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The	hunt	for	dark	ma'er	parNcles	

						(collider	searches	Tuesday)		

(direct	searches	Wednesday)		

indirect searches
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We don’t know yet what DM is... but we do know many of its properties 
 
Good candidates for Dark Matter have to fulfil the following conditions 

•  Neutral 

•  Stable on cosmological scales 

•  Reproduce the correct relic abundance 

•  Not excluded by current searches 

•  No conflicts with BBN or stellar evolution 

Many candidates in Particle Physics 

•  Axions 

•  Weakly Interacting Massive Particles (WIMPs) 

•  SuperWIMPs and Decaying DM 

•  WIMPzillas 

•  Asymmetric DM 

•  SIMPs, CHAMPs, SIDMs, ETCs...  

... they have very different properties 
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FIG. 1: (Color online) Several well-motivated candidates of DM are shown in the log-log plane of DM relic mass and �int

representing the typical strength of interactions with ordinary matter. The red, pink and blue colors represent HDM, WDM
and CDM, respectively. This plot is an update of the previous figures [453, 562].

emerges from the Peccei-Quinn (PQ) solution to the strong CP problem and the neutralino which emerges from a
supersymmetric solution to the gauge hierarchy problem. In cases such as these and others, the relic abundance of DM
along with DM detection rates are calculable in terms of fundamental parameters, and thus subject to experimental
searches and tests.

Generally, DM relics are considered to be produced in the early Universe in (at least) two distinct ways. One
possibility involves DM particles generated in processes taking place in thermal equilibrium, which we will generically
refer to as thermal production (TP), and the relics produced this way will be called thermal relics. On the other
hand, non-thermal production (NTP), will refer to processes taking place outside of the thermal equilibrium, and the
resulting relics will be called non-thermal relics. The first class of processes will include the freeze-out of relics from
thermal equilibrium, or their production in scatterings and decays of other particles in the plasma. The second will
include, for example, relic production from bosonic field coherent motion or from out-of-equilibrium decays of heavier
states or from bosonic coherent motion.

Working within the Standard Model (SM) of particle physics, it is found that none of the known particles have
the right properties to constitute CDM. At one time, massive SM(-like) neutrinos were considered a possibility.
Measurements of the number of light neutrinos at LEP combined with calculations of their relic abundance rule out
this possibility [324].

Instead, the most often considered theoretical candidate for CDM is the weakly interacting massive particle, or
WIMP. It is worth stressing, however, that the WIMP is not a specific elementary particle, but rather a broad class

Baer et al. 2014 
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Current challenges for DARK MATTER 

$%&#'()()"!*#

•  Experimental detection:  
Does DM feel other interactions apart from Gravity? 
Is the Electro-Weak scale related somehow related to DM? 
How is DM distributed? 

 
•  Determination of the DM particle parameters: 

Mass, interaction cross section, etc…  
 
•  What is the theory for Physics beyond the SM: 

DM as a window for new Physics 
Can we identify the DM candidate? 
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•  Experimental detection:  
Does DM feel other interactions apart from Gravity? 
Is the Electro-Weak scale related somehow related to DM? 
How is DM distributed? 

 
•  Determination of the DM particle parameters: 

Mass, interaction cross section, etc…  
 
•  What is the theory for Physics beyond the SM: 

DM as a window for new Physics 
Can we identify the DM candidate? 

 Supersymmetry is a well motivated extension of the SM 

•  Solution to the hierarchy problem? Low mass Higgs with SM-
like couplings  

 
•  Dark Matter candidates 
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Dark Matter Candidates
Several beyond the Standard Model of particle physics scenarios have been 
proposed that naturally predict the existence of new particles that are excellent 
dark matter candidates

H. Baer et al, arXiv:1407.0017

➡ Here I’ll focus on WIMPs, Weakly 
Interacting Massive Particles
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Direct"DM"detec/on" Collider"DM"searches"

Astro/Cosmo"probes"

Dark matter MUST BE searched for in different ways... 

Indirect"DM"detec/on"
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Accelerator 
Searches 

(production) 

Indirect Detection 
(annihilation or decay) 

Direct Detection 
(scattering) 

... probing DIFFERENT aspects of their interactions with ordinary matter 

“Redundant” detection can 
be used to extract DM 
properties. 

