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Weakly Interacting Dark

From Last Lecture:

WIMP Miracle

Dne question to answer:
Why nearly 2= much dark
matter as regular matter?

soluhﬂﬂl x:;;lroﬁ:tirqulurmlmi‘mmi
3 A e Letting dark matter and regular matter
The lightest supersymmetric particle is stable, and H'irﬂ([d interact thaough the weak Force gives us the
thus a good candidate to be the dark matter correct density of dark matter today

WIMP models ane motivated by supersymmetry

1's called the weak force for o reason!

Residual Interactions Today

Femernber: Any interactkon that ean happen WILL happen
[matyboe rarely)

Ve should be able to logk for these inberactions today!

Solution, We need Sensitive Machines!

To Loak fora Rare Interaction:

+ Mackire must be capable of seeing a sngle particle interaction,
aginst a backyround whese baryoms might interact a lat

Matter

Residual Interactions Taday

W don't know what happens in the center of this
interaction|

So we want to search for
every direction




\ The known world of The hypothetical world of
Standard Model particles SUSY particles

squarks

@ |l

< Supersy mmetric 4 @ leptons ® sleptons

@ force carriers ® SUSY force carriers

"'shadow " particles

WIMP models are motivated by supersymmetry

The lightest supersymmetric particle is stable, and
thus a good candidate to be the dark matter




WIMP Miracle

One question to answer:
Why nearly as much dark
matter as regular matter?

innl Dark matter and regular matter interact in
SOIU-I-Ion the early universe

. Letting dark matter and regular matter
M“’GCICl interact through the weak force gives us the
correct density of dark matter today




Residual Interactions Today

Remember: Any interaction that can happen WILL happen
(maybe rarely)

thermal freeze-out (early Univ.)
indirect detection (now)

e —
‘ DM XS‘H
DM SM
B
production at colliders

We should be able to look for these interactions today
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Residual Interactions Today

We don't know what happens in the center of this

interaction!

thermal freeze-out (early Univ.)

indirect detection (now)
e —

DM Xﬁ'”
SM

B
production at colliders
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So we want to search for interactions occuring in
every direction




11's called the weak force for a reason!

Early Universe




Solution, We need Sensitive Machines!

To Look for a Rare Interaction:

- Machine must be capable of seeing a single particle interaction,
against a background where baryons might interact a lot

- Machine must be able to produce lots and lots of interactions



Searching for Dark Matter with Particle Accelerators

The Large Hadron Collider
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The Large Hadron Collider

Tevatron - 4.26 Mile Ring
Batavia, llinois | Large Hadron Collider

|7 mile ring

Maximum particle collision energy (8 TeV (original), 14 TeV (upgrade)
- Particles collider at 0.999999991c (3 m/s slower than c, or about
299792455 m/s) .

Proton-Proton collider (as opposed to Proton/Antiproton at Tevatron)




How Do You ﬂccelem’rc Protons?

T Tube}

beam pipe heat exchanger pipe helium-I
\ \ /" vessel

superconducting coils
—

— ‘ Y 1600 superconducting magnets are used (27
' tonnes a piece)

superconducting
bus bar

NN These magnets need to be kept cool
Rl (superconducting) 100 Tonnes of Liquid Helium

collars

radiation screen keepS them a.t (-271-5 C)

N Largest superconducting structure in the world

e ’ instrumentation
protection diode feed-throughs




Large (and sensitive) Detectorslll

ATLAS Detector CMS Detector

"A Toroildal Lhc Aparatu$™ Really? Compact Muon Solenoid

o meters long, 25 meters in diameter 216 meters long, I5 meters in diameter
1,000 tonnes o 4,000 fonnes

3000 km of cable

Floats in water! Sinks like a rock!




u=up quark
d = down quark

four ways to collide u with u

one way to collide d with d

How many ways to collide
g with g?

At these energies, you are not colliding a proton with a proton. The interior structure
of the protons matter.

Sometimes you collide two'up-quarks, or two down quarks, or an up quark and a
down quark.

Most of the times you are colliding two gluons.

Effect - If you have a 4 TeV collider (proton to proton), you don't actually know how energetic any given collision was



US-T1-BNL

"8 B FFF ¥

, U, O, TR TR TEL TR EELBEL R et e

Raw Data Rate = 100 Terabytes per second !

These events'can't all be processed, much less stored. Hardware switches are used to
remove 99.9999% of the events, which are not interesting, leaving about 100
interesting events (or about 3 billion interesting events per year).

These events are further analyzed, and exported to disks (about 30 Petabytes per
year in total data)



ing for Dark Matter with Missing p_T

Search




No Evidence at Present

Searches for Single Jets with Missing p_T

Is=7TeV, 4.7 fo!, 95%CL

Background process Events
Z —vv 900 + 94

2 x ( Fermi-LAT dSphs (xx)Majmanaa bb) ;
—=—— D5:00-> (X),,, .. /
——— D8: qg— (%)

Dirac

Wjets 312 + 35
tt 8+ 8
Z(00)+jets 242

QCD multijet 1 :t l

Single t

otal background
Observed in data

At the moment, we have not seen any excess events
with a single Jet, and missing pT, this sets constraints

on the dark matter annihilation cross-section

Thermal relic value
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~Lots of Different Channels to Test

Last limit was only for one specific dark matter model.

