The physics of two infinities
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Cuando teniamos las respuestas,
nos cambiaron las preguntas



Victims of too much success

* By the end of the 20" century ...
we have a comprehensive,
fundamental theory of all

observed forces of nature which
has been tested an be

valid from the PlancK¢ngth
scale [10-%° cm.] to the edge of
the universe [10*%° cm.]

D. Gross 2007




The time of Glory

2013 — 2016 : the triumph of the
STANDARD

COSMOLOGY STANDARD
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The Standard Models

Are the SMs really STANDARD?
G-W-5 SM ACDM SM

* All the experimental results of e All the cosmic observations
both high-energy particle physics are in agreement with the

and high-intensity flavor physics ~25% CDM, ~70%

are surprisingly (and ) ~
embarrassingly ) in very good cosmological constant A, ¥5%

agreement with the predictions of ordinary matter of the ACDM
the GSW SM SM

This extraordinary rosy picture that somebody would quote
as ‘the end of the physics’ presents in reality quite a few
problems. On both sides.

The G-W_S model does not account properly for neutrinos
and cannot give reason for the Higgs mass.




Time of Questions

Neutrinos:
0.3%

Free Hydrogen
and Helium
4%

Dark Matler:
25%

Dark Energy:

70% (NASA)




Micro and Macro
share common technology
and
common themes of research

 Most of the technology in Cosmic Rays (Space, Earth,
Underwater) is of HEP origin

 Neutrinos, Dark Matter are of common interest

* Gravitational Waves is something different (although...)



Interlaced and Globalized
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The ghost appearing every night
to any sensible theoretician



The two main arguments

* Neutrino mass does not fit in the simplicity of GWS SM

 Dark Matter is not made by quarks and leptons

and two mysteries



talking of neutrinos

GWS SM made them massless (why so ? L conservation, a symmetry that looks
accidental rather than fundamental)

Neutrinos are massive

A Dirac term can give a mass to neutrinos, like the other leptons, but now you
say that L is conserved (and why so ?)

Majorana term is however allowed and nobody knows why should not exist
The hybrid Dirac-Majorana term is what opens the door of See-Saw mechanism

Neutrinoless double beta decay is the only realistic option to test the
hypothesis



Beware

“you may use any degrees of freedom you like to describe a
physical system, but if you use the wrong ones, you will be sorry."

Weinberg’s Laws of Progress in Theoretical Physics
From: “Asymptotic Realms of Physics” (ed. by Guth, Huang, Jaffe, MIT Press, 1983)

You will get nowhere by churning equations

“Do not trust arguments based on the lowest order of perturbation theory”

“You may use any degrees of freedom you like to describe

a physical system, but if you use the wrong ones, you’ll be sorry!”



Rotation of galaxies,
Einstein’s ring and more....

Dark Matter is likely there !



but its nature Is
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object of wild speculatlons
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1075+
A = 0.005

Rise and (possible)
fall of a dream

my = 100 GeV

The WIMP miraCIe o (v) = X /m?

102 10" 1 10 102 10%® 10*
my /T

« 10-10 |
N 10

A= 007 |

FIGURE 3.1 — Ezact solutions for the yield of a WIMP with mass my =
100GeV for three values of its coupling to SM: X = 0.005 (blue curve),
A = 0.07 (green curve) and A = 1 (red curve). Equilibrium curve is shown
in gray. Notice that the stronger the interactions, the smaller the remaining

WIMP relic.

‘Therefore, if the scales of masses and couplings of WIMPs are close
to the SM ones, the right amount of dark matter relic density is easily
achieved. Moreover, WIMP candidates are a common byproduct of
models in which new physics at weak scales solves problems of the
SM. This coincidence is the so-called "WIMP miracle”. The possibility
of probing this scenario at colliders, underground detectors,
telescopes and satellites had driven the efforts in the search for dark
matter particles in the last decades.’



Point of views

E
3)
%
o
g
0
9]
—~
9]
3
=
[
M
Q
+
+
S
=
™.
N
S
A

neutrino floor:” both v-N and v-e contribute backgrounds

| |
ST N A T ST S S 0 I I AN NN T T BN W I i .L_.L_'_l_l_l_:_L____l__.‘_.l_l_.l_’_.l_l.!____.L__l__l_J_.l_L.l.Ll

1073 102 10! ) 1 10 10?
M, [TeV/c"]

You could say that you are close to moment of truth
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ou look with an other eye
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so what should we do
(You dear promising young researchers !)