Constraints in one sector 
affect observations in the 
other two. 
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Direct detection



Jörg R. Hörandel, Astronomical Instrumentation 2020/21 �239

Observe WIMP dark matter via elastic scattering off atomic nuclei 

Momentum transfer ~ few tens of MeV 

Energy deposited in the detector ~ few keV - tens of keV

ER =
q2

2mN
< 30 keV

v/c ⇠ 0.75⇥ 10�3

N

�
�

N Evis

2

Physics aim of direct detection experiments
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What can we learn about WIMPs?

• Constraints on the mass and scattering cross section
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WIMP mass

Detection

Local DM velocity PDF Vogelsberger et al. 2009

800 M. Vogelsberger et al.

the short dynamical time at the solar radius (about 1 per cent of
the Hubble time). This results in very efficient mixing of unbound
material and the stripping of all initially bound objects to a small
fraction of the maximum mass they may have had in the past (see
Vogelsberger et al. 2008, for a discussion of these processes). Note
that the actual density of DM in the solar neighbourhood and the
shape of the equidensity surfaces of the Milky Way’s DM distri-
bution will depend on how the gravitational effects of the baryonic
components have modified structure during the system’s formation.
Unfortunately, the shape of the inner DM halo of the Milky Way
is poorly constrained observationally (Helmi 2004; Law, Johnston
& Majewski 2005). The dissipative contraction of the visible com-
ponents probably increased the density of the DM component and
made it more axisymmetric (e.g. Gnedin et al. 2004; Kazantzidis
et al. 2004) but these processes are unlikely to affect the level of
small-scale structure. The very smooth behaviour we find in our
pure DM haloes should apply also to the more complex real Milky
Way.

4 V E L O C I T Y D I S T R I BU T I O N S

The velocity distribution of DM particles near the Sun is also an
important factor influencing the signal expected in direct detection
experiments. As mentioned in the Introduction, most previous work
has assumed this distribution to be smooth, and either Maxwellian
or multivariate Gaussian. Very different distributions are possible
in principle. For example, if the local density distribution is a su-
perposition of a relatively small number of DM streams, the local
velocity distribution would be effectively discrete with all particles
in a given stream sharing the same velocity (Sikivie, Tkachev &
Wang 1995; Stiff, Widrow & Frieman 2001; Stiff & Widrow 2003).
Clearly, it is important to understand whether such a distribution
is indeed expected, and whether a significant fraction of the local
mass density could be part of any individual stream.

We address this issue by dividing the inner regions of each of our
haloes into cubic boxes 2 kpc on a side, and focusing on those boxes
centred between 7 < r < 9 kpc from halo centre. In Aq-A-1, each
2 kpc box contains 104 to 105 particles, while in the level-2 haloes
they contain an order of magnitude fewer. For every box, we cal-
culate a velocity dispersion tensor and study the distribution of the
velocity components along its principal axes. In almost all boxes,
these axes are closely aligned with those the ellipsoidal equidensity
contours discussed in the last section. We also study the distribution
of the modulus of the velocity vector within each box. The upper
four panels of Fig. 2 show these distributions of a typical 2 kpc
box at the solar circle in Aq-A-1 (solid red lines). Here, and in the
following plots, we normalize distributions to have unit integral.
The black dashed lines in each panel show a multivariate Gaussian
distribution with the same mean and dispersion along each of the
principal axes. The difference between the two distributions in each
panel is plotted separately just above it. This particular box is quite
typical, in that we almost always find the velocity distribution to
be significantly anisotropic, with a major axis velocity distribution
which is platykurtic, and distributions of the other two components
which are leptokurtic. Thus, the velocity distribution differs signifi-
cantly from Maxwellian, or even from a multivariate Gaussian. The
individual velocity components have very smooth distributions with
no sign of spikes due to individual streams. This also is a feature
which is common to almost all our 2 kpc boxes. It is thus surprising
that the distribution of the velocity modulus shows clear features
in the form of bumps and dips with amplitudes of several tens of
per cent.
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Figure 2. Top four panels: velocity distributions in a 2 kpc box at the
solar circle for halo Aq-A-1. v1, v2 and v3 are the velocity components
parallel to the major, intermediate and minor axes of the velocity ellipsoid;
v is the modulus of the velocity vector. Red lines show the histograms
measured directly from the simulation, while black dashed lines show a
multivariate Gaussian model fit to the individual component distributions.
Residuals from this model are shown in the upper part of each panel. The
major axis velocity distribution is clearly platykurtic, whereas the other
two distributions are leptokurtic. All three are very smooth, showing no
evidence for spikes due to individual streams. In contrast, the distribution
of the velocity modulus, shown in the upper left-hand panel, shows broad
bumps and dips with amplitudes of up to 10 per cent of the distribution
maximum. Lower panel: velocity modulus distributions for all 2 kpc boxes
centred between 7 and 9 kpc from the centre of Aq-A-1. At each velocity,
a thick red line gives the median of all the measured distributions, while a
dashed black line gives the median of all the fitted multivariate Gaussians.
The dark and light blue contours enclose 68 and 95 per cent of all the
measured distributions at each velocity. The bumps seen in the distribution
for a single box are clearly present with similar amplitude in all boxes, and
so also in the median curve. The bin size is 5 km s−1 in all plots.

