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e Reminder: What is Dark Matter not?

e Reminder: How to search for Dark
Matter

e Combination and near future
e Axion Experiments

e Future ideas

Bjorn Penning ¢ DM Lectures e Future
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It took a few hundred years
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It took a few hundred years

boson the Standard Model has

With the discovery of the Higgs
been completed
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& Vk?ywie'):"__
? A l

0 ?qu‘?? rﬁv%

e |t took a few hundred years

e With the discovery of the Higgs
boson the Standard Model has
been completed

" e
. _ G e w[o]F[ne
e However, this is just the tip of the e o HHHE
ceberg ik HEHE
BB HBERE
AB
Atoms Dark s [T oo e Jea o v & [ o[ e
59 Energy wganse [ T35 [N [P [Rom o] 3| | ||| R | 2
68%
Dark
Matter
27%
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e We know of four
fundamental interactions

e Dark Matter does

What is DM?
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e We know of four
fundamental interactions

e Dark Matter does

e interact gravitationally

e not have any
electromagnetic
Interaction

e not interact via the
strong force (not a
baryon)

e perhaps interact via the
weak force but it is not

the neutrino

What is DM?
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BRISTOL What is DM?
e Dark matter is a hugely successful
theory to explain plenty of
observations
e |tisthe one theory that can B
successfully simulate and s lor | . ; '
reproduce the universe on all RNt e TR
scales: o N
- Galaxy rotation curves NG LN .
- Galaxy clustering / \ S
e Q. — \
- Cluster collision
- Large-scale structures
-  CMB fluctuations e (Global fit of cosmological
parameters, ACDM:
- Gravitational lensing — QA= 0.68, Qpm =0.27, Qp= 0.05
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DM Detection

Earth

X SM

X * SM
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Satellite

SM

SM
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BRISTOL DM Detection

e DM annihilates in halo and create cosmic
rays (AMS, Pamela)

e EXxcesses observed (positron high mass,
antiproton low mass )

e Not pointing to sources

e DM annihilates in sun and creates
neutrino detected on Earth (IceCube)

e Sensitivity approaching viable models

e DM annihilates in dwarf galaxies/GC creating
continuous or line photon spectrum (Fermi-LAT)

e Interesting excess observed

e Bright future: HESS2, HAWC, CTA,
GAMMA- 400...

Bjorn Penning ¢ DM Lectures e Future 12
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ERIS]%L DM Detection

e DM annihilates in halo and create cosmic
rays (AMS, Pamela)

e EXxcesses observed (positron high mass,
antiproton low mass )

e Not pointing to sources

2S In sun and creates
cted on Earth (lceCube)

pproaching viable models

e DM annihilates in dwarf galaxies/GC creating
continuous or line photon spectrum (Fermi-LAT)

e Interesting excess observed

e Bright future: HESS2, HAWC, CTA,
GAMMA- 400...
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Satellite

SM

SM
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BR sbe DM Detection

(
v,

. ‘.‘." “““ : \ Satellite
o
v (@

X * SM
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%RIS]EYOL DM Detection

e DM relic density predicts DM
candidates accessible at
collider experiments

e Only type of experimen
possibly can create DM »
laboratory G’EMQV‘:&VQ

e Independent systemati
uncertainties and performance
compared to other searches

e DM has to be kinematically
accessible: ~1-1000GeV

Bjorn Penning ¢ DM Lectures e Future |6
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lI?J,RlsfyoL DM Detection

e DM relic density predicts DM
candidates accessible at
collider experiments

A -

e Only type of experiment that
possibly can create DM in the
laboratory

* 'A sy . - _.. - ."T‘.‘.,
= e S, S A

e |ndependent systematic
uncertainties and performance
compared to other searches
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.
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DM has to be kinematically
accessible: ~1-1000GeV
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BR sbe DM Detection

(
v,

. ‘.‘." “““ : \ Satellite
o
v (@

X * SM
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\ Satellite

S

L v
. . 2
DM
Y

X
N 4 o)

Direct

’ 4..-..

