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There is pretty strong
consensus regarding how
much stuff there is in the
universe

By that same
consensus, we only
understand 5% of it




Dark matter - evidence!?

® Galaxy rotation curves

Vera Rubin, 1970s



Dark matter - evidence!?

® Galaxy rotation curves

In Newtonian dynamics, the rotational
velocity of an object in circular motion is

Rot. velocity (km /=

where M is the mass within the orbit. If ry is
the radial extent of the luminous part, and all
mass is in the luminous part of the galaxy,
then M is constant for r > rj and
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Dark matter - evidence!?

® Galaxy rotation curves

® Galaxy clusters

fritz Zwicky, 1930



Dark matter - evidence!

® Galaxy rotation curves

® Galaxy clusters




Dark matter - evidence!?

® Galaxy

e Galaxy
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Dark matter - evidence!?

® Galaxy rotation curves
® Galaxy clusters

® Gravitational lensing

Gravitational Lens

Galaxy Cluster 0024+1654
Hubbla Spacs Telescope - WFPC2




Dark matter - evidence!?

® Galaxy rotation curves
® Galaxy clusters

® Gravitational lensing




Dark matter - evidence!?

Galaxy rotation curves
Galaxy clusters
Gravitational lensing

Cosmic microwave
background




Dark matter - evidence!?
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So what is it?

We know it interacts gravitationally

It is “dark” - should not interact W|th Ilght or

electromagnetism ==
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So what is it!?

We know it interacts gravitationally

It is “dark” - should not interact W|th light or
electromagnetism |
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Why Weakly Interacting Massive Particles

(WIMPs)?

Particle Physics
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WIMPs

® Produced during big bang

® Decouples from ordinary )
matter as the universe » [ Early
expands and cools universe

® From cosmology we can
calculate the relic abundance
of a non-relativistic species

3% 107% cm3s~!

< 0pA0 >

10 10.0
x=m/T (time =)

QXhZ = My [pc *

® A particle with weak scale interactions has annihilation cross section

<040 >~ a*(100 GeV™?) ~ 107® em?’s™!




WIMPs not necessarily related to
supersymmetry

® Dark sector could be as complicated as standard model

® Searches not limited by expectations from SUSY models

Unknown coupling b en SM and DM

Dark Sector

Multiple dark matter states likely with

Mp ~ 1 GeV
Standard Model —

at least some of them being low mass




How do we find it!?

® Indirect - detect annihilation products from regions of high density
like the sun or the center of the galaxy

Fermi bubbles, courtesy of NASA



How do we find it!?

® Indirect - detect annihilation products from regions of high density
like the sun or the center of the galaxy

® Accelerators - create a WIMP at the LHC

® Missing ET and monojet searches




How do we find it!?

® Indirect - detect annihilation products from regions of high density
like the sun or the center of the galaxy

® Accelerators - create a WIMP at the LHC
® Missing ET and monojet searches

® Direct detection - WIMPs can scatter elastically with nuclei and the
recoil can be detected



Direct Detection

® Can calculate an interaction rate from first principals and some
assumptions about the dark matter distribution and interaction

® Two main interactions are considered (other terms tend to be
suppressed)

® Spin independent (Sl) - couples to all nucleons

® In low momentum transfer, this is coherent across the nucleus,
providing an enhancement for large nuclei

® Spin dependent (SD) - couples to the spin of the nucleon
(requires unpaired spin in the nucleus)

® |nteractions with individual nucleons, no enhancement factor



The differential cross section (for spin-independent interactions)
In events/kg/keV mass per unit recoil energy is

%_m—xxzung(Q)x Vm Vdv ©)




The differential cross section (for spin-independent interactions)
In events/kg/keV mass per unit recoll energy is

@_m—XXZ,u%XF(Q)X/ Vdv ©)

Vm

Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty



The differential cross section (for spin-independent interactions)
in events/kg/keV mass per unit recoil energy is

dR o D f(v)

%_m—xx ><F(C?)></Vm Vdv ©)
Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty



The differential cross section (for spin-independent interactions)
In events/kg/keV mass per unit recoil energy is

dR  po 2 f(v)

@_m—xx ><F(Q)></Vm Vdv ©)
Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty

The nuclear part, approximately given by F?(Q) oc e~/ where
Q() ~ % MeV



Rate calculation

» The differential cross section (for spin-independent interactions)
iIn events/kg/keV mass per unit recoil energy is

ar _ ro 2 /m
dQ_mXX X F=(Q) x . Vdv ©)

» Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty

» The nuclear part, approximately given by F2(Q) « e~ %% where
Qo ~ % MeV

» The velocity distribution of dark matter in the galaxy - of order
30% uncertainty (not-statistical), and vy, = v/ Qmy/2m? (here
m, = mym,, /(my + m, ) is the reduced mass of the nucleus)




The energy scale

® Energy of recoils is tens of keV

® Entirely driven by kinematics, elastic scattering of things with
approximately similar masses (100 GeV) and v ~ 0.001c

1 1
Em,\,v,%, = 5 x 100GeV x 107° = 50 keV

o
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How do we find it!?

