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Why Dark Matter?

There are many independent
ways to measure mass on a L
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e Rotational velocity of
stars in galaxies

e Gravitational Lensing
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e X-rays emitted by hot
gas in galactic
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What is Dark Matter?

There are many
theories to the origin
of this extra mass

e MACHOS

e Neutrinos

e Modified
Newtonian
Dynamics

e WIMPs

e Axions

The bullet cluster shows
strong evidence that dark
matter is a particle.
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Searching for WIMPs: The Cryogenic Dark Matter Search

,'.
A

SuperCDMS Experiment

SuperCDMS SNOLAB is the 4"
rendition of an experiment
designed to detect WIMP
interactions

The experiment is placed deep
underground to prevent as much
background as possible

Shielding is also placed around the
detector itself to prevent
contamination

The experiment is sensitive to
nuclear and electron recoils that
take place within its detectors



How WIMPs Interact with the Detector

' Dark Matter
(mass ~ GeV - TeV)

Germanium

recoil energy

(tens of keV)

As earth travels through space, WIMPs may
occasionally interact with normal matter

A collision between a WIMP and a nucleus would
deposit energy into the detector. Depending on the
mass and velocity of the WIMP, and mass of the
recoil detector nuclei, we expect a range of recoil
energies

This energy then propagates through the detector
where it is eventually collected and recorded



Purpose of This Study

To study the detector response, we simulate particle interactions, energy deposits,
and energy propagations through the detector. These simulations are used to both

predict and search for expected physics within the real data.

My Goal:
e Incorporate astrophysics and nuclear interaction theory to simulate the WIMP

velocities and interaction rates with the detectors

Simulate weighted samples of events where we, on an event-by-event basis,
calculate the 4-momentum of the nucleus after a WIMP-nucleus interaction
Integrate this simulation into the standard CDMS analysis framework

Bottom line: We want simulations which produce samples that accurately
reproduce the rate of collisions as a function the recoil energy



Simulating WIMPs

The simulation of WIMPs for use in SuperCDMS includes a calculation of the WIMP velocities in the Milky
Way and then their interaction with a nucleus in the detector.

e Astrophysics: WIMP velocities are modeled to match distributions predicted for our galaxy
Particle Physics: Each collision is weighted by a probability representing the relative chance of a
WIMP scattering with a particular energy

e Kinematics: The recoil energies/momenta are then calculated dependent on the given WIMP mass,
velocity, and a given atomic mass of recoiled nucleus

The crux of the calculation - For a set of masses and detector atom parameters, produce accurate recoil
energies. For N events, produce the correct proportions of counts as a function of recoil energy.



Astrophysics: Velocity Distribution i, escape velocity: v__ = 544x10° ms
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WIMPs are modeled to be a non-interacting gas at thermal equilibrium, hence a Maxwell-Boltzmann

distribution
We use the simplifying assumption that WIMPs are normally distributed throughout the galaxy, with a

hard cutoff at the galactic escape velocity.



Particle Physics

WIMPs and Neutrons
scatter from the
Atomic Nucléus

J
Photons and Electrons

: Nuclear Parameters

Nucleus specific parameters such as the
effective nuclear radius are needed to
produce correct hit distributions.

A WIMP is more likely to interact with a
larger nucleus.

A weight is added to each collision as
a WIMP is more likely to graze a
nucleus rather than hit it head on.



Kinematics: Nuclear Recoll Energies

An elastic collision between a wimp
and nucleus is the leading-order center of mass frame

contribution to the energy transfer.

The experiment is chilled to a
temperature of 40mK, making it
safe to model the target nucleus as

laboratory frame

Vi

stationary compared to the WIMP.

Given the two masses, WIMP
velocity, and scattering angle, the
energy and momentum transferred
to the recoiled nucleus are given
by:

2

0

Blseoir = m—v12[1 - 003(9)] Precoil = \/szErecoil

N

Where u is the reduced = mwmmn
mass of the system: mw + my
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Results from Previous Calculations as a Function of Wimp Mass and Detector Type

WIMP Rate [keV kg day]
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Source: “Low-Mass Dark Matter Search Results and Radiogenic Backgrounds for the Cryogenic Dark Matter Search” by Mark Pepin; Figure 3.3 [4]
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Goal for This Analysis

Show that our simulation creates samples of events where the distribution of recoil
energies matches theory dependent on:

e Different masses of WIMPs
e Different detector materials, particularly germanium and silicon

Further, we would like to run these calculations through the CDMS Simulations
Framework so we can analyze and study the results as if the hits were recorded
by the real experiment.
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The CDMS Simulations Framework and
Reconstruction



H GEANT4

A SIMULATION TOOLKIT

Source Simulation
(SourceSim)

l

Detector Simulation
(DetectorSim)

——

—

|

DAQ

Reconstruction
(CDMSBats)

GEANT4 is the standard
particle simulation tool for
particle interactions.
However, GEANT4 does not
provide particle interactions
for particles not contained in
the Standard Model of
particle physics. Therefore,
if we would like to simulate
WIMPs and WIMP
interactions, we’ll need to
create our own custom
module to do so.
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A SIMULATION TOOLKIT

GEANT4

Source Simulation

WIMPSim — (SourceSim)

l

Detector Simulation
(DetectorSim)

WIMPSIim is added as a
module, so WIMP energy
deposits can now be simulated
in the detector.

l Raw

.