4 “
X SM "

< ' \_Underground )
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ERISTQOI& DM Detection

e Detect DM as our solar system
passes through the galactic halo

- Vv~103c¢

- Kinetic energy ~ 100 keV \

e Detected by recoils off ultra -
sensitive detectors placed deep
underground

e Roughly 1 interaction per kg per year

e \ery stringent cleanliness and (
background rejection requirements

e \Variety of detection methods and
targets

Bjorn Penning ¢ DM Lectures e Future
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Direct Detection

Nucleus O h@.&\/h’g DM
o
\\“ <IIII

L 4

O

large recoil

‘. ’ )
'...‘

O

small recoil

e Momentum transfer crucial,

e Low mass difficult (as opposed to collider)

Bjorn Penning ¢ DM Lectures e Future
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How do we connect and learn from
all three fields?
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BRISTOL Parameterizing Dark Matter

e |n areal life we need some mediator between the ‘dark World’ and the known

Universe
SM X
SM X

Bjorn Penning ¢ DM Lectures e Future

23



,é University of . .
BRISTOL Parameterizing Dark Matter

e |n areal life we need some mediator between the ‘dark World’ and the known

Universe
SM 0% M
> -------------- .
. ?
\
SM X >
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BRISTOL Parameterizing Dark Matter

e |n areal life we need some mediator between the ‘dark World’ and the known

Universe
> X SM .
> -------------- o’
SV )
SM
SM X

e |eads to known interactions

e scalar (Yy),

e pseudo scalar (Yysy),

e vector Py,

e axial-vector (YyHydy)

e Interesting kinematics and experimental sensitivities
Bjorn Penning ¢ DM Lectures e Future
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Vector | Axial-Vector
gpmZ, X7 X | gomZ, XMy X

DD and collider are equal In
overall sensitivity but probe different
regions of parameter space

Besides very low DM masses
DD wins clearly over collider

EWK style
(equal to leptons)

- Scalar | Pseudo-Scalar
o g gDMOXX | goMmEXY X
N 2 ‘
S >
= DD and collider are equal in | No limits from DD (only from D).
overall sensitivity but probe different } Collider provides limits similar
regions of parameter space to scalar couplings

DM can only b discovered by combining these approaches

Bjorn Penning ¢ DM Lectures e Future 26
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BRISTOL Parameterizing Dark Matter

e |n areal life we need some mediator between the ‘dark World’ and the known

Universe
SM X M
> -------------- .
S/V
SM
SM X

e Discovery of DM will be discovery of two particles
- dark matter itself
- the dark mediator

e More appropriate to interpret results in terms of mpm and Mued

Bjorn Penning ¢ DM Lectures e Future
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i BRISTOL Interplay

T | T T T T T T T T T ' T T T ' T T T
B ATLAS = QObserved limit

L L=203 fb-1, Vs=8 TeV = === Expected limit (=1 Gexp)

all limits at 95% CL

Gom=1, Mpy=45 GeV

= Fermi-LAT excess
- Obs. 8 TeV

== Exp. 8 TeV (+10, ) ]
- = Exp. 13 TeV 30 fb~!
—-+«= Exp. 13 TeV 300 fb™!

I R ) 200 500 100 y 1 1 1 2 i 1
800 1000 1200 M. [GeV 500 1000 1500 2000 2500 3000 3500 4000
m, (GeV) a [GeV] mz [GeV]

.
.
PR
-

— PICO-60 CsFe
— CMS DM+J/V

Axial-vector mediator, Dirac DM
gq=0.25 " 90M=1

Continue to provide viable models
and identify unexplored phase
space

Provide original ideas across
experimental approaches &
provide leadership 0

WIMP mass [GeV/c?]

0 500 1000 1500 2000
1702.07666 Mediator mass [GeV/c?]
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The (near) future
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To HL-LHC

350 >300 fb-!

250 8 TeV

150 >100 fbr? -
YOU
ARE

HERE

Integrated luminosity (fb?)

50

2010 2012 2014 2016 2018 2020 2022 2024

Year
48

Bjorn Penning ¢ DM Lectures e Future 30



Vé University of
BRISTOL

2500

The Path to Discovery

Axial-Vector Mediator
dsm=9pn=1

\_

m— LUX

Neutrino background

—1

WIMP-nucleon cross section [cm?]

102 103
WIMP mass mx [GeV]

\

J

| LS Myep

1 1
5000 7500 10000 [G€V]
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BRISTOL The Path to Discovery

Axial-Vector Mediator
dsm=9pn=1

— Neutrino background

2016

| LS Myep

1 1
2500 5000 7500 10000 [G€V]
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B BRISTOL The Path to Discovery

Axial-Vector Mediator
Ism=9pm=1

— Neutrino background
Excluded

2016

| LS Myep

1 1
5000 7500 10000 [G€V]
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BRISTOL The Path to Discovery

Axial-Vector Mediator
dsm=9pn=1

— Neutrino background
—— LHC Run | (8 TeV)

— LUX

2016

| LS Myep

1 1
2500 5000 7500 10000 [G€V]
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BRISTOL The Path to Discovery