Coefficient

xXxqa4q -
gD = K A3 qul.-’J'U*
X7’'xqq imq /M, . _
im. M2 & 100 Ty Is=7TeV, 4.7 fo", 90%CL

a/ " £ 10% -~ CMS Preliminary =+ CMS 2012 Axial Vector T
_ , 5 o 3‘}: is=8TeV & CMS 2011 Axial Veecior — XENON100 2012 4 1

x i ﬂ_x-g’j,.-,u q 1/M; = 10%) COF 2012 ] 31| ---- CDMSIllow-energy _,_ D5: gj— l(xx)mm
Qo ILdt =195m" ~== SIMPLE 2012 ! c cogeNT 2010 —— D11: gg— 630,
D0 COMSII 2011 i 210 D5: CDF o~ jb),, . “"birac

COUPP 2012 — — D5: CMS a8 j(),,__ 1 Oypaary
- Super-K W'W | -

IceCube W'W

img /M

Xt J i X qu H"}"E q 1 i-"’ﬂ{{f !
W 10
X' XG WG | asfaM? 2 =

X f}-."'uq 5 b
f(.l'l.-, _Iflf 4 ﬂf; o 10

X7 X@u’a

mg/2M?

- {e 12
img/2M;

v R 12 sl
o [8M, 0 10° 10°

10 - 'IOJ o
M, [GeV/c?] WIMP mass m, [ GeV ]

XBG;:.V GHv

Iy

XV XGuG

Can write down lots of different models which allow dark matter to interact with the
standard model. Need to rule out all of them at colliders to get constraints.

OTOH - a detection of dark matter at colliders tells us something about how the
interaction of dark matter and normal matter behaves



~ Looking for Superpartners

Last limit was only for one specific dark matter model.
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CMS Unpublished, L= 19.4 fb™", ys = 8 TeV

stop pair in GMSB Natural model D pp—4dg, §— it ﬁf:]
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Since WIMPs are usually motivated by supersymmetry, strong constraints
(or a detection) of supersymmetry at the LHC would greatly enhance our
knowledge of the dark sector !



What are we loking fer?

i Dark Matter particle bumping
off of standard model
y partidles.

This is raral
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Direct Detection
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What are we looking for?

Dark Matter particle bumping
off of standard model
particles.

This is rare!

Luckily there are about 1
billion dark matter particles
going through a square
meter every second

image from Dan Akerib



o @
Can produce light,
moving charge, or
phonons

What the Heck is a Phonon?

What are we looking for?

Direct Detection Techniques

WIMP .

conduction band
Egap = 0.7V 1

valence band

lectron semiconductor

Phonons

AloO5: CRESST-|

Gé;Si: CDMS
Ge: EDELWEISS

C,F | Br:

PICASSO, COUPP~_|
Ge: Texono, CoGeNT
CS2,CF4, %He: DRIFT
DMTPC, MIMAC
Ar+CaHg: Newage

Charge

<

LXe: XENON
Xe: LUX

[ Xe: ZEPLIN
LAr: WARP
LAr: ArDM

CaWOs, AbOg. |
CRESST .~

Nal: DAMA/LIBRA
Nal: ANAIS
Csl: KIMS

L Xe: XMASS
LAr, LNe:
DEAP/CLEAN

Light




What the Heck is a Phonon?

A packet of vibrational energy in a medium.

Vibration states of molecules are quantized, and so, treated in quantum field
theory, there is a "quasi-particle" of vibration



= The Impprtance of Depth
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At the earth’s surface cosmic ray muons pass
. - through your hand at more than 1 every .
. | o) b\ second

At a depth of 4850 ft underground in Sanford Lab,
the rock overburden reduces the flux of cosmic
muons through your hand to around 1 per year

slide from Rick Gaitskell



Need to Get Rid of All Sources of Radiation

5 emits 1000 gamma-rays

Reactor building directly after Chernobyl accident ‘.I
= < per second

Full body CT scan

Average in Ramsar, Iran ) \

Awverage in US (including Radon gas in air)

Average in US (excluding Radon gas in air)

L 1

Davis Cavern - 4850’ underground

W

Middle of Water Tank

Middle of Detector
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Liquid Xenon:

Xenonl0
Xenonl00
SRS BENE  XenonlT :
E =S LUX
Bubble Chamber:
COUPP -
PICO

Silicon:
CDMS
A

Silicon CCD: Sodium lodide:
DAMIC DAMA/LIBRA




Different Experiments Use Different Techniques

Direct Detection Techniques

WIMP . Phonons

AlbOs: CRESST- e Absorber

cm

Gé;-Si: CDMS ' CaWOs, AlOg:
Ge: EDELWEISS CRESST .-~

C,F 1 Br t | Nal: DAMA/LIBRA
PICASSO, COUPP~_| . Nal: ANAIS
Ge: Texono, CoGeNT 2 Csl: KIMS

CS2,CF4,%He: DRIFT | LXe: XENON |
DMTPC, MIMAC e L Ao TNASS

. e: . .
Ar+CzHes: Newage A WARE DEAP/CLEAN

valence band LAr: AFDM

Charge

conduction band

Egap = 0.7V I

slide from Laura Baudis




What Does a Silicon - Germanium Detector See?

