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SNgLAB
World Class Science is
Done in Underground

Laboratories

+ Dark Matter

+ Neutrino Physics

* Double Beta Decay

* Nuclear Astrophysics
* Quantum Technology
+ Rare Processes

+ Geophysics

+ Gravitational Waves
+ General Relativity

* Underground Biology
* Nuclear Security

Si

World Class Seience is

e in Underground
atories
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Dark Matter Direct Detection
of Classical WIMPs

arXiv: 2110.02359
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Abundance of Evidence for particle Dark Matter

Pirsa: 23060080

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

SI\Q(AB
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Abundance of Evidence for particle Dark Matter

SI\Q(AB

Rotation Curve of Milky Way

Abundance of Evidence for particle Dark Matter

Pirsa: 23060080

swalan

> The Missing Mass Problem:

> Dynamics of stars, galaxies, and clusters

300

T
Sofue: arXiv 1110.4431

Structure Formation

> Rotation curves, gravitational lensing 2200 %
E e
. 5 PV F R
> Large Scale Structure formation o L pe P 3
1 007 A ’r ).l' ™
> Wealth of evidence for a particle solution 88 e
80

» Microlensing (MACHOs) mostly ruled out
> MOND has problems with Bullet Cluster

> Non-baryonic
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Cosmic Microwave Background

Multipole moment, ¢
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Angular scale Nature 2006
> Height of acoustic peaks in the CMB (Qs, Q) 6000 - - Lo o -
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> Power spectrum of density fluctuations (Qm) 5000 I\
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Content SNgLAB

» 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.

S 6

Content
* How 10 Design a ¢
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Direct Detection Energy R

eV keV MeV

anges SNt AB

GeV TeV

Absorption

Electronic recoil Electronic recoil

Hidden sector Dark Matter and others

DM-electron scattering

\ 4

DM-Nucleus scattering
Nuclear recoil

Standard WIMP

F 3

A Ak

SuperConductors Superfluid He Semi

Edelweigs, SuperCDMS, DAMIC, ... XENON10/100/nT, LUX, LZ, ...

onductors Noble Liquids
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Considerations - Detecting Dark Matter Via Nuclear Scattering SI\Q(AB
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Direct Detection Event Rates SNgLAB

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

WIMP Target Nucleus WIMP P

from galactic halo in laboratory Elastic collision

v~220 km/s v~0 km/s | Or
Er~30 keVr
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Direct Detection Event Rates SNgLAB

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

WIMP Target Nucleus WIMP
from galactic halo in laboratory Elastic collision
v~220 km/s v~0 km/s T 6s
Er~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 eventg,

Direct Detection Event Rates

Pirsa: 23060080 Page 12/56



Kinematics SNgLAB

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

initial momentum: p = — E, '\
final momentum: p=_E =g+ uv, i
' )
where \

m,my '@
WIMP-nucleus reduced mass: y = ————
m, + my
q = momentum transfer ”
—_—
> For elastic scattering in the COM frame: |p| = |p’|

2 :
q S =nd 5o = v = mean WIMP-velocit
L =2G-FV =p-p-F =pil-cosd) ’

» The NR energy can then be calculated as

relative to the target

=12
Gk e

E =
2 My My

r

(1 —cosOg) 10

Kinematics
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Ey=2Y (1 - cosbp)
H H My
Kinematics i
s 2my

2.9
B v ) _ mNER _ i
ER = my (1 - (_l)) {”mm - V 2#2 - 2,“

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

» Implications:

> 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 =(10x108eVcHI00x 10> ms)—— 3 M
LV = ( ) )3x 08 s eV/c

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

Kinematics o : - s&;kAB
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» What is the de Broglie wavelength that corresponds to a momentum transfer of
~10 MeV/c?

he -6 .
5o B, 1.239x 107 eV - m ~12pm>R(,A”3fm
pc 10 x 106 eV

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

nucleons will add coherently.