® Very low rate process (~events/year)

R(cts/10kg/yr) for 10* cm?, 100 GeV

% \
Ge L.

Ar

Sl

Ne 10

® Rate depends crucially on WIMP mass and threshold



How do we find it!?

® Very low rate process (~events/year)

R(cts/10kg/yr) for 10+ cm?, 10 GeV

Knowing your energy scale
and efficiency at threshold
are crucial!

® Rate depends crucially on WIMP mass and threshold



Much of that dependence comes through
velocity distribution

__MB velocity distribution (veSC = 544 km/s)

200 300 400 500 600 700
Velocity (km/s)

® Vesc - speed above which WIMPs are no longer bound (currently taken to be
544 km/s)



Much of that dependence comes through
velocity distribution

__MB velocity distribution (veSC = 544 km/s)
v_. for Xe target, m =8 GeV, Q =3 keV
min X

/- for Xe target, mX =8 GeV, Q =5 keV
Vo for Xe target, mX =30 GeV, Q =5 keV
__v_. forFtarget, m =8 GeV, Q =3 keV
min X

200 300 400 500 600
Velocity (km/s)



The canonical plot

XENONI100 (2012)
| = observed limit (90% CL)
10% = Expected limit of this run:
i + | o expected
+ 2 o0 expected
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® Limited at low mass by detector threshold and kinematics

® Limited at high mass by density



The canonical plot

XENONI100 (2012)
| = observed limit (90% CL)
10% = Expected limit of this run:
i + | o expected
+ 2 o0 expected
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Phys. Rev. Lett. 109, 181301 (2012) WIMP Mass [GeV /C2]

® What happened to “weakly” interacting?

® Mediation via Z was excluded long ago (~10-3? cm?), but only
now are we probing Higgs exchange



So we look for WIMPs

® A few hundred just passed through us, and we might expect a
handful of counts in a detector per year



So we look for WIMPs

® A few hundred just passed through us, and we might expect a
handful of counts in a detector per year

® The problem is that background radioactivity is everywhere!

Z__1\ |00 events/second/kg =
e 3,000,000,000,000 events/year
Sl 1-800-420-388 in a ton-scale experiment




Backgrounds!




Background sources

® Cosmic rays are constantly streaming through

® All experiments have to go underground to get away
from cosmic rays
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Background sources

® Cosmic rays are constantly streaming through

® All experiments have to go underground to get away
from cosmic rays

® Radioactive contaminants - rock, radon in air, impurities

® Emphasis on purification and shielding






Background sources

® Cosmic rays are constantly streaming through

® All experiments have to go underground to get away
from cosmic rays

® Radioactive contaminants - rock, radon in air, impurities
® Emphasis on purification and shielding

® The detector itself - steel, glass, detector components
® Self-shielding to leave a clean inner region

® Discrimination - can you tell signal from background (gamma
rays, alphas, neutrons, etc)?
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Direct searches
(non exhaustive)

LUX/Xenon
XenonTPC

COUPP/PICO
Bubble chambers

DAMIC PAMANal CDMS and CoGeNT
CCDs (from DECam) Cryogenic Germanium




Xenon and LUX/LZ

® Liquid xenon TPCs - collect light and scintillation light
released by energy deposition in the liquid

® Fragments of Xenonl0 - Xenonl00/IT in Italy, LUX/LZ
in South Dakota

shielding
mesh top _
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WIMP event: low S2/S1
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Xenon and LUX/LZ

® Liquid xenon TPCs - collect light and scintillation light
released by energy deposition in the liquid

® Fragments of Xenonl0 - Xenonl00/IT in Italy, LUX/LZ
in South Dakota
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Argon detectors

® DarkSide, the dominant liquid argon experiment in the US -
same idea as Xenon TPCs

e DEAP/CLEAN (DEAP3600, MiniCLEAN) - Single phase - just

collect the licht - American and Canadian versions in the same
room at SNOLAB
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CDMS/SuperCDMS

