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Evidence for Dark Matter
4

• With today’s telescopes, we can observe the Milky Way (and our Universe) using light not only on the 
visible region, but in many different wavelengths 

• However,  one of its major components - the dark matter - is not directly visible 



Evidence for Dark Matter
3

Evidence for the existence of an unseen, “dark”, component in the energy density of the Universe comes 
from several independent observations at different length scales

Dark 
Energy

70% Dark 
Matter
25%Atoms
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History of Dark Matter
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Jacobus Kapteyn: First Attempt at a Theory of 
the Arrangement and Motion of the Sidereal 
System, Astrophysical Journal, vol. 55, p.302 (1922)



History of Dark Matter
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Fritz Zwicky, On the masses of nebulae and of 
clusters of nebulae, The Atrophysical Journal 86 
(1937): 

“If this would be 
confirmed we would get
the surprising result that
dark matter is present in 
much greater amount
than luminous matter.”



History of Dark Matter
6

 Smith 1936, Mass of Virgo Cluster:
“It is possible that [mass estimates] are correct, and that the 

difference represents a great mass of intranebular material in the 
cluster” ApJ, vol. 83, p.23

 Babcock 1939. Rotation Curve of M31:
“The obvious interpretation of the nearly constant velocity for 30’ 
outward is that a that a very great portion of the mass of the nebula 
must lie in the outer regions”

 Kahn & Woltjer 1959.  Local Group, Mass of the M31-MW 
system:

“The Discrepancy seems to be well outside the observational errors”

 Rotation Curves 1970. Roberts, Bosma, Rubin, et al



Evidence for Dark Matter - 1
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1970’s: Rotation curves of galaxies

Vera Rubin

This implies the existence of a dark halo, with mass density ρ(r) ∝ 1/r2



Evidence for Dark Matter - 2
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Gravitational Lensing: Following Einstein’s theory of general relativity, light propagates along
geodesics which deviate from straight lines when passing near intense gravitational fields. The
distortion of the images of background objects due to the gravitational mass of a cluster can be used to
infer the shape of the potential well and thus the mass of the cluster

(J.A. Tyson, G.P. Kochanski and I.P. Dell’Antonio, Astrophys. J. Lett. 498 (1998) 107)



Evidence for Dark Matter - 2
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The mass of a cluster can be determined via several methods, including application of the
virial theorem to the observed distribution of radial velocities, by weak gravitational
lensing, and by studying the profile of X-ray emission that traces the distribution of hot
emitting gas in rich clusters.

Total mass: 1014 to 1015 M☉

Gas fraction: ∼16% 
(~ 13% ICM, ~ 3% galaxies)

Remaining 84% of the mass 
is in dark matter



Evidence for Dark Matter - 3
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Bullet Cluster (1E0657-558)



Evidence for Dark Matter - 3
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Blue: 2 clusters of galxies



Evidence for Dark Matter - 3
10

Blue: 2 clusters of galxies Red: X-ray emission from hot gas

DM ≠ Baryons



Evidence for Dark Matter - 4
11

Cosmic Microwawe Background:
Ωnbmh2 = 0.1186 ± 0.0020 
Ωbh2 = 0.02226 ± 0.00023 

E
SA

’s
Planck

satellite



New Matter or New Physics?
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All these arguments rely on Einsteinian, or Newtonian, gravity.

Should such anomalies be regarded as a refutation of the laws of 
gravitation or as an indication of the existence of unseen dark 

objects?

Uranus, Neptune Mercury



New Matter or New Physics?
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Modified Newtonian Dynamics (MOND) allows to reproduce many
observations on galactic scales, in particular galactic rotation curves,
without introducing DM.

However, MOND is a purely non–relativistic theory. Attempts
to embed it into a relativistic field theory require the existence of
additional fields (e.g. a vector field or a second metric), and introduce
considerably arbitrariness.

Moreover, the correct description of large–scale structure
formation seems to require some sort of DM even in these
theories.

In contrast, successful models of particle DM can be described in
the well established language of quantum field theory, and do not
need any modification of General Relativity.
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Dark Matter candidates
15

Candidates for non-baryonic DM must satisfy several conditions: 
1. they must be stable on cosmological time scales (otherwise they would 

have decayed by now), 
2. they must interact very weakly with electromagnetic radiation 

(otherwise they wouldn’t qualify as dark matter), 
3. they must have the right relic density. 



