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Abundance of Evidence for particle Dark Matter

» The Missing Mass Problem:
» Dynamics of stars, galaxies, and clusters
» Rotation curves, gravitational lensing
» Large Scale Structure formation

» Wealth of evidence for a particle solution
> Microlensing (MACHOSs) mostly ruled out
» MOND has problems with Bullet Cluster

» Non-baryonic
» Height of acoustic peaks in the CMB (Qp, OQm)
» Power spectrum of density fluctuations (Qm)
» Primordial Nucleosynthesis (Q)

» And STILL HERE!
» Stable, neutral, non-relativistic

> Interacts via gravity and (maybe) a weak force

Rotation Curve of Milky Way
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Content

» How to Design a Dark Matter Detector

» Expected rates
» Background considerations
» Experimental signatures
» Direct Detection Searches
» Have we already seen a signal?
» Detecting scattering from the nucleus with existing experiments
» Reaching lower masses by detecting single electron-hole pairs with current experiments

» Ideas for extending sensitivity to sub-eV dark matter signatures.



Direct Detection Energy Ranges

eV keV MeV GeV TeV
Absorption DM-electron scatterinp DM-Nucleus scattering
Electronic recoil Electronic recoil Nuclear recoil
Hidden sector Dark Matter and others Standard WIMP
< < >

) ¢ *B neutrinos (~ 6 GeV)

* Reactor neutrinos (~ 2.7 GeV)

¢~

SuperConductors Superfluid He Semi¢onductors Noble Liquids

Edelwei§s, SuperCDMS, DAMIC, ... XENON10/100/nT, LUX, LZ, ...



Considerations - Detecting Dark Matter Via Nuclear Scattering SI\Q&B

Y e
(1)
Q




Direct Detection Event Rates SNl AB

Assume that the dark matter is not only gravitationally interacting (WIMP).

WIMP Target Nucleus

from galactic halo in laboratory Elastic collision
v~220 km/s v~0 km/s T /6r
ErR~30 keVr

» Elastic scatter of a WIMP off a nucleus
» Imparts a small amount of energy in a recoiling nucleus
» Can occur via spin-dependent or spin-independent channels

» Need to distinguish this event from the overwhelming number of background events,



Kinematics

» (Calculate the recoil energy of a nucleus in the center of mass frame.

initial momentum: p = —E, W
final momentum: p'=_—F =g+ uv, 0~
0
where i

WIMP-nucleus reduced mass: yu = 4 )
m)( + My
q = momentum transfer
> For elastic scattering in the COM frame: |p| = |p’|
q> 1 S -, v = mean WIMP-velocity

S =S(B-PP =p = =p(1-cosh)

» The NR energy can then be calculated as

relative to the target

— ‘5‘2 ’uzvz(l—cosé’)
2my, mg . 10

E

r



Kinematics

U | myLEp q .'

» Implications:
> Lighter dark matter particles (m, < my) must have larger threshold velocities.

» Inelastic scattering can further increase the minimal velocity needed.

» Consider the average momentum transfer in an elastic scattering between a WIMP-
nucleus. Consider the case of a 10 GeV/c2 WIMP whose speed is ~100 km s-1.

C
p=my = (10 x 108 eV ¢*)(100 x 10> m s-! -
Vo= ( )( )3 <105 oo 3 MeV/c

If the DM were 100 GeV/c2 then our momentum transfer would be ~ 30 MeV/c

SNgLAB



» What is the de Broglie wavelength that corresponds to a momentum transfer of
~10 MeV/c?

he  1.239%107%eV-m
pc 10x106eV

1 =

~ 12 pm > R,A'° fm

This is larger than the size of most nuclet.
Thus, scattering amplitudes on individual

nucleons will add coherently.