Dark Matter particle comes in and hits a Silicon
or Germanium nucleon.

This produces a vibration inside the Si-Ge
crystal

This vibration heats a Tungsten layer on the
surface of the detector, which is being kept at
the threshold of superconductivity. When
superconductivity breaks, you detect a change
in current across the tungsten layer

76mm

25mm



Differentiating Nuclear And Electron Recoils

Additionally, the CDMS detector uses an electric field to move charged particles
across the detector. A particle collision will free some charge from the crystal, and this
will be recorded by the instrument.

Backgrounds - Usually electromagnetic interactions,
s0 dominated by electron recoils

Signal - Mostly nuclear recoils because mass of
nucleon is similar to mass of dark matter

Electron recoils produce lots of
charge, and only small vibrations,
Matter - nuclear recoils produce lots of
vibrations with minimal charge




What Does a Liquid Xenon Detector See?

Interaction excites the Xenon
nucleus, which moves through
the detector, producing

\ ey scintillation light (175 nm)

Excitation

X" —)
Tonization =" _
/ ' +Xe €

Recoil

+e
ecombination : .
smnaaasats Also, can ionize (knock the outer

electron) off the Xenon atom.

Voltage across the detector
pushes electrons up to the top.

UV light

Differentiating Nuclear and Electron Recolls



Differentiating Nuclear and Electron Recoils

Two signals:
Electron recoils produce a large fraction of S1 S2
the total energy in the total energy in the ~d, I
. . . . . - € -
ionization channel, while nuclear recoils Ceet &

TR e

|75 nm photons  Electrons

produce more energy in scintillation

Electron Recoll

It's quiet in

the middle

Nuclear Recoil
[ . Cs (gamma source)
! AmBe (neutron source)
10 15 20 25 30

electron recoil energy (keV)

image from $. Fiorucci
Additionally, use only the center of the detector :




Complementary Methods

Liquid Xenon - Able to scale up easily, bigger and
bigger detectors use very similar technologies.
Interior of detector continues to obtain lower

backgrounds

Silicon-Germanium Crystals - Can reach lower
dark matter masses (lighter nuclei, less energy
required in collision). Proven technology.




The Advancement of the Field

LUX 1 mi Dark Matter Searches: Past, Present & Future
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Thanks to Carlos Hernandez Faham (Brown) for work on slides




The WIMP Wind

Impor tant effect we have failed to discuss:

At What velocity can we expect a WIMP/collider interaction to occur? .

NGC 6503

We know the velocity of L
the sun around the galaxy, (]
around 225 km/s Dark Matter Debris

Additional subhalos falling into the Milky Way (possibly due to
previous interactions between our galaxy and others) can
produce a significant high velocity tail.

We can't directly measure the velocity
of dark matter, since we haven't found
it yet.

| Even though this is a very smal

[l portion of the dark matter, it may
significanthy enhance direct
detection signals by producing
more high impact events.




Dark Matter Debris

Additional subhalos falling into the Milky Way (possibly due*to
previous interactions between our galaxy and others) can
produce a significant high velocity tail.

Even though this is a very small
portion of the dark matter, it may
significantly enhance direct
detection signals by producing
more high impact events.
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Different technique. Doesn't have a method for
distinguishing background and signal, but looks for small
annual modulations as the Earth orbits the sun




- Other Signals! - But Also Constraints

CoGeNT

l —_—
M e
R

Boudin Underround Laso:

CoGeNT collaboration feund a hint of dark matter
with a cross-section similar to that reported by
DAMA

ar

Signal 7!

Constraints!

A Cryogenic Dark Matter Detector, uses supercocled liquid
[superconducting) and detects voltage jumps due to energy .
depasited during nuclear interactions

CRESST

Xenon producing very strong limits - but the energy
calibration is hard at low energies



CoGENT

4409 Germanium/Silicon Detector (like CDMS) - located in Soudan, MN

CoGeNT Shield Schematic ~ Muon veto, top & sides 100% HDPE

“Recycled plastic lumber”
(8-inch thick shield walls)

30% Borated
Polyethylene

(1-inch thick)

Aluminum Shell
(radon exclusion)

DAMA/LIBRA (no channeling)

+ "‘.“-:\. T~ —
CoGeNT collaboration found a hint of dark matter & o /L
with a cross-section similar to that reported by 145 keday 3 -

DAMA

; 5 7 8 .9
- m,, (GeV/c™)




CRESST

A Cryogenic Dark Matter Detector, uses supercooled liquid
(superconducting) and detects voltage jumps due to energy
deposited during nuclear interactions
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Xenon producing very strong limits - but the energy
calibration is hard at low energies
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DAMA/LIBRA Favored
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~SuperCOMS Ge (201H4) (exc)
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Results from LUX appear to have really cleaned out the low-mass WIMP window
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