Dark Matter candidates
15

Candidates for non-baryonic DM must satisfy several conditions: 
1. they must be stable on cosmological time scales (otherwise they would 

have decayed by now), 
2. they must interact very weakly with electromagnetic radiation 

(otherwise they wouldn’t qualify as dark matter), 
3. they must have the right relic density. 

Candidates include: 

 Primordial black holes
 Axions

 Sterile neutrinos
 Weakly Interacting Massive Particles (WIMPs).



Dark Matter candidates
16

Supersymmetric dark matter

Neutralinos (the most fashionable/studied WIMP)
Sneutrinos (also WIMPs)
Gravitinos (SuperWIMPs)
Axinos (SuperWIMPs)

WIMP = Weakly Interacting Massive Particle
M~ GeVTeV
σ = O( σweak)



Dark Matter candidates
16

“It doesn't matter how beautiful your theory is,  
it doesn't matter how smart you are. 
If it doesn't agree with experiment, 

it's wrong”
Richard P. Feynman

Supersymmetric dark matter

Neutralinos (the most fashionable/studied WIMP)
Sneutrinos (also WIMPs)
Gravitinos (SuperWIMPs)
Axinos (SuperWIMPs)

WIMP = Weakly Interacting Massive Particle
M~ GeVTeV
σ = O( σweak)
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Dark Matter Searches - Indirect searches
20



Direct Searches : Ingredients
27

 Dark Halo Model 
 Detection Pricinple
 Recoil Rate
 Signature
 Backgroud
 Methods



Direct Searches – 1: Dark Halo Model
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Direct Searches – 1: Dark Halo Model
22

Milky Way’s Dark Halo  

1010(GeV/𝑚𝑚𝜒𝜒 ) WIMP’s 
passing through us per cm2 

per second!

L.Baudis; Klypin, Zhao and Somerville 2002



Direct Searches – 1: Dark Halo Model
23

Standard Halo Model:   isotropic isothermal sphere of collisionless particles
with density profile 𝜌𝜌 𝑟𝑟 ∼ 1/𝑟𝑟2 and Maxwellian velocity distribution: 

𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒=544 km/s
𝑣𝑣0=220 km/s 
σ= 3/2𝑣𝑣0

Local circular speed

𝑣𝑣0



Direct Searches – 2: Detection Method
24

X



Direct Searches – 2: Detection Method

25
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X

n
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Scattering of a WIMP with an atomic 
nucleus



Direct Searches – 3: Recoil Rate

The energy transferred to the recoiling nucleus is:

𝐸𝐸𝑟𝑟 = 𝑚𝑚2
𝑟𝑟 𝑣𝑣2

𝑚𝑚𝑁𝑁
(1 − cos𝜃𝜃),  𝑚𝑚𝑟𝑟 = 𝑚𝑚𝜒𝜒⋅𝑚𝑚𝑁𝑁

𝑚𝑚𝜒𝜒+𝑚𝑚𝑁𝑁

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

X

X

n
θ
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Direct Searches – 3: Recoil Rate

𝑚𝑚𝜒𝜒= 100 GeV/c2,  < 𝑣𝑣 > = 220 km s-1,  𝜌𝜌0= 0.3 GeV cm-3

𝜎𝜎𝜒𝜒𝜒𝜒 ∼ 10−38cm2

𝑅𝑅~ 𝑁𝑁𝐴𝐴
𝐴𝐴

× 𝜌𝜌0
𝑚𝑚𝜒𝜒

× < 𝑣𝑣 > × 𝜎𝜎𝜒𝜒𝜒𝜒 ∼ 0.13 events kg-1 year-1

29

M. Messina, NOW 2016



Direct Searches – 4: Signature
30

• Earth revolution gives annual modulation:
June - December asymmetry O(vrev/vsun) ~ 1%

• Due to solar system movement in the galaxy, the WIMP Flux is expected to be not
isotropic @earth O(vsun/v0) ~ 100%. A directional measurement would provide
a strong signature and an unambiguous proof of the galactic origin of DM



Direct Searches – 5: Background
31

 Environmental radioactivity
 Radon and its progeny
 Cosmic rays
 Neutrons from natural fission, (a,n) reactions and 

from cosmic ray muon spallation and capture
 Radioimpurities in detector or shielding

components

WIMP events < 1 evts /100 kg/ 100 day
Backgrounds events  > 106-7-evts/kg-d !!!