Expected Rates in a Detector - Simplified. SNoLAB

» The differential event rate for simplified y  differential energy spectrum:
WIMP interaction (a detector stationary in dR featureless
the galaxy) is given by: lOg
galaxy) is g y dEr
total g
eventrate  event rate E R
l l » The total event rate is given by
AR _ It e~ Er/Eor S
dE For < _
f 0 — kinematic dE ad R — RO
/ X factor 0 R
_ AM, My N
recoil energy 1 st probable "7 M, + My)? and the mean recoiling energy
incident energy (Maxwell- 00
Boltzman distribution) < Lkp>= J ERd?dER = Lyr
0 R 13



Example: Calculate the Mean NR Deposited in a Detector S%B

» Assume that the DM mass and the nucleus mass are identical:

m, = ny = 100 GeV/c*

» Qur formula is

1 dm m
<Ey>=Ey = (—mxv2)< . )
2 (m)( + n’l]\])2

» Assuming the halo is stationary, the mean WIMP velocity relative to the target is

v 220 kms™ =0.75x 1073 ¢
» Substituting into our equation for <Egr>

100 GeV ¢™(0.75 X 1073 ¢)?
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Expected Detector Rates: The Details SNoLAB

» We need to take into account the following
» DM will have a certain velocity distribution f(v).

» The detector is on Earth, Earth moves around the Sun, and the Sun moves around the Galactic

Center.

» The cross-section depends upon the spin interaction. In the simplest cases, this is either spin-

independent (SI) or spin-dependent (SD)

» DM scatters on nuclei. Nuclei have finite size. As such, we have to consider form-factor

corrections which are different for SI and SD interactions.

» The recoil energy is not necessarily the observed energy. The detection efficiency in real life is not
100%.

» Detectors have certain energy resolution and energy thresholds.

15



Dark Matter Detection Master Formula SNoLAB

» The total number of particles detected (N) is the dark matter flux times the effective

area of the target multiplied by the observation time (t)

number of target x scattering cross section
'

DM number density x DM speed

» We will need to determine the spectrum of DM recoils — the energy dependence of the

number of detected DM particles

dN do
—— = INVN,——
dEp dEp

16



» We need to consider the DM particles are described by their local velocity distribution, f(v), were

v is the DM velocity in the reference frame of the detector.

We need to integrate all possible DM

aN — tnNTJ Vf({})_ad{} velocities with their corresponding
dE, o dE, B |
min probability density and
min speed required
m, Ep ‘
Vo = \/ ol to produce a recoil
H
» Noting the following: of energy Er.
p
n=-" and Nr= —  and e=1tM; where Mr is the total mass of the target
X My

and my is the mass of an individual nucleus

» We can write

— €

dEp B n,my

dN 0 J’

o)~ d V.
dEj SI\@(AB

min



Elements of Ideal Event Rate Iin Direct Detection

. . ‘ WIMP-nucleon scatterin
szferentzal Event Rate: local WIMP density S

[events/keV/kg/day]

cross section

nucleus mass  WIMP mass WIMP speed distribution

in detector frame

Elastic scattering happens in the extreme non-relativistic case in the
lab frame.
m,ny

where u = and 6, =
My m)( + My

)
v<(l — cos @
ERzﬂN ( R)

: SNeLAB

need input from

astrophysics,
particle physics and

nuclear physics

Minimum WIMP velocity
which can cause a recoil of

energy Er.

scattering angle

18



Elements of Ideal Event Rate in Direct proed BRACE A
Detection:

» Event rate is found by integrating over all recoils:

Minimum WIMP velocity

which can cause a recoil of

R = [ Fo J Vf(V) ) ER)dV energy Er.

ET mN m)( min

| myEg
threshold energy Fmin = 2u?

» The scattering cross section takes place in the non-relativistic limit. Thus, it can be

approximated as isotropic.

do o
= constant = 5

dcos

SNgLAB



: do o
> Recall, Ep** = 2u“v*/my. That means we can write ... =
COS
.1+ coso dEy [l
ER —_ ER > —
2 d cos 0 2

» From this we can write

do do dcos6 c 2 o my o

dEp  dcos@ dEp 2 Ejpax N Epax - 2u V2

» Recall that the momentum transfer for non-relativistic processes can neglect the kinetic energy of the

nucleus. So,...

q =+/2myER ~ MeV — the de Broglie length 1s on the order of fm.

» So, light nuclei, the DM particle sees the nucleus as a whole, w/o substructure.