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 395, 797–811
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What can we learn about WIMPs?

• Constraints on the mass and scattering cross section
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Figure 2. Top four panels: velocity distributions in a 2 kpc box at the
solar circle for halo Aq-A-1. v1, v2 and v3 are the velocity components
parallel to the major, intermediate and minor axes of the velocity ellipsoid;
v is the modulus of the velocity vector. Red lines show the histograms
measured directly from the simulation, while black dashed lines show a
multivariate Gaussian model fit to the individual component distributions.
Residuals from this model are shown in the upper part of each panel. The
major axis velocity distribution is clearly platykurtic, whereas the other
two distributions are leptokurtic. All three are very smooth, showing no
evidence for spikes due to individual streams. In contrast, the distribution
of the velocity modulus, shown in the upper left-hand panel, shows broad
bumps and dips with amplitudes of up to 10 per cent of the distribution
maximum. Lower panel: velocity modulus distributions for all 2 kpc boxes
centred between 7 and 9 kpc from the centre of Aq-A-1. At each velocity,
a thick red line gives the median of all the measured distributions, while a
dashed black line gives the median of all the fitted multivariate Gaussians.
The dark and light blue contours enclose 68 and 95 per cent of all the
measured distributions at each velocity. The bumps seen in the distribution
for a single box are clearly present with similar amplitude in all boxes, and
so also in the median curve. The bin size is 5 km s−1 in all plots.
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• Cosmic rays & cosmic activation of detector materials


• Natural (238U, 232Th, 40K) & anthropogenic (85Kr, 137Cs) radioactivity: 


• Ultimately: neutrino-nucleus scattering (solar, atmospheric and supernovae neutrinos)

F. Ruppin  et al., 1408.3581
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.

neutrino-nucleus cross section with the neutrino flux as

dR⌫

dEr
= MT ⇥

X

A

fA

Z

Emin
⌫

dN

dE⌫

d�(E⌫ , Er)

dEr
dE⌫ (4)

where dN
dE⌫

corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:

d�(E⌫ , Er)

dEr
=

G
2
f

4⇡
Q

2
!mN

✓
1� mNEr

2E2
⌫

◆
F

2
SI(Er) (5)

where mN is the nucleus mass, Gf is the Fermi coupling
constant and Q! = N � (1 � 4 sin2 ✓!)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓! the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m�,�

SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.
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A world-wide effort to search for WIMPs

SNOLab 
DEAP 

CLEAN 
Picasso 
COUPP 
DAMIC

Soudan 
SuperCDMS 

CoGeNT 

Homestake 
LUX, LUX-ZEPLIN Modane 

EDELWEISS

Canfranc 
ArDM 

Rosebud 
ANAIS

Gran Sasso 
XENON 
CRESST 

DAMA/LIBRA 
DarkSide 
DARWIN

South Pole 
DM Ice

YangYang 
KIMS

Jinping 
PandaX 
CDEX

Kamioka 
XMASS 
Newage 

Boulby 
ZEPLIN 
DRIFT



Jörg R. Hörandel, Astronomical Instrumentation 2020/21 �244

The Double-Phase Detector Concept

S2

S1

S1
S2

gamma

drift time

drift time

WIMP (here neutron)

drift  
field

Cathode

Gate grid

Anode

PMT array

PMT array

direct light (S1)

proportional light (S2)

e-

e-

• Particle interaction in the active volume produces 
prompt scintillation light (S1) and ionisation 
electrons