T i In 2001, European scientific agencies
R EuroPean Astroparticle  founded APPEC (the Astroparticle
7/ Physics Strategy Physics European Consortium).
APPEC 2017-2026 |/ Since 2012, APPEC became a
“w consortium operated on the basis of a
Memorandum of Understanding with
the overarching aim of strengthening
European astroparticle physics and
the community engaged in this field.




The wide field of investigation

High Energy Gamma Rays

High Energy Neutrinos

High Energy Cosmic Rays
Gravitational Waves

Dark Matter

Neutrino Mass and Nature

Neutrino Mixing and Mass Hierarchy
Cosmic Microwave Background

Dark Energy



Promising — bright — ﬂutu re al;lvead!
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Getting Europe together

APPEC Consortium

OSI (Finland)

\/ | VR (Sweden)
j/ DESY, KIT (Germany)
APPEC 2018 JINR (Dubna, Russia)

RIA (Ireland)

STFC (UK)
FOM (NL)

IEAP-CTU (C2)
INFN (Italy)

FRS-FNRS, FWO (Belgium)

IFIN-HH (Romania)
CEA, CNRS (France)

SNSF (Switzerland)

LSC (Spain) — NOA (Greece)

FCT (Portugal)




where the glory is In finding the sources



Charged Cosmic Rays

Sclentific American, (c) 1998
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Loma Amarilla -
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and now:

e e e StuCL B e oroia s 0 o0 0 o0 e e s
Bt S5 0 The Pierre Auger Observatory:
* >15 years of data

» the world largest exposure to UHECRS

| ® Auger (ICRC 201)
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dipolar large scale anisotropy:
UHCRs > 8 EeV are extraGalactic
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intermediate anisotropy hinted by correlations
above 38 EeV (SBGs, 40; AGN, 3.50)

B dNE (GeV em~ s~ sr1)

Dominance of heavier nuclei supported 1010 et

10%

by non-observation of cosmogenic neutrinos




Auger Prime

Chemical composition
Nearby sources
Neutrino showers

Another piece of multi messenger astronomy



. E. Gamma Rays

from MAGIC &
HESS

MAGIC telescope, La Palma (Credit: CTA)

The Imaging Atmospheric Cherenkov Telescope principle

to CTA



Projection of performances
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CR In space

Plastic Scintillator Detector

Silicon-Tungsten Tracker\‘ G dimnima Ray b u rStS

BGO Calorimeter

Particle spectra




The AMS puzzle

Positron Spectrum

* AMS-02

= Fit with Eq.(4) and
68% C.L. band

Dark Matter or Astrophysical sources ?



Future is HERD
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Understand the H.E. emission from nearby sources



IceCube

Vertical

Core-mantleg
boundary

IceCube

Horizontal

0 meters

Atmospheric Fluxes (reduced by self-veto in analysis)
—  Prompt Upper Limit(s, +#,) [1.04x ERS] Astrophysical Fluxes

=  Conventional (», +¥,) (zenith-averaged) [1.07x Honda2006) (on top of atmospheric)
' eee HESE Differential
v, Best Fit

mm HESE 1-Component (E *Y)
IceCube Preliminary

IceCube Array
86 strings, 60 seasors coch
5,160 optical sensors

1,450 meters |4, Ceeplore
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far low energies
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H.E. Neutrinos

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays

cosmological max of star formation opaque to photons
transparent to neutrinos

nearest blazar

nearest galaxy
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an alternative:
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The mysterious neutrino

* Neutrinos might hold the key to both the mystery of
the antimatter disappearance and the New Physics

"%y Majorana mass
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Borexino@LNGS

— 140 —11C
210pg -~ Pile-up
210B;j ---- External background

— 85Ky
—Total fit: P = 0.7
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Quest for Majorana particles

Majorana




The process

Majorana
neutrinos
and Ov2f




Sensitivity

Sensitivity @9 @ (i.a. ® ¢)

What really counts

 amount of of the right isotopic composition
* Background Index (counts per unit of energy per unit time)
* the best Energy Resolution achievable

* avery good



GERDA@LNGS

enriched coaxial -23.1kgyr  : : [} ater active backaround rejection
. i = background level
------ Tye=0.810% yr limit (0% C.L)

Counts / ( keV-kgyr)

T% >0.9- 102 yr (90% C.L.)E

1/2

B normal ordering

1
B inverted ordering

-~ GERDA Phase I
10-1 e

Counts / ( keV-kgyr)

2150
Energy (keV)

Lowest background per ROl ever achieved in Ovpp3
experiments. Background Index:

— for coaxial detectors: 5.7 - 10 cts/(kg-keV-yr)