Direct Searches – 5: Background
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γ radiation emitted durinng
the decay of natural
radioativity
(238U, 232Th and its unstable
daughters)

33

l = λ(Eγ) ln f, f> 1

At 100 keV (2.615 MeV), attenuation by a factor  f = 105 requires: 
• 67(269) cm of H2O
• 2.8(34) cm of Cu
• 0.18(23) cm of Pb.

γ background

Total ambient flux~0.23 cm-2s-1



α particles
34

RADON:
The noble gas 222Rn (T1/2=3.8 d), 
a pure α-emitter. It is released by 
surface soil and is found in the 
atmosphere everywhere

The detector has to be kept sealed
from air and flushed with HP N2

Sources: 238U, 232Th chains
and 222Rn

Neutron production 
throught (α,n) reactions



Neutrons contribute to the background of low-energy experiments in different
ways: directly through nuclear recoil in the detector medium, and indirectly,
through the production of radio nuclides inside the detector and its
components (inelastic scattering of fast neutrons or radiative capture of slow
neutrons can result in the emission of γ radiation).

Neutron sources:
 Energetic tertiary neutrons are produced by cosmic-ray muons in nuclear

spallation reactions with the detector and laboratory walls;

 In high Z materials, often used in radiation shields, nuclear capture of
negative muons results in emission of neutrons;

 Natural radioactivity has a neutron component through spontaneous fission
and (α, n)-reactions.

35

Neutrons



Ambient neutrons
47



Cosmogenic neutrons
48



Radiogenic neutrons
49



Shield!
36

CRESST:
1400 m rock  
+ 
4cm of radiopure copper
+
20cm of Bolidean lead with a low 210Pb 
activity of 35Bq/kg. 
+
air tight aluminium container (the 
radon-box)
+
neutron moderator of 50cm 
polyethylene 

With the moderator installed, the 
remaining neutron flux would be 
dominated by neutrons induced by 
muons in the lead of the shielding. Such 
a background is suppressed by the muon 
veto system installed inside the neutron 
moderator.



Direct Searches – 6: Experiments
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Phonons
100%

Scintillation
1%

Ionization
10%

• High purity Ge Detector
(CoGeNT, CDEX, Texono, 
Malbek, DAMIC)

• Inorganic Scintillators
(DAMA,KIMS-ANAIS,

DM-ICE,SABRE)

• Single Phase Noble Liquids
(Xmass, DEAP, MiniCLEAN)

• Super-heated Liquids
(COUP, PICASSO, SIMPLE, 

PICO)

• Super-conducting calorimeters
(CDMS, EDELWEISS)

• Scintillating calorimeters
(CRESST)

• Dual Phase Noble Liquids
(XENON, DARK-SIDE, 

LUX/LZ)

1. Crystals (NaI, Ge, Si)
2. Cryogenic Detectors
3. Liquid Noble Gases

4. Tracking:
DRIFT, DMTPC
MIMAC,NEWAGE, 
D3, NEWS
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DAMA 
41

P. Belli@TAUP2015



NOW 2018N. Di Marco
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Total exposure:  2.17 tonne years (phase 1 + 2)
Statistical significance: >11.9 σ 
(combined with DAMA/NaI: 2.46 tonne years and 12.9σ !!!!)
Phase: 25th May +/- 5 days  (cosine peaking June 2nd)

Period: 0.999 ± 0.001 years *

• 250 Kg NaI(Tl)
• Threshold 1 KeVee
• Running since 1996

The DAMA/LIBRA results
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Total exposure:  2.17 tonne years (phase 1 + 2)
Statistical significance: >11.9 σ 
(combined with DAMA/NaI: 2.46 tonne years and 12.9σ !!!!)
Phase: 25th May +/- 5 days  (cosine peaking June 2nd)

Period: 0.999 ± 0.001 years *

Positive evidence for the presence of DM particles in the galactic halo

• 250 Kg NaI(Tl)
• Threshold 1 KeVee
• Running since 1996

The DAMA/LIBRA results



Long-reigning contradicting situation in the dark matter sector: the positive evidence for the
detection of a dark matter modulation signal claimed by the DAMA/LIBRA collaboration is (under standard
assumptions) inconsistent with the null-results reported by most of the other direct dark matter
experiments (using different targets Xe, Ge, CaWO4).