® C(Collect charge and heat induced by recoils

® Good intrinsic background rejection made
better by detector design (iZip)

® SuperCDMS

® 9 kg currently operating at Soudan
mine

Bulk electron recoils

® 200 kg planned for SNOLAB : | g Swtaee dectron e

Nuclear recoils
recoil energy 10-100 keV

Tonization Yield

20
Timing Parameter (us)




CDMS/SuperCDMS

® |n April of last year,
they observed 3
candidate events
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This is what dark matter would
sound like
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This is what dark matter would
sound like
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This is what background events
(alpha radiation) sound like




This is what background events
(alpha radiation) sound like




Both together, just to hear the
difference
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DArk MAtter (DAMA)

® Very radio-pure Nal (not replicated by anyone in 10 years)
® No discrimination

® (Observed an annual modulation for a decade

<—— DAMA/Nal (0; 29 tonxyr) ———— > = <DAMA/LIBRA (0.53 tonxyr)->
R (target mass = 87 3 kg) o (target mass = 232 8 kg)
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Where are we!?

® DAMA - A positive claim for 10 years that successfully
does the following:

® Low energy events (e.g. right spectrum)
® Modulation with correct period and phase
® Single hits (multiple hits associated with neutrons)

® No one accepts it



Where are we!?

® For a long time no one else saw anything
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Where are we!?

® For a long time no one else saw anything

® Also sociological

Proprietary agreement with Nal maker, so no one
could replicate crystals

Defensive and dismissive of alternative explanations
(e.g. response to DM-Ice)

Plan is to go bigger instead of change things up (no
one doubts the significance of the modulation)

Their talks are terrible:



DAMA/LIBRA surface = 0.15 m?

The v case 107“'3\\ u flux @ DAMA/LIBRA = 2.5 u/day 1.
o b

MonteCarlo simulation .
e muon intensity distribution
e Gran Sasso rock overburden map

10

rate (cpd/kg/keV)
S L — )
t j

10 —+ +
10+ +
events where just one detector fires : +T
10 _11- L L L L L L | I L . L P #
0 20 40 60 80
Energy (MeV)
Case of fast neutrons produced by p Annual modulation amplitude at low energy due to u modulation:
¢, @ LNGS # 20 u m2d? (+2% modulated) Sa® =R, g & fyp 0. 2% /My, AE)
[ . -1= -4 2
Measured neutron Y.leld @. LNGS: Y=1:7 104 n/u/(g/cm?) g = geometrical factor; & = detection effic. by elastic scattering
= (fast n by w)/(time unit) = @, Y Mg f\r = energy window (E>2keV) effic.;  f;,.,. = single hit effic.
Hyp.: M= 15 tons; g= e =fp =1 ,.=0.5 (cautiously)
€ simgie ( ) . _5
Knowing that: M, =250 kg and AE=4keV E—— S W < (0.4+3) x 105 cpd/kg/keV

Moreover, this modulation also induces a variation in other parts of the energy spectrum and in the multi-hits events
It cannot mimic the signature: already excluded also by Ry, by mulfi-hits analysis + different phase, etc.

" Can (whatever) hypothetical cosmogenic products be considered
as side effects, assuming that they might produce: But, its phase should be Cif TeeT/2m: b =1, 4T

only events at low energy,

onlz single-hit events, . ? (much) larger than u phase, &, 1] - if p>T/2m: L =8y + %
- no sizable effect in the multiple-hit counting rate

- pulses with time structure as scintillation light It cannot mimic the signature: different phase

The phase of the muon flux at LNGS is roughly around middle
of July and largely variable from year to year. Last meas. by DAMA/NaI + DAMA/LIBRA
LVD and BOREXINO partially overlapped with DAMA/NaI anH measured a stable phase: May, 26th = 7 days

fully with DAMA/LIBRA: 1.5% modulation and phase This phase is 7.1 o far from July 15th
LVD July 5"h + 15 d, BOREXINO = July 6" + 6 d and is 5.7 o far from July 6th

Ry, multi-hits, phase, and other analyses ! = | NO




Other signals

® Many hints in past few years (CoGeNT, Cresst, CDMYS)
® Most are going away but DAMA remains

® All signals are in conflict with limits from xenon detectors



All signals are in conflict with limits from

xenhon detectors
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Other signals

® Analysis of Fermi-LAT data (“indirect detection) show an
excess in the galactic center
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Money and politics




SuperCDMS Soudan Low Threshold
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Dark Matter Searches: Past, Present & Future
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