— for BEGe detectors 5.6- 10 cts/(kg-keV-yr)

So, for the given FWHM and the background index
you expect to be able to run 2 years ‘square root free’



turning to LEGEND@LNGS
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G(Q,Z): phase-space factor

well calculated

130Te 136Ke
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heavy price to pay to phase space Phys. Rev. C 85, 034316 (2012)

140 160 180 200 220 240




Light Signal

1he principies ot the
alternative

Absorber

NTDigi
Light

NTDheet

Energy
Release

—3

Heat Signal

The simultaneous
read-out of HEAT
and allows
particle
Identification

2600

Energy [keV]

A background-free experiment is possible:
a-background: identification and rejection
B-background: B3 isotope with large Q-value




The application: CUPID-0

(former LUCIFER)

Final Heat Spectrum

+ a Rejection
B + Delayed Coincidences Veto

82Se exposure: 5.29 kgxyr

3000 3050 3100 3150 320
Energy [keV]

208T].DE
208T].SE

500 1000 1500 2000 2500 3000 3500 4000
Energy [keV]

Background index in the range
2.8 — 3.2] MeV:

(3.5%39) - 1073 cnts/(keV-kg-yr)

Lowest background achieved with
bolometric experiments.




the reason for this choice

Mo based crystals much easier to produce

Energy resolution 3-4 times better

.  gig , 3o disc. sens.
T1/2 mgg
[keV] - [yr] [meV]

———W--_-_—-l_
I — MC simulation from
y T Fit recopstructio CU PI D (Se) anaIySIS

Counts / keV

Holder

Reflecting Foil

Crystals - Uand Th

Crystals - 2 vpp

10°®

_ 10°* 107
1000 500 2000 5500

Counts/keV/kgly

5000



However

1026 years reached (Gerda, Kamland-ZEN)
1027 reachable (LEGEND, CUPID, nEXO)

1028 ? (background shall be really 10-° or better for a
huge mass of isotope)

1029 direct hierarchy ....here the problem is the
detector mass (!!!)



look carefully please




looking for a far future
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Dark Matter as a substantial
slice of the Universe pie

* A duty of bringing the existing lines of research at
LNGS to their imit (get to the neutrino floor)

e Xenon nT

 Dark Side 20k (moving eventually to ARGO 300Kk)

direct detection




intriguing result

DULATION SIGNATURES

Annual event rate modulation:

June-December asymmetry ~2-10%
Drukier, Freese, Spergel, Phys. Rev. D33:3495 (1986)

Wind ——

Sidereal direction modulation:
0:00h

asymmetry ~ 20-100% in
forward-backward event rate
Spergel, Phys. Rev. D36:1353(1988) ..

x 3 rate variation of parallel vs

perpendicular directions

Credits Jocelyn Monroe



DAMA/LIBRA

MODULATION RECENT RESULTS

Standard Halo Model predicted modulation A~0.02-0.1, to=152.5 days

DAMA/Nal + DAMA/LIBRA-phase1 + phase2:
A= (0.0103 = 0.0008) cpd’/kg/keV, to= (145+5) d in 2.46 t-yr (2 - 6 keV)

2.6 keV NUCL. PHYS. AT. ENERGY 19 (2018) 7.325

" [ €——————— DAMA/LIBRA-phasel (1.4 tonxyr) —————> 4——— DAMA/LIBRA-phase2 (1.13 lonxyr) ——————> |

>
©
3
%’
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2.46 ton x yr exposuré
annual modulation signature observed over 20 annual ¢ycles (12.9 o)

Time (day)

many other searches, on Ge, Csl, Xe, etc.

COSINE-100, 1.7 yrs
- Single-hit
Muitpie - ha
DAMALIBRA-Phase!
DAMALIBRA Phase2

observe no evidence of modulation

In the same underground laboratory:
XENON100: Xe, 5.70 exclusion of DAMA,

dark matter electron interactions via axial vector
coupling PRL118,101101 (2017)

Modulation Amplitude (counts/keV/kg/day)
o

Using the same target (Nal):
ANAIS (LSC), COSINE-100 (Y2L)
~consistent at 10, project 30 test in 5 years COSINE-100, arXiv:1903.10098

20

10 15 :
Energy (keVee)



changing the temperature
COSINUS

Method

~—— Thermal link
TES

-« Si beaker as light absorber

Nal target crystal

Interface

-« carrier crystal (e.g. CdWO4)
TES
<«— Thermal link

Eur. Phys. J. C (2016) 76:441

8 -
v 2

I COSINUS Frojection (1)
— m COSINE-100 2018

3 3 3

Dark Matter Particle-Nucleon Cross Section (pb)
k!