NOW 2018N. Di Marco

4

Null results shown as 90%
C.L. upper limits on the
spin-independent DM
particle-nucleon cross
section

DAMA/LIBRA: 
3σ allowed parameter 
space

CAVEAT: valid only under standard assumption!

GLOBAL  LANDSCAPE OF DM Direct Search



Cryogenic detectors
44

Cryogenic micro-calorimeter at T ~ mK



Crystal
heat capacity c

Thermometer
heat capacity c

weak thermal
coupling

heat bath ≈ 10 mK

particle
interaction
temperature rise T
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Crystal
heat capacity c

Thermometer
heat capacity c

weak thermal
coupling

heat bath ≈ 10 mK
Phonon signal (~ 90 %)

• (almost) independent of particle type
• precise measurement of the deposited energy

particle
interaction
temperature rise T

Scintillation light (few %)

 add cryogenic light detector for scintillation light   
detection

• amount of emitted light depends on particle 
type  LIGHT QUENCHING 

• discrimination of interacting particle via the 
ratio light to phonon signal  LIGHT YIELD

thermomete
r

heat bath ≈ 10 mK

light 
absorber

NOW 2018N. Di Marco

10

1keV  μK

SCINTILLATING CALORIMETER 
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CRESST: Cryogenic Rare Event Search with Superconducting Thermometers

Scintillating CaWO4 crystals as target operated as cryogenic calorimeters (~15mK)

Energy deposition in the crystal:
 mainly phonons
(independent of the type of particle)
Measurement of deposited energy

 small fraction into scintillation light
(characteristic of the type of particle)
Particle discrimination



Cryogenic detectors
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Event Discrimination

Excellent discrimination between potential signal events (nuclear recoils)
and dominant radioactive background (electron recoils)



CRESST experiment
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CRESST experiment
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COSINUS experiment
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Noble Liquid Detector Concepts
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Noble liquids: Xe, Ar, Ne
Detect either light only or simultaneously light and charge signals 
produced by a particle interaction in the sensitive liquid target



Noble Liquid Detector Concepts
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S1 prompt scintillation signal 
S2 delayed (by the drift time) signal 



Signal/Background discrimination: single phase
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Signal/Background discrimination: dual phase
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Noble Liquid Experiments
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DEAP 
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DEAP
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E

Time

Am
plitude

S1 S2

neg HV

pos HV

liquid
target

gas
PMT

Noble Liquid Detector Concepts
Time Projection Chamber (TPC) a doppia fase

83

electron recoil

nuclear recoil

n, WIMP

S1

S2



LXeTPCs: 50- 500 kg scale 

XENON100 @ LNGS 
Astropart. Phys. 35, 573 (2012)

- 62 kg LXe, 

- reached WIMP science goal
- inelastic DM, spin-dependent,  

modulation, axions, light WIMP,
Bosonic Super WIMPs, ..
- still running as test facility
for XENON1T/nT

LUX @ SURF      
NIM A 704, 111 (2013)

- latest result from 332 days
presented at IDM2016
- 250 kg LXe
- published first limit in 2013
- in 2013 - best world limit
- reanalysis published in 2016
- will  be removed  by 2017