• Electrons drift to interface (E= 0.53 kV/cm) where 
they are extracted and amplified in the gas. 
Detected as proportional scintillation light (S2)


• (S2/S1)WIMP  <<  (S2/S1)Gamma 


• 3-D position sensitive detector with particle ID

position resolution:  
<3mm in x-y; < 0.3 mm in z

-16 kV

+4.5 kV
ground

ground
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Example of a low-energy event in XENON100

S1 signal: ~ 100 photons

S2 signal: ~ 23 electrons

S1 signal: 5.14 photoelectrons S2 signal: 459.7 photoelectrons

151 µs

The maximum electron drift time at 0.53 kV/cm is 176 µs
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Time projection chambers: xenon

XENON100 at LNGS: 


161 kg LXe  
(~50 kg fiducial) 

242 1-inch PMTs 

results from run II 
calibration data (YBe, 
83mKr, CH3T, 220Rn) etc

LUX at SURF: 


350 kg LXe  
(100 kg fiducial) 

122 2-inch PMTs 

re-analysis of 2013 data (run 3) 
first result from run 4 by the 
end of this year

PandaX at Jinping: 


500 kg LXe  
(306 kg fiducial) 

110 3-inch PMTs 

first commissioning run  
science data since 
spring 2016

See talk by L. Bütikofer

2016/3/4 9

X. Ji, UCLA DM 2016S. Fiorucci, Patras 2016
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Recent results: no evidence (yet) for WIMPs

LUX collaboration,  PRL 116, 161301; arXiv: 1512.03506
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• Under commissioning: XENON1T (3.5 t LXe) at Gran Sasso 

• Planned LXe: LUX-ZEPLIN 7t, XENONnT 7t, XMASS 6t


• Proposed LAr: DarkSide 20 t, DEAP 50 t


• Design & R&D stage: DARWIN 50 t LXe; ARGO 300 t LAr

XENONnT: 7t LXe LZ: 7t LXe DARWIN: 50 t LXe

da
rw
in
.p
hy
sik
.u
zh
.ch

XMASS%project 

��

• !In!this!slide,!I’d!like!to!explain!our!XMASS!project!at!Kamioka!observatory!in!
Japan.!
• !Our!Binal!goal,!a!ten!ton!scale!detector!of!XMASSE2!will!cover!multiple!purposes!
such!as!dark!matter,!pp!solar!neutrino!and!0ν2β!decay.!
• !Refurbishment!of!XMASSEI!will!be!completed!in!this!autumn!and!XMASSE1.5!is!
planed!to!start!in!2015.!They!are!mainly!for!dark!matter!search.!
• !Commissioning!data!of!XMASSEI!was!taken!from!Nov.!2010!to!May.!2012.!!

Y.#Suzuki,#hep-ph/0008296#

XMASS: 6t LXe

DarkSide 50june 27, 2013 p. 21

Darkside 5000

● R&D and engineering for ton-scale experiment 
"DS G2" with 5t liquid Argon (active volume) and 
a sensitivity of 2·10-47 cm2

● reuse same neutron veto + water Cherenkov veto

DarkSide: 20 t LAr

LZ$
Concept$

Liquid$Xenon:$$
48X$LUX$Fiducial$

Gd`LAB$(Daya$Bay)$Gd`LAB$(25$tonne)$2/28/14$ Harry$Nelson$for$LZ$ 10/23$

New and future noble liquid detectors

37
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The XENON1T experiment 

• Total (active) LXe mass: 3.5 t (2 t), 1 m electron drift, 248 3-inch PMTs in two arrays


• Background goal: 100 x lower than XENON100 ~ 5x10-2 events/(t d keV)

XENON1T at LNGS

38

xenon1t.org

See talk by P. Pakarha
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The end

44

Of course, “the probability of success is difficult to estimate, 
but if we never search, the chance of success is zero”

G. Cocconi & P. Morrison, Nature, 1959

Plot by Tarek Saab, UFL
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Gravitational Waves
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Albert Einstein
1879 - 1955

