects both underway and proposed can search for light mediators

decaying (dominantly) invisibly.



Astronomical Probes

~~~~~

el

Dark matter with interesting
dynamics on large scales could leave /
an imprint in the structure of the
Universe.

SIDM

E.g. Dark matter with large enough
self-interactions could retain the .

successes describing large scale IES
structure, but show measurable |
differences at the smallest scales.

Observations have driven attention v :
to how we simulate the impact of Thermal
baryonic matter, leading to better and SR

Astronomy provides a unique
perspective on properties that

particle searches cannot probe. Buckley, Peter
Physics Reports 2018

5




New Dlrectlons

U(2Nr)  Sp(2Ns)

Hochberg et al
1411.3727

® Models of dark matter have
ceased to be about finding it in
‘our favorite theories of other
things’ and is now more about
exploring a wide range of
phenomena and trying to cover
as wide a net as possible...

® Given how little we know, this
feels like a healthy and
reasonable approach.

Howard et al
2112.09152

PINGU

my=20 MeV //// [_] mca

® Dark matter production is a 4 |
PrObe Of the COnditionS in the o ————————————— _ _ mpg (lGeV)
early Universe. -

Agashe et al
1405.7370

® |t’s impossible to do justice to
the volume of work here!

2 3 4 5 6 8 9 10
mpm [TSV]



New Descriptions

Gamma Rays from Winos
Nuclear (NR) EFT é -

NLL + SE

. L Tree-level + SE
. P-even, S,-independent [ One-loop + SE from H.I.
D) HESS limit (NFW)
O, = 1, = , 2 =1 . U : CTA projection (NFW)

. P-even, S,-dependent

. P-odd, S,-dependent

. P-odd, S,-independent:

P-odd. S.-dependent Ovanesyan, Slatyer, Stewart
I 1409.8294 & PRL

Fitzpatrick et al, 1203.3542




Outlook

It is impossible to do justice to the theoretical activity related to dark
matter in 20 minutes...

Nevertheless, dark matter remains a vigorous area of research, ranging from
exploring new models, to investigating novel uses of existing data, to
proposing new experiments.

® All of these advances, including the experimental ones, are the result of a
vigorous theory program.

Dark matter is one of the few tangible manifestations of physics beyond the
Standard Model that it is impossible to imagine could go away.
Understanding its properties is likely to provide deep information as to how
to amend the Standard Model.

The important thing is to keep looking for new ways to look for it!



Outlook
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Outlook
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Thank You!
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et interacting

Bertone, TMPT 1810.01668 & Nature
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Direct Detection

® The rate of a direct detection experiment
depends on one power of the WIMP density

(close to the Earth). June:larger v

Nuclear Physics
DM density / -

e
dN
d—E:Uoﬁ /dvf(v)F(E)
m
\DM velocity Sun

distribution
® The energy spectrum of the recoiling O—)
nucleus depends on the WIMP mass, its

coupling to quarks, and nuclear physics.

® The cross section is dominated by the oo
effective WIMP interactions with quarks and
gluons. December: smaller v

® An interesting handle on the signal is an
expected annual modulation.



Direct Detection

® There are two distinct classes of direct
detection searches:

O

® Spin-independent (Sl) scattering looks for ®
direct scattering of the WIMP from the O
nucleons in the nucleus.

®o
>
e° O

® Spin-dependent (SD) scattering looks for spin-independent
interactions coupling the WIMP’s spin to
the nuclear spin.

® Because of the low momentum transfer, the
dark matter typically probes the entire
nucleus.

® The Sl scattering receives a coherent Yo
enhancement for large nuclei. : O

0000

® The strongest limits are currently on Sl spin-dependent " ®
cross sections for Xenon targets.



Contact Interactions

On the “simple” end of the spectrum are
theories where the dark matter is the only X’

state accessible to our experiments. P

This is a natural place to start, since
effective field theory tells us that many X
theories will show common low energy

behavior when the mediating particles are
heavy compared to the energies involved.

The drawback to a less complete theory is
such a simplified description will
undoubtably miss out on correlations
between quantities which are obvious in a
complete theory.

And it will break down at high energies,
where one can produce more of the new
particles directly.




Quarks & Leptons

DM interacting with quarks DM iIltleI‘aCtiIllg with 1leptons

—
(&)
AV

o(xx~leptons)/oy,
o
o

S
b
~
(/)]
~
g
d
3
o
T
<
Ke
@)

i /
/ Direct Y,
/

Y, current

olliders I . 7
7 current 7~ — — - projections

/ — — — projections
101 10° 103 10l 10% 103 104
m, (GeV) m, (GeV)

® Within this theory framework, there is a lot of complementarity in coverage
of the parameter space.

® Covering the space is not enough. If we see conflicting information from two
types of searches, it really means that we are seeing a break-down of our
theoretical assumptions, which in this case means more light particles.




QCD-Charged Mediator

® Another common structure has dark
matter interacting with quarks via a A
colored scalar mediator.

® This theory looks kind of like a little
part of a SUSY model, but has more A
freedom in terms of choosing
couplings, masses, etc.

Mediator

Mass

® |f we assume that the quark couplings
are family-universal, there are
basically three parameters to this
model: the mass of the dark matter,
the mass of the mediator, and the
coupling strength with quarks.




Mediator Production

qq production, B(q — q 2?):100%

[ ATLAS Preliminary susy)

theory

— Vs =13 TeV, 36.1 fb™ -—-. Exp. limits (10

I~ O-leptons, 2-6 jets Exp. limits MEff

L MEff or RJR (Best Expected) Exp. limits RJR
— . . _1
All limits at 95% CL. OL obs. limit (3.2 fo™, 13 TeV)
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pp -»UrX
ATLAS monojet
arXiv:1711.03301
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Mohan, Sengupta, TMPT, Yan,Yuan 2019




Direct Detection

9pm
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= 0.75
— 0.50
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/ Io.1o

— .~

500 1000 1500 2000
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Mohan, Sengupta, TMPT, Yan,Yuan 2019 MJR [GeV]

® At tree level, the fact that Majorana particles have vanishing vector current implies
that the scattering with nuclei is spin-dependent..

® But at one loop, the scattering is spin-independent, and these are the dominant
constraint- the smaller rate is compensated by the stronger experimental bounds.