3 4 5678910 20 30
Dark Matter Particle Mass (GeV/c’

LIGHT YIELD =

=
2
>
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2
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Performance goal
* Egu=1keV (5 6pponon)
*  Opponon — 0-2 keV
- GLight =0.11 keVee
» 4% of deposited energy
measured as light

AOK contribution (600 u Bq) and flat background 1c/(keV kg d)

Na-recoils

60 70
Energy (keV)

COSINUS should be able to exclude the o
DAMA region by about two orders of
magnitude in cross section with an exposure of
100 kg days

10 crystals, 50 gr each - 1 year of data taking



Xenon1(n)Ton

THE XENONTT EXPERIMENT
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SPIN-INDEPENDENT WIMPINTERACTION

Ehvs, Bev, LetL 121111302

WORLDBEST CONSTRAINTON WIMP DARK MATTER
Most stringent exclusion limits (at 90% CL) for WIMPs > 6 GeV /c?
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Dark Side 50: low mass DM

10—42 DarkSide-50 Binomial
- = DarkSide-50 No Quenching Fluctuation
e NEWS-G 2018 LUX 2017
——— XENON1T 2017 e PICO-60 2017
10-43 PICASSO 2017 -+« . CDMSLite 2017
wwe. CRESST-III 2017 PandaX-II 2016
— XENON100 2016 DAMIC 2016
- = = CDEX 2016 CRESST-II 2015
10—44 .—-~ =+ SuperCDMS 2014 CDMSlite 2014
= COGENT 2013 CDMS 2013
CRESST 2012 /" DAMA/LIBRA 2008
Neutrino 'Floor

Dark Matter-Nucleon o4 [cm?]

1 2 4

3
M, [GeV/c"]

Energy [keVar]
60 80 100 120 140 160 180 200

concept for a 0 background 20 ton
Dark Side experiment
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Dark Side 20k @LNGS

DarkSide-20k @ LNGS

Sealed acrylic TPC
containing 50 tonnes of
UAr in a ProtoDUNE-like
cryostat filled with ~700
tonnes of AAr

30 m2 SiPMs as
photosensors (8280
channels for TPC and
~3000 channels for Veto)

Gd-doped acrylic panels
as neutron veto




main steps forward

SiPMs to replace PMTs

Low-radioactive argon
procurement and purification

* Urania: procurement of at
least 60 tonnes of UAr from
Colorado, USA (same as DS50)
withe extraction rate of 250 kg/
day, with 99.9% purity

* Aria: UAr transported to
Sardinia, Italy for final chemical
purification via a 350m tall
cryogenic distillation column in
Seruci, Sardinia, Italy

* Process ~1 tonne/day with
1000 reduction of all
chemical impurities and
isotopically separate 3°Ar
from 40Ar

Seruci-0 - prototype Seruci-l and Il



great results and perspectives
however........
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after you hit the neutrino floor

G S

. Directionality as key for unambiguous identification of DME |

Increasing reliability of any observed signal, increasing difficulty in the experimental techmque

| ighter WIMPs 5 i DAMA/LIBRA Collaboration
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Universe 4 (2018) no.11, 116
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Energy dependence: Temporal dependence: Directional dependence:
a falling exponential with a few % annuadl an O(1) effect that no

no peculiar features modulation background whatsoever

can mimic

E. Baracchini - |

Directional correlation with an astrophysical source is the only
available POSITIVE identification of a DM signal 15




detector
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What you will find in the Whitepaper

CyanNuUs: Feasibility of a nuclear recoil observatory with directional sensitivity to dark G S
matter and neutrinos E |

The physics case for DM and Background discrimination @ 105 (for 3D Engineering studies
neutrinos measurements readout) down to 1 keV, with simulation and for 1000 m3 detector
supported by measurements
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what an improvement !
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a brutal way of seeing things
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Multi messenger is finally born

Binary Neutron Star Merger
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Astroparticle everywhere !
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IS money In issue ?

v-mixing “

gravitational waves

y-ray telescopes

Expenses (M€)
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v-telescopes

dark matter ;
underground laboratories g

2020 2021 2022 2023 2024 2025 2026
Year

It is a matter of reflection.
100 MEuro/year from Europe for such a wide field
Is little money.



Conclusions

AstroParticle Physics is a booming field
Looking to unravel the wonderfulness of cosmo
Going to understand the fundamental law of Nature

Plenty of opportunity for young scientists