Page 15/56



Expected Rates in a Detector - Simplified. SNt AB

» The differential event rate for simplified
WIMP interaction (a detector stationary in

the galaxy) is given by:

total
event rate event rate

l |
dR . RO B_ER/EOT

dE Eor
R O kinematic
/ X f‘actm‘ .
( AM,My )

recoil energy ‘ p=—— XN ‘
o ‘ (M, + My)? )

most probable

incident energy (Maxwell-

Boltzman distribution)

Expected Rates in a Detector - Simplified. Shalas
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Expected Rates in a Detector - Simplified. SNgLAB

» The differential event rate for simplified differential energy spectrum:

WIMP interaction (a detector stationary in dR featureless
log ——

the galaxy) is given by: d ER

total
eventrate  eventrate ER
dll?, flf » The total event rate is given by
0 [
En = Bl * dR
e It —
o O — kinematic dE dER — RO
/ X factor 0 it
" N
. ) ‘ 4M, My .
recoil energy st probable | r= (My + My)? ‘ and the mean recoiling energy
/
incident energy (Maxwell- o0
Boltzman distribution) <Ep>= J Ep——dER = Eyr
—r—— 0 R 13

Expected Rates in a Detector - Simplified. Shalas
» Thed . pllied Aiffrentil erey spstra
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Example: Calculate the Mean NR Deposited in a Detector s ' }./AB

» Assume that the DM mass and the nucleus mass are identical:
m, = my = 100 GeV/c*

» Qur formula is

| 4m m,
<Eg>=Ey = (—m}.,vz) (#)
r (m, + my)*

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

1

va220kms =0.75x%x 103 ¢

> Substituting into our equation for <Eg>

=2 -3 32
<ER>=100(}ch (0.75x 107" ¢) ~ 30 keV

2 14
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Expected Detector Rates: The Details SNt AB

» 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%.

15

Expected Detector Rates: The Details
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Expected Detector Rates: The Details SNgLAB

» 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.

Expected Detector Rates: The Details sl as
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Dark Matter Detection Master Formula SNt AB

» 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

=

N = tnvNyo
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

e IHVNTf
dE, dEp

Dark Matter Detection Master Formula Shalas
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dN do
—— = tnvNy——
dEg dEg

» 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

dN d et ; . .
= mN-,-[ vf(ﬁ)d 2 &5 velocities with their corresponding
dE . E - .
g i . probability density and
= min speed required
m, Eg
Viin = ; — = toproduce a recoil
U
> Noting the following: of energy Ep.
P
n=-. and Np= and € =tMy where Mr is the total mass of the target
X My

and my is the mass of an individual nucleus

SIQKAB
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dN do
—— = tnvNy——
dEg dEg

» 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

‘fN = mN-,-[ q(ﬁ)ddﬂ dv velocities with their corresponding
dE : E - .
. = = probability density and
= min speed required
m
Viin = ; ZR = to produce a recoil
U
> Noting the following;: ofenereyix:
P
n=-. and Np= and € = tMy where Mr is the total mass of the target
>4 my : i apms o
and my is the mass of an individual nucleus
» We can write
dN p . do
=€ Vi(v)—dv
dER msz o dER s AB

Pirsa: 23060080 Page 23/56



Elements of Ideal Event Rate in Direct Detection: SNQ(AB

N . WIMP-nucl tteri :
Differential Event Rate: local WIMP density Gl need input from
I Cross selctwn :
[events/keV/kg/day] .5 T astrophysics,
dR p % do, particle physics and
=2 VA(V)—2—dv
JE - dE nuclear physics
R mNmX V... R
j/’ ? min
=7 [ i Minimum WIMP velocity
nucleus mass  WIMP mass WIMP speed distribution which can cause a recoil of
in detector frame energy Ep.
. . . T . myEg
Elastic scattering happens in the extreme non-relativistic case in the Ymin =\| 222
lab frame.
2.2 m,m
v(l —cosd XN ;
= #iv R where y = ———— and Oy = scattering angle
my m, + my
Elements of Ideal EuemﬁﬂeleruI:tDehectloﬂ: ] SN;AI
Page 24/56
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Elements of Ideal Event Rate in Direct Detection: SNQ(AB

; : WIMP-nucl tteri :
Differential Event Rate: local WIMP density Gl need input from
I Cross selctwn :
[events/keV/kg/day] . » d‘ astrophysics,
dR Po 0 O}[Nd particle physics and
dE - "m Vf(v) dE 4 nuclear physics
R j/’ N ? 4 lﬂnhr T }?
=7 [ i Minimum WIMP velocity
nucleus mass  WIMP mass WIMP speed distribution which can cause a recoil of
in detector frame energy Ep.
. . . o v e . 2 myEg
Elastic scattering happens in the extreme non-relativistic case in the Ymin =\| 222
lab frame.
2.2 m,m
v(l —cosé XN ;
= #iv R where y = ———— and Oy = scattering angle
my m, + my
T = |
ar i ,,..1
[
Page 25/56
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The Scattering Cross Section SNetAB

» Event rate is found by integrating over all recoils:

Minimum WIMP velocity

00 00 do which can cause a recoil of
Po , AN
. :J dEg (), Ep)dly
E, mym, ), dEg
1 o [myEg
threshold energy Co V 2u?