Axial-Vector Mediator
dsm=9pn=1

— Neutrino background
—— LHC Run | (8 TeV)

===- LHC Run Il (13 TeV)

— LUX

LS Myep

1
2500 5000 7500 10000 [G€V]
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BRISTOL The Path to Discovery

Axial-Vector Mediator
dsm=9pn=1

— Neutrino background
—— LHC Run | (8 TeV)

===- LHC Run Il (13 TeV)

— LUX
———- 7

LS Myep

1
2500 5000 7500 10000 [G€V]
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BRISTOL The Path to Discovery

Axial-Vector Mediator
dsm=9pn=1

— Neutrino background
—— LHC Run | (8 TeV)
===- LHC Run Il (13 TeV)
— - = LHC 14 TeV 3000 fb-
— LUX

—— L7

— . = DARWIN 200 ton yr

taken from arXiV:1409.4075

LS Myep
[GeV]

|
2500 5000 7500 10000
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Great potential ahead

4 ™ rrrTrT”
107 ¢
-
-
-

Vector Direct
Projected 90% CL limits

Vector Mediator
Ism=9pm=1

10! 102

| LS Myep

1 1
2500 5000 7500 10000 [G€V]
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1
2017 2018 2019 2020 2021
a a a a a

—/ —/ —/ —/ —/

Direct DM
« Panda-X « XenoniT large « LZ starting, - 2nd Gen large
* Xenons 1T exposure XenonNT construction/starting exposures, towards 3rd
« LZ assembly Gen ’
LHC
o New signatures (boosted objects , LHC: U « LHC Run Il starts. aimi
: . : Upgrade, Full dataset paper, un [l starts, aiming
scalar DM,VBF). Long lived combinations, towards Runlll for HL-LHC
particles etc ’
Astro
° Indirect Searches with AMS, ° New dwarf discoveries by ° CTA, next gen radio
lceCube, DES and Fermi LSST, Galactic Center by surveys (MeerKAT, SKA)
collect further data, yielding Fermi. GAIA and other
greater sensitivity sattelites
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Future |deas in Dark Matter
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ADMX Experiment

Bjorn Penning ¢ DM Lectures e Future

ADMX - another 2nd gen
dark matter experiment

Axions convert to
microwave photons
(GHz)

Targets the entire 1-10
GHz region over 6 years

If the QCD axion with a
mass in that region
makes up most of the
local dark matter density,
ADMX has a very good
chance of fining it

4]
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AL BRIS"FOL ADMX Experlment
| Gen 2 ADMX Projected Sensitivity

Cavity Frequency (GHz)
10

Non RF-cavity Techniques

—

o
-
o

N

N\

Y \\
NN
N\ NN N

b

o
-
w

—

o
anlh
B

ADMX Gen 3

. RDMX Published Limits -

—

o
-
O,

Axion Coupling Ig,,,, | (GeV™)

S SX S

Spring 2017 operations
| 10 100
Axion Mass (ueV)

S /s /
/ / ¥
/

—

o
-
<D

OPerating at since January 2017
e ADMX G2 will cover much of the plausible axion mass range

e At ~660 MHz and scanning upwards, discovery can happen any day
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B BRISTOL Going beyond

Neutrino
neutrino

10-° neutrino

10-'2 neutrino

10-'8 neutrino Sterile
neutrino

gravity

peV 10%-10"3 TeV
Particle mass

The mass and cross section span many orders of magnitude
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BRISTOL New ldeas for WIMP detection

Photon emission
Chemical-bond breaking
Superfluid Helium NR

DM mass
(scattering)

meV 1eV 1 keV

| | | DM mass
< > .

l | | (absorption)

P <
« : ER
Superconductors Semiconductors ble liquid
Scintillators 2D targets

Explosion of new ideas over last few years
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BrisTorL  New Idea for Axion/Dark Photons

1022 eV 10718 eV 1071 eV 10710 oV 107% eV 1072 eV
DM mass. |_|_|_|_|_|-)
10~% Hz 10~4 Hz 1 Hz 10* Hz 10° Hz 10'2 Hz

<—torsion balances —> «—FE&M —>

<«—atom interferometry —> «—NMR —>
< X-ray > < NMR—

Coupling:

E&M ’ ADMX

Eot-Wash (spin) A SDEr Wi
ASPEr-winc AVQTA
. Eot-Wash (scalar) HAYSTAC
Spin o
LC Circuit
Atom Interferometry (spin) DM Radio
Atom Interferometry (scalar) ABRACADABRA

Scalar

IAXO ARIADNE
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scintillating bubble chambers

hght
heat (bubble)