SNgLAB



» Heavier nuclei require inclusion of the nuclear form factor to account for the loss

of coherence.

» The WIMP-nucleon cross section can be separated:

SI arise from scalar or vector

= |Gy () ‘
— + couplings to quarks.
dEp — |\dEg ) | \dEg ),

SD arise from axial-vector

couplings to quarks.

Spin-Independent + Spin-Dependent

» To calculate, add coherently the spin and scalar components

F(Er) = Form factor encodes the

dependence on the momentum

transfer.

N |
Particle Nuclear W .
Theory Structure Sl@(AB




Cl’(i)(
dER ZﬂNVZ

» Spin Independent: Woods-Saxon Form I Ne
Factor E Na
Ar
3ji(gR) \’
gR,
sin(x CcOoS(x
j1 = spherical Bessel Function = ) — ) : Ge
x?2 X |
- ; L ; | Xe, I
q = momentum transfer 107 - - - 1

. ‘ Recoil Energy (keV)
s = nuclear skin thickness (~ 1 fm)

R; = effective nucleus radius



doywy My

dER 2//1]%]\/2

» Spin Dependent Interactions

S(Eg)
S(0)

S(E) = agSoo(Ep) + a;Syy(Eg) + aga, 25, (Ep)

F*(Ep) =

ay = a,+a,anda; = a,— a,

Sii — 1soscalar, isovector and interference

form factors

a; j— isoscalar, isovector coupling

SNgLAB



doywn My
dER - 2/1]%/'\/2

)
F1+0 Ew

» Spin-Independent

41> :
ol = Z];+(A—Z)fn] x A

S /
coupling to coupling to
proton neutron

Assume low momentum transfer:
» In most models f, ~ f, (scalar four-
fermion coupling constants)

» Scattering adds coherently with A2
enhancement "

» Spin-Dependent

SD
%0

Fermi expectation value of

conyant proton/neutron spin

— \.

32G1%/42 J+1

a<S>+a <S, >

nuclear / \/

coupling constant to

angular

momentum proton/neutron

» Scales with spin of the nucleus

» No coherent effect!

SNgLAB



4(S,)*(J + 1)

4(S,)*(J + 1)
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Tovey et al., PLB 488 17(2000)

Factors”
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Dark Matter Halo

S

-/--

Galéctic Disk

Solar Sysftem

15 kpc

Solar motion is in the
direction of Cygnus

50 kpc

Relic WIMP Distribution: Simplified Model

» WIMPs are distributed in isothermal spherical halos with

Gaussian velocity distribution (Maxwellian)
. | 12
f) = —e

2no
» The speed dispersion is related to the local circular speed

by 3
c = \/;vc where v, =220 km/s

» The density profile of the sphere is

o(r) x r~? and pPo = 0.3 GeV/c*

» Particles with speeds greater than v, . are not gravitationally
bound. Hence, the speed distribution needs to be truncated.

V,.. = 650 km/s S r\‘./AB



Density of WIMPs in Your Work area

» The local dark matter density is

po = 0.3 GeV/cm®

» Pick your favored mass for the dark matter

particle
m =15 GeV/c*

m = 60 GeV/c2

» What is the number density?

» How many dark matter particles in a 2 liter bottle?

recall that 1 liter = 0.001 m3 60,000 particles/m> — for 5 GeV/c?

120 particles — for 5 GeV/c? 5,000 particles/m3 — for 60 GeV/c2

SNgLAB

10 particles — for 60 GeV/c?



Maybe Not that Simple? SNotAB

» Effective Field Theory considers leading order and NLO operators that can occur in the effective Lagrangian

that describes the WIMP-nucleon interactions.