The Scattering Cross Section shalan
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The Scattering Cross Section SN AB

» Event rate is found by integrating over all recoils:

Minimum WIMP velocity

00 p o do N which can cause a recoil of
0 - X
R= J dEg [ vi(v) JE (v, Ep)dv energy Ex.
T E, }iij\r ’ ’I;t’ ‘IF?”.H R
1 - myEg
threshold energy e 22

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

approximated as isotropic.

do

dcos0

o
= constant = —
2

20

The Scattering Cross Section
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| i do o
> Recall, Eg“* = 2!“2"2/”’5}\/' That means we can write ... oo
COs
Eg = EI | + cosd dEg _ Emax
) 2 dcosf )

» From this we can write

do  do dcos@ o 2 o my ¢
dE, dcosf dEp

2 E}{ua.t E}é"” - 2 u p2

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

nucleus. So,...

q =/ 2myEg ~ MeV — the de Broglie length is on the order of fm.

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

SIQKAB
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> 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
do = {( do ) A ( do ) ] couplings to quarks.
dEp  |\dEr/)y \dEx)

SD arise from axial-vector

Spin-Independent + Spin-Dependent SR o .

> To calculate, add coherently the spin and scalar components

do m F(Er) = Form factor encodes the
= N O.Ssz + GSDF:B dependence on the momentum
dER 2#1%1/'2 0 . S . ..JO y SD transfer.
\\ )\./

Partic)'é'

NucY/ear
Theory Structure S'ékAB
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» Spin Independent: Woods-Saxon Form
Factor

3 (GRO\?> ..,
F(q) = (—"(" ‘)) e I"
gR,

. . _ sin(x)
j1 = spherical Bessel Function = —

x2 %
q = momentum transfer
s = nuclear skin thickness (=~ 1 fm)

R; = effective nucleus radius

Ne

E Na
Ar

Ge

Xe, I
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doyy My
dER B 2#1%1)2

» Spin Dependent Interactions

_ S(E)

S(ER) = a3Seo(Ep) + aiS, (Eg) + aya,2Sy,(Eg)

ay = a, +a, and a; = a, — a,

Sij — isoscalar, isovector and interference
form factors

ai,j —> isoscalar, isovector coupling

SN;J(AB
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doyy _ ny
dER  2utv?

&SP 2
‘70 F o I'sp

» Spin-Independent

P Pl

() Z/p + (A - Z)fnl & A2

/ /

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 b

» Spin-Dependent

Fermi

r.'(myum

%2G§y3 J+1 [

nuclear /

angular

SD _
(TU =

momentum

expectation value of

proten/neutron spin

/\ g

<5 >+a,<§,>

~_

coupling constant to

proton/neutron
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doyy My

= o> F + oS F
7.,2 | 0
dEr  2ugv
» Spin-Independent » Spin-Dependent
P 2 Fermi expectation value of
(]SI - Z[P + (A — Z)f”‘| [« A2 wnyum proton/neutron spin
f 0 ~ N\ 2
/ . %2pr J+1
coupling to coupling to (TU = < .S >+ a, < S o>
p?‘G[DH neutron ‘\/
nuclear /
angular coupling constant to
Assume low momentum transfer: momentun i
» In most models f, ~ f; (scalar four- > Scales with spin of the nucleus
fermion coupling constants) » No coherent effect!