General Relativity

Einstein
field 
equations

Gµ⌫ =
8⇡�

c4|{z}
Tµµ

⇡ 10�43
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GWs in linear gravity

• We consider weak gravitational fields:

• The GR field equations in vacuum reduce to the standard wave equation:

• Comment: GR gravity like electromagnetism has a “gauge” freedom 
associated with the choice of coordinate system. The above equation  
applies in the so-called “transverse-traceless (TT)” gauge where

gµ⌫ ⇡ ⌘µ⌫ + hµ⌫ +O(h2
µ⌫)

flat Minkowski metric

h0µ = 0, hµ
µ = 0

✓
@2

@t2
�r2

◆
hµ⌫ = ⇤hµ⌫ = 0
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Newtonian vs General Relativistic gravity 

Source: mass density

Gravitational field: scalar  

  Source: energy-momentum tensor   
   (includes mass densities/currents)

 Gravitational field: metric tensor 

Newtonian field equations GR field equations

Gab =
8�G

c4
T ab

�2� =4 �G⇥

�
gab
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GWs: origins

• Electromagnetism: accelerating charges produce EM radiation.

• Gravitation: accelerating masses produce gravitational radiation.              
(another hint: gravity has finite speed.)
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GWs in linear gravity

• We consider weak gravitational fields:

• The GR field equations in vacuum reduce to the standard wave equation:

• Comment: GR gravity like electromagnetism has a “gauge” freedom 
associated with the choice of coordinate system. The above equation  
applies in the so-called “transverse-traceless (TT)” gauge where

gµ⌫ ⇡ ⌘µ⌫ + hµ⌫ +O(h2
µ⌫)

flat Minkowski metric

h0µ = 0, hµ
µ = 0

✓
@2

@t2
�r2

◆
hµ⌫ = ⇤hµ⌫ = 0
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Wave solutions

• Solving the previous wave equation in weak gravity is easy. The 
solutions represent “plane waves”:

• Basic properties:

• Amplitude:

hµ⌫ = Aµ⌫eikaxa

Aµ⌫kµ = 0, kaka = 0

Aµ⌫ = h+eµ⌫
+ + hxe

µ⌫
x

wave-vector

null vector = propagation along light raystransverse waves

two polarizations
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GWs: polarization

• GWs come in two polarizations:

“+” polarization “x” polarization
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GWs vs EM waves

• Similarities:

✓  Propagation with the speed of light.

✓Amplitude decreases as ~ 1/r.

✓Frequency redshift (Doppler, gravitational, cosmological).

• Differences:

✓  GWs propagate through matter with little interaction. Hard to detect, but they  
carry uncontaminated information about their sources.

✓Strong GWs are generated by bulk (coherent) motion. They require strong 
gravity/high velocities (compact objects like black holes and neutron star).

✓EM waves originate from small-scale, incoherent motion of charged particles. 
They are subject to “environmental” contamination (interstellar absorption etc.).
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Part III 

Detection of GWs
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GW detectors: prehistory

• For decades after the formulation of Einstein’s 
GR the notion of GWs was a topic for 
speculations and remote from real 
astrophysics. 

• Joe Weber pioneered the construction of the 
first “primitive” bar detector. However, his 
claims of a GW detection were never verified ...

• Theoretical work in the 1970s-1990s (and the 
discovery of the Hulse-Taylor pulsar) 
advanced the popularity of GWs. 

• GW astronomy is expected to become reality in 
the present decade. 



Jörg R. Hörandel, Astronomical Instrumentation 2020/21 �263

• Consider a GW propagating along the z-axis (with a “+” polarization and frequency ω), 
impinging on an idealized detector consisting of two masses joined by a spring (of length 
L)  along the x-axis

• The resulting motion is that of a forced oscillator (with friction τ, natural frequency        ): 

• The solution is:

• The maximum amplitude is achieved at                    and has a size:

• The detector can be optimized by increasing                 .  

A toy model GW detector

⇠̈ + ⇠̇/⌧ + !2
0⇠ = �1

2
!2Lh+ei!t

⇠ =
!2Lh+

2(!2
0 � !2 + i!/⌧)

ei!t

! ⇡ !0 ⇠max =
1
2
!0⌧Lh+

!0

!0⌧L
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Bar detectors

• Bar detectors are narrow bandwidth instruments (like the previous toy-
model)

Sensitivity curves of various bar detectors



Jörg R. Hörandel, Astronomical Instrumentation 2020/21 �265

Detectors: laser interferometry

• A laser interferometer is an alternative choice for GW detection, offering a 
combination of very high sensitivities over a broad frequency band.