GeV WIMPS

10 kg Xenon 2 yr program to test
with coherent scattering
CENNS

CYGNUS HD-10

charge cloud tomography.
directional sensitivity

GeV WIMPS

R&D $250k
1 m3 ~ $450k
10 m3 ~ $3M

R&D 1 yr

1m3: 2yr
10 m3: 2ry

charge

GeV WIMPS

SaM

start 2019-2020 the construction
R&D going now

GeV WIMPS

liquid xenon TPC

installing 140 cm sphere at
SNOLAB In 2018

1 yr design
1 yr deploy 10kg @surl
1 yr commision and run

SENSEI

ER

2 yrs to build the 100g experiment
starting (could start now)

Dopped germanium with
Internal amplification

Ge semiconductor

charge 0.1 eV (nuclear)

sub-GeV DM -

ER

RAD 600k
10 kg —> 1.5M
100kg —> 10M

R&D +3yr

2d graphere
Ptolomey-G3

single photon detector with TES
readout

graphene cube

GaAs(S)

charge(G-FET)
(300 B channel coum & 1

gt

sub-GeV DM

sub-GeV DM -

ER

ER

3

$200k needed for waler fab for
demonstrator (104 cm2)

RAD 200k
project 600k

1 yrlab 1 yr data
ready for the “generation 1°

R&D 1eV thr
the project would on on
SuperCOMS 2020

Nal/Scl cooled crystals

Nal/Scl

sub-GeV DM

ER

RAD - $250k
projecy $100k

R&D - 3 yr
project 2020 w/TES

superconducting AL cube

Al superconductor

TES

meV energy resolution

+10 yr science program

LHe detector

phonon

sub-GeV DM -

NR

2018 R&D
2020 final design
2022 start data taking

field ionization helium

R&D $725k

R&D 3 years

color centers

crystals (example: CaF)

ight

sub-GeV DM -

NR

R&D going on now

bubble chambers
PICO

wide range of target nuclei. This is
what makes then unique

heat (bubbles)

lowest cost per ton of any target
mass
pico-500 - ~§3M

just finished pico-60
pico40L in Fy17 (funded)
pico 500 coming

emulsions (news-dm)

high position resolutions nuclear
emulsions (silver bromide crystals
+ICONHS)

imaging with optical miCroscopes
and validation of candidates with
X-ray microscope

R&D phase complete
Technical test to confirm negligible
background running now.
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BRISTOL Summary

e DM is out there and will transform our
understanding of the universe

e LHC is running, DD, and indirect detection are
improving rapidly — the field is being transformed
now

e DM has to be discovered in several fields to be
confirmed and measured

e Not necessarily imply vanilla dark matter:
SuperWIMPs, WIMPless DM may be warm,....

®* |nthe best of all worlds: Multiple discoveries (direct
detection, the LHC, indirect detection) & constraints
of the DM properties & DM astronomy

e |f no discovery: “ultimate” WIMP DM detectors might
at least be able to disprove the WIMP hypotheses
(still valuable)

e Plethora of new ideas and experiments
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Backup
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QA& BRISTOL E.g.: Constraining Fermi-LAT =~ asxiv:asos.o7s2s

e TJesting Fermi-LAT excess and inclusive analyses using collider data

e |Inclusive search has significantly better expected sensitivity

gom=1, mpy=45 GeV

- Fermi-LAT excess
—— Obs. 8 TeV

==== Exp. 8 TeV (10, )
— = Exp. 13 TeV 30 fb™!
—-+= Exp. 13 TeV 300 fb~’
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% University of _ .
B BRISTOL E.g.: Constraining Fermi-LAT ~ amxiv:1s0s.0782s

e TJesting Fermi-LAT excess and inclusive analyses using collider data
e |Inclusive search has significantly better expected sensitivity
e Excluding already part of the phase space

e More 13 TeV data will be very exciting

QDM=1 \ m0M=45 GeV

- Fermi-LAT excess
—— Obs. 8 TeV

==== Exp. 8 TeV (10, )
— = Exp. 13 TeV 30 fb™!
—-+= Exp. 13 TeV 300 fb~’
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Derive constraints from
astrophysical measurements

One model...

- LUXLimit —  LUX Limit |

Translate DD limits to
collider constraints

"I Constrain H-inv
- from DD

Bjorn Penning ¢ DM Lectures e Future
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& BRISTOL interplay

Derive constraints from
astrophysical measurements

q

—  LUX Limit

—  LUX Limit

Translate DD limits to

These connection collider constraints

d N | are of uttermost
constam Finv N\ importance to be
| ‘DM Hunter’

10 20 30
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