» Scattering adds coherently with A2

enhancement *
SI\Q(AB
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326}%;12 J 31

or” = . % <§,>+a,<8§,>

A4S,V + )| 4S,)2(J + 1)

| Nucleus | Z | Odd Nucleon | J (Sp) | (Sh) 3J 37| > g
B |9 p 1/2 | 0.477 | -0.004 | 9.10x10~! | 6.40x107°
ZNa |11 p [3/2 ] 0248 | 0.020 | 1.37x10° 1 | 8.89x10*
2TAl |13 p '5/2 | -0.343 | 0.030 | 2.20x10° ! | 1.68x 103
Jsi |14 n 1/2 | -0.002 | 0.130 | 1.60x10 " | 6.76x10 %
®C1 |17 p 3/2 | -0.083 | 0.004 | 1.53x107% | 3.56x10°°
¥K 19 p 3/2 | -0.180 | 0.050 | 7.20x107? | 5.56x 1073
BGe |32 n '9/210.030 | 0.378 | 1.47x107% | 2.33x107!
%“Nb |41 p 9/2 | 0.460 | 0.080 | 3.45x10°! | 1.04x10*
127e | 52 n 1/2 | 0.001 | 0.287 | 4.00x107% | 3.29x10*
277 | 53 p ['5/2] 0309 | 0.075 | 1.78x10 1 | 1.05%102
129%e | 54 n '1/2] 0.028 | 0.359 | 3.14x10° 3 | 5.16x 10!

BBlXe | 54 n 3/2 | -0.009 | -0.227 | 1.80x10~% | 1.15x10~* -
SNQKAB

Tovey et al., PLB 488 17(2000)
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Dark Matter Halo Solar System

Galactic Disk

15 kpc

50 kpc

Solar motion is in the
direction of Cygnus

Pirsa: 23060080

stribution: Simplified Model

Relic WIMP Distribution: Simplified Model

» WIMPs are distributed in isothermal spherical halos with
Gaussian velocity distribution (Maxwellian)

1 |

V270

e 2’

fv) =

» The speed dispersion is related to the local circular speed

by 3
o= \/;1‘( where v, = 220 km/s

» The density profile of the sphere is

p(r) xr? and p,=0.3 GeV/c?

» Particles with speeds greater than v,

are not gravitationally

bound. Hence, the speed distribution needs to be truncated.

Vs = 650 km/s

SI\Q(AB
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Density of WIMPs in Your Work area

> The local dark matter density is

po = 0.3 GeV/em®

> Pick your favored mass for the dark matter

particle
m =15 GeV/c*

m = 60 GeV/c2

» How many dark matter particles in a 2 liter bottle? > What is the number density?
recall that 1 liter = 0.001 m3 60,000 particles/m®  — for 5 GeV/c?
120 particles — for 5 GeV/c2 5,000 particles/m  — for 60 GeV/c?2

10 particles — for 60 GeV/c2

Pirsa: 23060080

= BN™" oensity of WIMPs in Your Work area
(vl M/
e * The ol dck s sl
& y 3 Geim
' P
A
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Maybe Not that Simple? SNetAB

» 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 http://arxiv.org/abs/1211.2818
matter direct detection

http://arxiv.org/abs/1308.6288

A. Liam Fitzpatrick,” Wick Haxton,” Emanuel Katz,>“¢

Nicholas Lubbers,” Yiming Xu httt).’//aTXiv. org/abs/l 405.6690

29
http.//arxiv.org/abs/1503.03379

Pirsa: 23060080
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O1 = L ln » The EFT framework parameterizes the WIMP-

& qg _ . . . :
Oy =iSn- |, x vL] nucleus interaction in terms of the 14 operators
0s=35,-8n listed to the left.
OS =3 _.X i X T_’.J_:l = - . . "

my v+ = relative velocity between incoming

s 9 |la . 9
e = [ 5 mN} [SN ; m] WIMP and nucleon
Or =S8y -7+ q = momentum transfer
Og = §, -7+ -
Qg =Sy - [S'N x mi] Sy = WIMP spin

N
o N 3 Sy = nucleon spin
my

s q

(911 =1 s N .
¥ my > In addition, each operator can independently

al al =]
=Sy [SN X } couple to protons or neutrons.
O3 =1 [..X 7 [5’\ nf‘ } o . . .

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

’ =1 q ~ 1

O — S . S req . . . . .
She { X m.«r] [Sv- o] non-relativistic limit.

N O [5 ' mq] [(S x i) 7;] SI\Q(AB
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. F constructive interference

e Dark Matter Could Look Different in

e Different Targets

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

event rate [#/keV/kg/day]

10 I J » Example illustrates differences evaluating at the Og

60 80 100
Nuclear recoil energy [keV]

and Oy constructive interference vector.