• Suspended mirrors play the role of “test-particles”, placed in perpendicular 
directions. The light is reflected on the mirrors and returns back to the beam 
splitter and then to a photodetector where the fringe pattern is monitored.
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Noise in interferometric detectors

• Seismic noise (low frequencies). At frequencies below 60 Hz, the noise in the 
interferometers is dominated by seismic noise. The vibrations of the ground couple 
to the mirrors via the wire suspensions which support them. This effect is strongly 
suppressed by properly designed suspension systems. Still, seismic noise is very 
difficult to eliminate at frequencies below 5-10 Hz.

• Photon shot noise (high frequencies).                                                                           
The precision of the measurements                                                                                                             
is restricted by fluctuations in the fringe                                                                 
pattern due to fluctuations in the number                                                                                       
of detected photons. The number of                                                                                       
detected photons is proportional to the                                                                               
intensity of the laser beam. Statistical                                                                                            
fluctuations in the number of detected                                                                                                               
photons imply an uncertainty in the                                                                     
measurement of the arm length.                                                                                  
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Detectors:  real-life sensitivity

Seismic noise laser photon noise
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Detectors: the present (I)

The twin LIGO detectors (L = 4 km) at Livingston Louisiana and    
Hanford Washington  (US).
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the gravitational-wave signal extraction by broadening the
bandwidth of the arm cavities [51,52]. The interferometer
is illuminated with a 1064-nm wavelength Nd:YAG laser,
stabilized in amplitude, frequency, and beam geometry
[53,54]. The gravitational-wave signal is extracted at the
output port using a homodyne readout [55].
These interferometry techniques are designed to maxi-

mize the conversion of strain to optical signal, thereby
minimizing the impact of photon shot noise (the principal
noise at high frequencies). High strain sensitivity also
requires that the test masses have low displacement noise,
which is achieved by isolating them from seismic noise (low
frequencies) and designing them to have low thermal noise
(intermediate frequencies). Each test mass is suspended as
the final stage of a quadruple-pendulum system [56],
supported by an active seismic isolation platform [57].
These systems collectively provide more than 10 orders
of magnitude of isolation from ground motion for frequen-
cies above 10 Hz. Thermal noise is minimized by using
low-mechanical-loss materials in the test masses and their

suspensions: the test masses are 40-kg fused silica substrates
with low-loss dielectric optical coatings [58,59], and are
suspended with fused silica fibers from the stage above [60].
To minimize additional noise sources, all components

other than the laser source are mounted on vibration
isolation stages in ultrahigh vacuum. To reduce optical
phase fluctuations caused by Rayleigh scattering, the
pressure in the 1.2-m diameter tubes containing the arm-
cavity beams is maintained below 1 μPa.
Servo controls are used to hold the arm cavities on

resonance [61] and maintain proper alignment of the optical
components [62]. The detector output is calibrated in strain
by measuring its response to test mass motion induced by
photon pressure from a modulated calibration laser beam
[63]. The calibration is established to an uncertainty (1σ) of
less than 10% in amplitude and 10 degrees in phase, and is
continuously monitored with calibration laser excitations at
selected frequencies. Two alternative methods are used to
validate the absolute calibration, one referenced to the main
laser wavelength and the other to a radio-frequency oscillator

(a)

(b)

FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33–38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-4
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Detectors: the present (II)

The VIRGO detector (L= 3 km) near Pisa, Italy



Jörg R. Hörandel, Astronomical Instrumentation 2020/21 �271
GEO 600!

LIGO!

4 km!

4 km!

LIGO!

VIRGO
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LIGO Livingston, Louisiana 
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LIGO Livingston, Louisiana 
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Going to space: the LISA detector

• Space-based detectors: “noise-free” environment, abundance of space!

• Long-arm baseline, low frequency sensitivity

• LISA: Up until recently a joint NASA/ESA mission, now an ESA mission only.                     
To be launched around 2020. 
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GWs detectors: ground and space
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