GEANT4 is the standard
particle simulation tool for
particle interactions.
However, GEANT4 does not

provide particle interactions
for particles not contained in
DAQ the Standard Model of
particle physics. Therefore,

Reconstruction
(CDMSBats)

if we would like to simulate
WIMPs and WIMP
interactions, we’ll need to
create our own custom
module to do so.
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SuperCDMS Simulation
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SourceSim

Simulation of particles that travel
through things and eventually hit the
detector or decay directly in the
detector

Output: Recoil particle, energy and J
position in the detector

Readout
Electronics

® b

J

CrystalSim TESSim  FETSim DAQSIm

DetectorSim
Simulation of Crystal response to phonons and electron
holes, the TES and FET as well as the DAQ

Output: Raw Data format
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Simulation Results



Simulation Results

It works!



True Y Position (AvgyY) [m]

Simulation ran through a germanium detector from the CDMS Soudan experiment. Collisions are
uniformly distributed throughout the detector. Here we show the location of 40k collisions for WIMPs at a
mass of 50GeV.
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True Z Position (AvgZ) [m]

Simulation ran through a germanium detector from the CDMS Soudan experiment. Collisions are
uniformly distributed throughout the detector. Here we show the location of 40k collisions for WIMPs at a
mass of 50GeV. , R
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Simulation results; Counts vs Energy

Counts vs. Recoil Energy (One Million Events)
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Monte-Carlo simulation of distributions at a large number of counts.
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Simulation results; Counts vs Energy
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What's Next/Work to Be Done

1. Additional quantitative validations and comparisons

2. Multiple types of WIMPs (Spin 0, Spin %2, Spin 1) allow for distinguishing between higher order
collision terms in WIMP interactions

3. Adding hooks for annual modulation studies

4. Use this module to discover Dark Matter using the SuperCDMS Experiment at SNOLAB
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Conclusion

We have used astrophysics, nuclear/particle physics and kinematics to create simulations of
WIMPs with the SuperCDMS detector (WimpSim).

This program is very lightweight and does not have any dependencies on external libraries.
Therefore it runs extremely quickly, and is very easy to modify, update, and analyze.

This model (WimpSim) provides an accurate description of:
e How much energy would be deposited in the detector for a given WIMP-Nuclei
interaction
e The relative probability of such a reaction occurring

This model is fully integrated into the larger Standard CDMS Simulation framework, and is
ready for analysis.
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Parameters in WimpSim

Scattering angle (0): -7#/2 to /2

Velocity of WIMP in galactic frame: norm(0, 220x1023 km s™")f

Earth Phase: 0 - 27

Nuclear skin thickness (s): 0.9e-15 m

Radius to half maxima of charge distribution for an atom (c): 1.23A"® - 0.6e-15m

Proton Nuclear Radius (a): 0.52e-15 m

TDrukier et al. argue that v_0 = V_r (the galactic rotation velocity) for a galaxy with a flat rotation curve.
Reported values for V_r, are: 243 + 20 km s™'; 222 + 20 km s™'; and 228 + 19 km s™'. lused V_0=V_r=230 kms™'
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Weights

Helm Form Factor:

FS[(Ap) = 3

7°2 c—|-77r
B 3

c~1.9234Y3 _0.60 fm

s~ (0.9 fm

a ~ (.52 fm.

Wimp Escape Velocity: v___ = 544x10° m/s

J1 (Ap7 Tn) —1(Aps)?
(&
Apr,,

— 5g?

WIMP recoil probability weighted by Helm form factor, and if velocity of wimp is
greater than the escape velocity the weight is setto 0
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Theory Portion

What we expect a count rate vs eV distribution to look like:

dR  Npemr [ g1,9 SD -2 max | f(v,vg) 3
— og FSr(Ey) + 0 FSp(Er)| - po / I d°v
dE;  2m,u% l 0 F81(Fx) + 99" Fip( )l o kW
— Particle and Nuclear - ~~ -

Detector IR et

30



Theory Portion

What we expect a count rate vs eV distribution to look like:

dR _ Nymy [
dE, Dl "

Umax 1 f(’U, Vg

) d3v
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Detector

Focus on spin independent WIMPs
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. - Lo AR
Why is there a minimum velocity in 77

2

Since recoil energy is given by: AE = 'LL—Vlz(l — cos(0))

ma2

There is only a specific range of wimp energies (and hence velocities) that will
produce a given recoil energy

mmr Er
2417

Umin —
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Calculating Recoil 3-Momentum

Calculating 3-momentum is a 5 step process.

Let's define a coordinate system where all of the WIMP’s 1. Rotate to WIMP coordinate system

momentum is in the x-direction. For simplicity's sake, let's 2. Boost to CM frame of reference

also assume the recoil will always occur in the x-y plane. In 3 Calculate recoil momentum 3-vector using a given 6 and ¢
the CM frame of this coordinate system:

. We now have a recoiled nucleus momentum 3-vector in the
WIMP’s coordinate system, in the center of mass frame of

V’ reference.
WIMP_CM

4. Boost back to the detector frame of reference
5. Inverse the rotation to rotate back into the detector coordinate
system

V.

WIMP_CM ] VNucIei_CM

Given a unit-axis of rotation k and an angle of rotation 6, we
can rotate an arbitrary vector v using Rodrigues’ rotation

’ formula.
\ Nuclei_CM

Viot = vcosf+ (k x v)sinf + k (k- v)(1 — cosb).

=

"
-

To rotate back, simply replace 6 — -6

v Nuclei_CM



Counts vs Nuclei Type - For izip14, these are all isotopes of Germanium (1e6 hits)
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Form Factor

Atomic Form Factor vs Recoil Momentum
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Squaring the Form Factor gives the probability of a particular collision occurring.
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Collision counts per type (1€6 runs)

WIMP Mass; Target
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The CDMS Experiment

WIMP-nucleon cross section [cm?]
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Source Simulations and Data Analysis for CDMS
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Source Simulations and Data Analysis for CDMS
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