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® |t's dark. (It doesn’t emit, absorb, or reflect light.)
‘ ’
® [t's matter. gravitationally attracts other stuff as if it were matter.)
. . ® |t's not Standard Model matter (I's not composed of
atomic nuclei and/or leptons.)
" ® |t outnumbers normal matter in our local
universe by about five to one.
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UP QUARK
A teeny little point
inside the proton
and neutron, it is
friends forever with
the down quark,

DOWN
QUARK

A tiny little point
inside the proton

m
brem

and neutron, it is
friends forever with
the up quark.

ELECTRON- Vs
NEUTRINO

This minuscule
bandit is so light,
he is practically
massless.

ELECTRON

A familiar friend,

this negatively
charged, busy Ii’l

guy likes to bond.

CHARM
QUARK

A charming
second
generation
quark.

STRANGE
QUARK

What's so strange
about this second
generation quark?

NEUTRINO

Like the other 2 w

neutrinos, he's got =
e

an identity crisis
from oscillation.

MUON
=i A “heavy

electron” who

lives fast and

dies young.

BOTTOM
QUARK
This third
generation
quark is puttin’
on the pounds.

NEUTRINO

He's a tau now,

but what type of
neutrino will he
be next?

@.

TOP QUARK
This heavyweight
champion doesn‘t
live long enough to
make friends with

anyone.

TAU

A “heavy muon”
who could stand
to lose a little
weight.

DARK
MATTER




Other dark
particles

scattering annihilation self-interaction

5 chart from Snowmass CF1 Summary 1310.8327



Top Thermosyphon

Titanium Cryostats —

Anode and Electron
Extraction Grids

PTFE Reflector Cage

Cathode Grid

Breakout Instrumentation
Cart

10 m Instrumentation
Conduits

Water Shield

Xenon Circulation
and Heat Exchanger

300 kg Liquid Xenon

Photomultiplier Tubes

Bottom Thermosyphon
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Cartoon of Elastic Scattering
Before:

. e :[interaction occurs and
r we (indirectly)

measure energy
deposited]

- @

[nothing happens]
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What's the probability for the scattering to occur?
In principle it could depend on...

4 N

properties of the target (Xe, in this example)

® angular momentum ® # protons,# neutrons
® Mmass o
S J
4 : A
properties of the Before:
Dark Matter
® angular momentum
® Mmass
- Y

(

kinematic quantities

e DM velocity
® nuclear recoil energy

. J
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Motivation & basics

Effective theory of dark matter direct detection

How well can we reconstruct the theory of dark
matter with direct detection?

11



Motivation & basics
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Scattering probability, more precisely

4 )

.
= d°vv f(v v, E
dER mr \mDM venin (ER) f( ))kdER( R)

.

astrophysics particle &
nuclear physics

R = probability of scattering
per time, per target mass

typical v ~ 200 km/s << ¢ lfl> work in non-

typical Fr << Mnucleon, MDM relativistic limit
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2 particle physics
QCD
3 . dER
: nuclear physics
% astrophysics
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_ EXAMPLE (standard spin-
independent case)
Ling ~ XX@ +qq9p or ~ XV'xAu+qy"qA,

DM (x)

nucleon (N)

nucleon

1nt eff — Z f]\QfXXNN

~ U

N=n,p DM DM (x)
nucleus nucleus (T)

fn
Iv

dO‘T m—rT
dER Q/LTUZ

o (2+(4-2)%
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~10 relevant non-
relativistic operators

5 independent types
of nuclear responses

(Fitzpatrick, Haxton, Katz, Lubbers, Xu 1203.3542)
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DM DM (x)

nucleon (N)

nucleon

non-rel operator building blocks

q —

(for more detail/precise definitions, see
1203.3542. See also 1211.2818, 1308.6288) 47



nucleon nucleon ]_

@ 4

(usual) spin-
independent
response

~ / for proton coupling

~ (A — Z) for neutron coupling
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nucleus nucleus



nucleon

nucleon

@

S, - Sx

= (S - @)(Sy - @) + (Sx x @) - (Sn x @)

nucleus

nucleus

Lo 4

longitudinal transverse
spin- spin-
dependent T dependent
response response



non-rel operator building blocks

nucleon — |

nucleon

operators involving o+

I
I

orbital
angular
momentume-
dependent
responses

nucleus nucleus



DM-proton cross section [cm?]
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Motivation & basics

Effective theory of dark matter direct detection

How well can we reconstruct the theory of dark
matter with direct detection?
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Simulate data for a variety of plausible underlying
models with in-principle distinct direct detection
phenomenology, assuming cross section at current
upper limit. Then do model selection.

include poisson noise
assume perfect energy resolution
50 realizations for each model, on each target

use Bayesian statistics for model selection.
(Calculate evidence for model given data. Probability
of model is its evidence divided by the sum of
evidences for other models.)
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1.0

Probability of true model

0.2

0.0

True model: SI (mass: 50 GeV)
| | | | |

Simulations preferring true model (with >0.9 probability):

48% 100%
X

.

Xe

| |
Ge+Xe I  Ge+Xe+l
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True model: Anapole (mass: 500 GeV)
| | | | |

Probability of true model

I I
Simulations preferring true model (with >0.9 probability):
92%  100% 100%
OF X X X
|
+
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| | | |
Ge Xe Ge+Xe I Ge+Xe+l F Ge+Xe+F
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Probability of true class
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How much of the “theory” of dark matter can
be reconstructed from direct detection?

e Because direct detection scattering events
are inherently low energy, there’s
degeneracy amongst “high energy” theories.

e Relevant effective interactions at the
nucleon-DM level in the non-relativistic
limit are well understood; therefore so are
the high energy theory degeneracies.

e Including a diverse set of targets goes a long
way in helping to distinguish between low
energy effective theories.
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