Ge constructive interference

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

Si

> 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

event rate [#/keV/kg/day]

» Take home message: We will need multiple targets to
: % % % B0 map out the physics of WIMP-nucleon interactions!

Nuclear recoil energy [keV] 9
s arxiv: 1503.03379

Pirsa: 23060080
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EVent Rates are Extremely Low! SNoLAB

> Elastic scattering of WIMP deposits Total Event Rate

small amounts of energy into a recoilir xe
m, = 100 GeV/c?

Oy-n = 10'45 sz

nucleus (~few 10s of keV) 1.00

> Featureless exponential spectrum with

no obvious peak, knee, break ...

> Event rate is very, very low.

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

» Radioactive background of most 0 10 20 30 40

Eiresh[ke V]

materials is higher than the event rate.

Need large exposures (mass x time)!
32
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Total Rate for different thresholds in Ge, o = 1.x 10" *2cm?

. The Low-Mass WIMP Challenge

Same Target (Ge)

Different WIMP Masses

El
g
3 WIMP Target Nucleus WIMP
" from galactic halo inlaboratory  prociie collision *
: @
2 =220 km/s  v~0 kmis [ P4
h Er~30 keVr
2 )
Experimental Threshold [keV] 0 E )U B my L 1 0
‘ = — (1 —coséty)
Total Rate for different thresholds, my = 5 GeV/c?, o = 1.x 10~**cm? 2’“3\’ my
200,

100 A WIMP must have a minimum velocity to

"\.

Different Targets
Same WIMP Mass (5 GeV)

38

produce a recoil.

-
e &

Integrated Rate [evi/kg/year]

— i Need Low Energy Threshold! Sl‘é& AB

The Low-Mass WIMP Challenge
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EVent Rates are Extremely Low! SNo AB

> Elastic scattering of WIMP deposits Total Event Rate

small amounts of energy into a recoilir xe
m, = 100 GeV/c?

Oy-n = 10'45 sz

nucleus (~few 10s of keV) 1.00

> Featureless exponential spectrum with

no obvious peak, knee, break ...

> Event rate is very, very low.

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

» Radioactive background of most 0 10 20 30 40

Eiresh[ke V]

materials is higher than the event rate.

32

EVent Rates
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EVent Rates are Extremely Low! SNoAB

> Elastic scattering of WIMP deposits Total Event Rate

small amounts of energy into a recoilir xe
my = 100 GeV/c?

Gy-n = 10'45 sz

nucleus (~few 10s of keV) 1.00

> Featureless exponential spectrum with

no obvious peak, knee, break ...

> Event rate is very, very low.

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

» Radioactive background of most

Eiresh[ke V]

materials is higher than the event rate.

Need large exposures (mass x time)!
32

EVent Rates are Extremely Low!
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Total Rate for different thresholds in Ge, o = 1.x 10" *2cm?

. The Low-Mass WIMP Challenge

Same Target (Ge)

Different WIMP Masses

El
g
3 WIMP Target Nucleus WIMP
" from galactic halo inlaboratory  prociie collision *
: @
2 =220 km/s  v~0 kmis [ P4
h Er~30 keVr
2 )
Experimental Threshold [keV] 0 E )U B my L 1 0
‘ = — (1 —coséty)
Total Rate for different thresholds, my = 5 GeV/c?, o = 1.x 10~**cm? 2’“3\’ my
200,

100 A WIMP must have a minimum velocity to

"\.

Different Targets
Same WIMP Mass (5 GeV)

38

produce a recoil.

-
e &

Integrated Rate [evi/kg/year]

—— b L Need Low Energy Threshold! Sl‘é& AB

The Low-Mass WIMP Challenge
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The Event Rates Are Extremely Low! SNgLAB

» Expected WIMP Spectrum
» Measured Banana Spectrum

-3

x 10
1 | Hoeling et al Am.J.Phys. 1999, 67, 440.
Mass = 20 GeV/c? 1200 —_
On,sl = 1045 cm? -
08" i
1 000 | With Bar\ta\na 3’,
: NG
o6 o 800" !
o ] [ .
o = £ s
2 2 600 v, 3
e 8 [ ’. .'..‘.“".-A\
woq st
e 400 S
° Mae®
i ._1’
0.2 200 | / .
r Without Banana
0 L 1 1 .
0 : 600 640 680 720 760 800
0 10 20 30 40

E [keV] . :
Gamma measurements with a 3-inch

Nal detector
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The Event Rates Are Extremely Low!