» Contains 14 operators, that rely on a range of nuclear properties in addition to the SI and SD cases. They

combine such that the WIMP-nucleon cross section depends on six independent nuclear response functions:
» One “Spin independent”
» Two “Spin Dependent”

» Three “Velocity-Dependent”

» Two pairs of these interfere, resulting in eight independent parameters that can be probed

The effective field theory of dark hitp://arxiv.org/abs/1211.2818
matter direct detection http://arxiv.org/abs/1308.6288
. http://arxiv.org/abs/1405.6690

28
http://arxiv.org/abs/1503.03379



http://arxiv.org/abs/1211.2818
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http://arxiv.org/abs/1405.6690
http://arxiv.org/abs/1503.03379

03 — i§N —q X 17’L
RUY
04 _ —DX . —ON
MmN i
O¢ = |5, - A I S
i muy mpy
O7 = Sy - 7+
Os =8, -t
my

mn
012 — gx . [S;N X ’l_)"l']
013 —=1 S"X"l—)i]
Ou=ilS, - 9
i mn
-—' q_,
my

» The EFT framework parameterizes the WIMP-
nucleus interaction in terms of the 14 operators
listed to the left.

v+ = relative velocity between incoming
WIMP and nucleon

q = momentum transfer

—

5, = WIMP spin

Sy = nucleon spin

» In addition, each operator can independently
couple to protons or neutrons.

Note 0, is not considered as it cannot arise from the

SNgLAB

non-relativistic limit.
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event rate [#/keV/kg/day]

I
0 20 40

I I >
0 20 40 60 80 100
Nuclear recoil energy [keV]

Nuclear recoil energy [keV]

arxiv: 1503.03379

I
60 80 100

Dark Matter Could Look Different in
Different Targets

» Nuclear responses for different target elements vary.
Some EFT operations have momentum dependance.
EFT Operators can interfere.

» Example illustrates differences evaluating at the Og

and O constructive interference vector.

» Results in different rates between targets AND
different spectral shapes.

» A robust dark matter direct detection program with
different target materials will be needed to nail down
which operators are contributing to any detected signal

» Take home message: We will need multiple targets to
map out the physics of WIMP-nucleon interactions!

SNgLAB


http://arxiv:

Event Rates are Extremely Low! SNgLAB

» Elastic scattering of WIMP deposits

small amounts of energy into a recoilir
nucleus (~few 10s of keV)

» Featureless exponential spectrum with

no obvious peak, knee, break ...
» Event rate is very, very low.

» Radioactive background of most

materials is higher than the event rate.

R(Ethresh)[counts/10kg/yr]

1.00¢

0.50}

0.107

0.05-

Total Event Rate

Xe

m, = 100 GeV/c2
Gy-n = 10-4° cm?

Need large exposures (mass x time)!

31



The Low-Mass WIMP Challenge

WIMP Target Nucleus

from galactic halo in laboratory

{—

Elastic collision

v~220 km/s v~0 km/s [ Or
Er~30 keVr
p? m/%v2
Eg = = (1 — cos 6y)
sz mN

A WIMP must have a minimum velocity to

produce a recoil.

T

myk,,

)
2mﬂ

Need Low Energy Threshold!

m, = 100 GeV/c?

R(Ethresh) [counts/10kg/year]| S = 10-45 cm2
Xxn

xXe
Ge oo
i 0.50 Knowing your energy scale
t and efficiency at threshold
Ne are crucial
0.10
o.osf

20 Ethresh [keV]

SNgLAB



The Event Rates Are Extremely Low!

» Expected WIMP Spectrum

dR/dE [ kg keV d ]

x 10

-3

Mass = 20 GeV/cZ

20 30
E [keV]

40

» Measured Banana Spectrum

1200
1000 _ With Banana :}g
] \ ; °
o 800 !
c
2 6007 :‘. i,
o | S
400 AN
200 T
Without Banana
0 | | | o | \
600 640 680 720 760 800

Gamma measurements with a 3-inch

Hoeling et al Am.J.Phys. 1999, 67, 440.

Nal detector

SNgLAB
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The Event Rates Are Extremely Low!

» Expected WIMP Spectrum

dR/dE [ kg keV d ]

3
x 10

0 10

Mass = 20 GeV/cZ

20 30 40
E [keV]

~ 1 event per kg per year

(nuclear recoils)

Counts

» Measured Banana Spectrum

1200
1000

800

600

400
200

Hoeling et al Am.J.Phys. 1999, 67, 440.

_ With Banana

l

Without Banana

| . |

600 640

680

720 760

800

SNgLAB

~100 events per kg per year

(electron recoils)
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WIMP Wlnd

|

December

.