PandaX-II @ CJPL 
arXiv:1602.06563

- at present largest LXe TPC 
- still taking data

- new SS cryostat 
→ lower radioactivity

- TPC: 60cm×60cm, 
400 kg target

New result from 98.7 days: 
- Best  upper limit :
- 2.5 x 10-46 cm2 at 40 GeV 

arXiv:1607.07400v1



From LUX to LZ @ SURF

 Scale LUX by 40 in Fiducial
 New detector with 7 ton active 

LXe
 Aimed at 5.6 ton FV with 

combination of active LXe and  LS 
veto 

 Use same water shield of LUX
 Extensive screening campaign and 

MC simulations
 Timeline:
 2017/18: prepare for surface / UG 

assembly at SURF
 2019: start UG installation
 2020: start operation by end of 

the year
 2025+ : plan 5+ years of operation
 Sensitivity Goal (1000 live 

days):- 3 x 10-48 cm2 at 40 GeV



XENON10
15  cm drift TPC - 25 kg 

~10-43 cm2

XENON100 
30 cm drift TPC - 161 kg 

2005-2007 2007-2015 2012-2022

XENON1T/XENONnT
100 cm drift TPC - 3500 kg/7000 kg

XENON @ LNGS - present and future

~10-45 cm2 ~10-47 cm2  / 10-48 cm2

1.35 m

1.3 m



XENON - 1 ton@LNGS
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The XENON1T experiment: inner detector

The TPC

1 ton fiducial
3 t total
@180K

121  3’’ sensors top

PMT arraysTPC installation underground

127  3’’ sensors top



XENON – 1 ton@LNGS
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Dark Side@LNGS
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 Dual phase TPC with 46 kg 39Ar-
depleted LAr (1400 background 
reduction factor) inside 30 tons LS 
neutron veto inside a 1000 tons
water Cherenkov muon veto

 1st result from 2616 kg d with UAr
-> no event in search region . Still    

taking data
 Proposed DS20k. TDR in 

preparation. Large R&D effort on 
SiPMs and other technologies. 

 Construction of the very large 
distillation facility (350 m column) 
placed inside a coal mine (Seruci, 
Sardinia) has started.



Future?
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1) Solve DAMA tension
2) Explore Low Mass Region
3) Explore Low Cross Section Region
4) … and the Neutrino Floor?

Neutrino Floor



Future: DAMA tension
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M. Messina@NOW2016

@LNGS



Future: Low Mass Region
60 M. Messina@NOW2016

@LNGS



Future: Low Cross Section Region
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From LUX to LZ@SURF …
From Xenon-1ton to Xenon –nton…
From DS50 to DS20k… 

@LNGS



Future: the Neutrino Floor
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Ciaran A. J. O'Hare
@IDM 2016



Directional DM searches

Current approach: 
low pressure gaseous detector 

 Targets: CF4, CF4+CS2, CF4 + CHF3 
 Recoil track length O(mm)
 Small achievable detector mass due to the low gas density

⇒Sensitivity limited to spin-dependent interaction

N. MarcoSnapshot of the Invisible - June 2015
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DRIFT @ UKDM-TPC@ USA MIMAC@ FranceNEWAGE@ Japan



Directionality@LNGS

N. MarcoTAUP 2015
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The NEWS idea: use solid target: 
 Large detector mass
 Smaller recoil track lenght O(100 nm)

Nuclear Emulsion based 
detector  acting both as 
target and tracking device

NIT: Nano Imaging Tracker , AgBr crystal size ~ 40 nm                                 Natsume et al, NIM A575 (2007) 439



Directionality@LNGS

N. MarcoTAUP 2015
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1) Signal
preselection

2) Signal
confirmation

Resolution: 200 nm
Speed: ~20 mm2/h

Resolution: 30 nm
Speed: 
~ (200μm)2/100 s



Directionality@LNGS
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1) ADAMO: Anisotropic Scintillator

• for heavy particles the light output and the pulse shape depends on the  
particle impinging direction with respect to the crystal axes

 for γ/e the light output and the pulse shape are isotropic 

 ZnWO4 anisotropic scintillator: a very promising
Detector (Eur. Phys. J. C 73 (2013) 2276)



Directionality@LNGS
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2) RED



Conclusioni
68

 Dark Matter is there!

 WIMPs promising candidates

 So far, no convincing evidence of a dark matter particle was found

 However, DAMA/LIBRA experiment is claiming an observation of an annual
modulation since long time.

Future
 New experiments, based on NaI technology, are getting ready to run in view of

clarifying once and for all the nature of the DAMA/LIBRA longstanding annual
modulation. 

 New programs on-going to search both for low WIMP mass and low cross section interactions: 
reach neutrino fllor this/next

 Directionality!

DM discovery is waiting for young brilliant physicist!
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THE END
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