SI\Q(AB

» Expected WIMP Spectrum

» Measured Banana Spectrum
3
x 10

Mass = 20 GeV/c?

o
©

[=]
N

On,sl = 1045 cm2

e
it RN
T g 8007
£ [
§04 5 600
g 400

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

1200 ¢
1 000 | With Banana

200 | /
Without Banana
0 L
600 640 680 720 760 800
0 10 20 30 40
E [keV]

E——
The Event Rates Are Extremely Low! Shalap
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~1 event per kg per year

(nuclear recoils)

~100 events per kg per year

(electron recoils) 35
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Signals

Signals
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Time Dependence

WIMP Wind _
e » 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.

December

» 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

winter.
E——— ]
Time Dependence S @A B
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PHYSICAL REVIEW D VOLUME 13, NUMBER 12 15 JUNE 1986

Detecting cold dark-matter candidates

Andrze K. Drukier
d As

Max-Flanck- Inssisu fir Phys sirophyik, 8046 Garching. Wesi Germany
m Center for Astrophysics,

Time Dependence of the Signal el

Cambridge, Massachusetis 02135
(Revmved 2 August 19851

Vorb
~ (.07). We can Taylor

Ve

» Earth’s orbital speed is much smaller than Sun’s circular speed (

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

dR dR 2n(t — 1, . . .
——(Eg, ) ¥ — | 1 + A(Eg)cos ( 0) differential event rate peaks in Dec for small
dEg dEg . . .

/ recoil energies and in the summer for large
perind phase recoil energies.
~
i December
E we need ~ 1000 events
T to detect the variation 'ga.lactic: .
&) : Dec.
O June ‘/’ == Vg~ 20kl
o June
~2% seasonal effect - need
» Er ~1000 events
annual variation of the rate spectrum 38
Page 49/56
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arXiv: 1209.3339
arXiv: 2003.04545

Signal Modulation: Directional Dependence e

> 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.

vg=30 km s

= 12:00hr

v, =220 kms

-
<

: — [
WIMP wind — =8
—_—

(c:/ 39

]
Signal Modulation: Directional Dependence 5,;1;.‘
postran
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PHYSICAL REVIEW D

PARTICLES AND FIELDS

Signal Modulation: Directional Dependence =—====—— ===

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

L

» 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 vE, = Earth’s velocity parallel

orp

E ~Q ; 2 : . :
dR _ PoPwN My exp| - [(Vorp + V)COS Y — V0] to direction solar motion
; 2 2 2
dEgcosy \/}61_. 2mymy Oy y = angle between recoil and direction of
solar motion
hd WIMP » A detector measuring the axis and direction of the
P recoil with good angular resolution needs only a few
. N tens of events to distinguish DM from isotropic
Vo solar motion SR
5 background.

Nuclear recoil

40
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: Directional De
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Backgrounds

Backgrounds
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Background Sources

Pirsa: 23060080

Background Sources SNetAB

» 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

Page 53/56
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Background Sources SNet AB

» 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?

Background Sources

Pirsa: 23060080

swalan
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Aside: Reminder of Radioactive Decay SNgLAB

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

dN A = decay constant

AN

A== L
dt N = total number of radioactive atoms

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

In2
T

hn

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

Avogadro's Number

= - - — X mass of the radionuclide
atomic mass of the radionuclide f

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

Aside: Reminder of Radioactive Decay Shalap
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Event Signatures SNaAB

The most problematic backgrounds are interactions from neutrons that result from (a,n) and fission

reactions from 238U and 232Th decays in detector components and in close vicinity of target materials.
Electron Recoils (ER) NUCLEAR Recoils (NR)

Neutron: NOT distinguishable from WIMP

Gamma: Most prevalent background

. Alpha: almost always a surface event
Beta: on surface or in bulk P Y
Recoiling Parent Nucleus: surface event

.
WIMPs and neutrons scattdf
from the atomic nucleus

Photon and electrons scatter
from the atomic electrons

Event Signatures
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