Time Dependence

» The Earth’s orbit around the Sun leads to a
time dependence (annual modulation) in
the differential rate.

» Earth’s speed wrt the galactic rest frame
is largest in the summer when the
components of Earth’s orbital velocity in
the direction of solar motion is largest.

» The number of WIMPs with his (low)
speeds in the detector rest frame is
largest (smallest) in summer.

> As aresult, we expect the differential rate
to have an annual modulation with a peak
in the summer and minimum in the

wintetr. -
SNgLAB



PHYSICAL REVIEW D VOLUME 33, NUMBER 12 15 JUNE 1986

Detecting cold dark-matter candidates

Andrzej K. Drukier

H |
Max-Planck-Institut fur Physik und Astrophysik, 8046 Garching, West Germany
and Department of Astronomy, Harvard-Smithsonian Center for Astrophysics,
60 Garden Street, Cambridge, Massachusetts 02138

Katherine Freese and David N. Spergel
Department of Astronomy, Harvard-Smithsonian Center for Astrophysics, 60 Garden Street,
Cambridge, Massachusetts 02138
(Received 2 August 1985)

.
» Earth’s orbital speed is much smaller than Sun’s circular speed ( LLAPN 0.07). We can Taylor
VC

expand the differential rate to a first approximation.
Taking T = 1 year and to = 150 days, the

27(t — . . .
dR (Ep, 1) = aR 1 + A(ER)cos i — ) differential event rate peaks in Dec for small
dEp dEp T . . .
/4 recoil energies and in the summer for large
period  phase recoil energies.

1 December
E we need ~ 1000 events
e to detect the variation J .
O alactic center Dec.
CO)') J / o0 ke /s
~ une e Vo
Emmnm June
~2% seasonal effect - need
ER ~1000 events
37

annual variation of the rate spectrum



arXiwv: 1209.3339
arXiwv: 2003.04545

Signal Modulation: Directional Dependence A

» The Earth’s motion wrt the Galactic rest frame produces a direction dependence of the recoil spectrum.
» The peak WIMP flux comes from the direction of solar motion, points towards Cygnus.
» Assuming a smooth WIMP distribution, the recoil rate is peaked in the opposite direction.

» In the lab frame, this direction varies over the course of a day due to Earth’s rotation.

v, =220 kms~'
¢

38




PHYSICAL REVIEW D

PARTICLES AND FIELDS

Signal Modulation: Directional Dependence ===

Motion of the Earth and the detection of weakly interacting massive particles

David N. Spergel*
Institute for Advanced Study, Princeton, New Jersey 08540

» The number of NR along a particular direction in the lab frame will change over the course of a
day.

» Assuming a Standard Halo model, the dependence is given by

where v = Earth’s velocity parallel
dR _ PoOwN My exp [(Vf';b V.)COS ¥ — me]z - to direction solar motion
dER cosy \/J_Z'GV 2myymy* oy y = angle between recoil and direction of
solar motion
WIMP WIMP » A detector measuring the axis and direction of the
e recoil with good angular resolution needs only a few
e <olar motion tens of events to distinguish DM from isotropic
) N background.

Nuclear recoill

39



Backgrounds

40



Background Sources

» Environmental radioactivity
» includes airborne radon and it’s daughters
» Radio-impurities in materials used for the detector construction and shield

» Radiogenic neutrons with energies below 10 MeV

» Neutrons from (a,n) and fission reactions

» Cosmic rays and their secondaries
» Activation of detector materials near Earth’s surface

» Others that we have not yet identified?

41



Aside: Reminder of Radioactive Decay SNoLAB

» Activity [decays/time] is a measure of the decay rate of a radionuclide.

AN A = decay constant

AN

A=—= : .
dt N = total number of radioactive atoms

» The decay constant is the probability that a radioactive atom will decay.

In 2
A=—

517)

» The number of atoms of the radioisotope present is given by

Avogadro's Number

N = X mass of the radionuclide

atomic mass of the radionuclide

» Abundance refers to the relative portions of stable isotopes of an element. .



