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Introduction

e 2nd-7th June in Noirmoutiers

* Discussions around dark matter and dark energy with
different approaches : particle physics, astro-particles
and cosmology

 Focus on tools (instrumentation, big data, Al, theory,
models)

* One day with other topics, that use similar tools
(exoplanets, guantum physics, photonics, astronomy)

 Michel Mayor talk on exoplanets, very interesting !




Dark Matter

20.8% Dark
Matter

08.3% Dark
Energy

Galaxy Rotation Curve
Credit: Matthew Newby, Milkyway@home
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LAURA BAUDIS, UZH: THE NATURE OF DARK MATTER, A 100 YEARS CHALLENGE

WHAT IS THE DARK MATTER?

Standard-
model
neutrinos

Sterile
neutrinos

"A component of the
universe that is totally
invisible is an open
invitation to speculation”

Neutrinos

Super- Extra
symmetry dimensions

B. Ryden

Dark matter Weak scale

Simplified
models

Macroscopic Macros WIMPzilla

Bertone, Tait, Nature 562, 2018

: : Self-
Primordial erfluid . .
black holes Superfid interacting




They all ask “What is Dark Energy”

and “Where is Dark Energy”, but
nobody asks “HOW is Dark Energy?
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Direct search for dark matter
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Direct search for dark matter

 ton-scale experiments, very low interaction rate : 0.01
counts / kev ton year

* Nal (Sodium lodide) detectors sensitive to high DM
masses (>30 GeV)

 galactic dark matter
* No any signh of new particule.... except in DAMA'!

* DAMA: matrix of Nal(TI) scintillation detectors (Y-ray
detector)

* located underground (Laboratori Nazionali del Gran
Sasso)
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Dark Matter signal ?

 Annual modulation of signal. Sign of DM in galactic halo ?

« APPEC Recommendation: “The long-standing claim from DAMA/LIBRA [...] needs to be
iIndependently verified using the same target material.”

R. Bernabei, Lomonosov conference, 08/2021 2.6 keV Maximum,”
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Timeline of direct Nal experiments

Checked by DM-Ice, Cosine-100 -> no sensitive
Checked by ANAIS-112 -> no compatible with oscillation at ~30 level -> 50 at reach in late 2025

Other experiments in construction to make the same study (SABRE, PicoLON-Japan)

5 o exclusion (QF not considered)
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data taking
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Cosmology
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Cluster

The most massive collapsed objects =1014 Mg

 Composition
* 85—90% dark matter
 10—15% ordinary matter, of which
 ~ 75% (gravitationally heated) gas

 Somewhat arbitrary (but useful) definition

* Halo = entire thing

* Cluster = galaxies & gas (what we see)

Bullet Cluster. X-ray: NASA/CXC/CfA/M.Markevitch, Optical and lensing map:

NASA/STSc, Magslan/U. Arizona/D.Clowe, Lensing map: ESO WF 6 Large_scale Structure and Cosmology

Standard Model No dark energy Warm dark matter

&




Halo Mass Function

Impact of changing dark energy equation of state parameter by 0.1
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* The bigger a halo, the stronger its
SZ, X-ray, optical, lensing signal

* Supported by theory and numerical

simulations

 These are average relations — there is
Intrinsic scatter, because no two
objects are the same

* For the experts:

* Halo morphology and evolution lead to
correlated scatter among observables

spectral distortion of the CMB through inverse Compton scattering
by high-energy electrons in galaxy clusters -> independent of z
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Modeling Framework

Observable—Mass Relations
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Sebastian Bocquet — LMU Munich




|dealized (exaggerated) situation

Weak-Lensing Mass Calibration |- S

Robust observable—mass relations SESTUNNES SN

By TallJimbo - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/
index.php?curid=4150002

 We could use predictions from first principles (e.g., i —

hydrostatic equilibrium) or numerical simulations O wo 0O pezstes
] cccep "] (882, NFW
1.2 — B D CLASH * Thiswork, stacked —
* Systematically limited by uncertain astrophysics g
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(b) Tangential shear profile of SPT-CL J0254—5857.



e South Pole
Telescope (SPT)

10-meter sub-mm quality
wavelength telescope

90, 150, 220 GHz and
1.6, 1.2, 1.0 arcmin resolution

2007: SPT-SZ
960 detectors
90,150,220 GHz

1600 detectors e R | = << . N e ,

90.150 GHz \ / : o 2 | 3 s 4 2 SPTpol@1éo e
+Polarization | - = - - » e

S = 3| ° Clean and well-understood
207=SPT-3G SIS N e B Funded By: selection of candidates
~15,200 detectors <« >gnage ‘ e -

90,150,220 GHz
+Polarization

* Very high redshift clusters can
be detected !
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The Dark Energy Survey &
5000 deg? galaxies & weak lensing @&

Catalog of SPT-selected cluster
candidates needs

» Confirmation

» Cluster redshifts

o Weak-lensing (mass) measurement
all of which DES was designed for

(here we use DES Year 3 data = Y3)

EDSU Tools 2024 21 Image credit: CTIO/NOIRLab/NSF/AURA/D. Munizaga
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SZ Cluster Selection + Optical Confirmation

e 1005 confirmed clusters above z > 0.25
over 5,200 deg”2

e Almost 700 SPT clusters (redshift
0.25—0.95) with DES Y3 shear
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amplitude of fluctuation in

ACDM with massive neutrinos

matter density field

Bocquet+24l|
1.14 SPT(SZ+pol) clusters + (DES Y3 + HST) WL SPT(SZ+pol) clusters = o Caeters T WL
ROSAT clusters + WL (WtG) 1.0 - - (DES Y3 + HST) .WL B SPT clusters + WL + Planck18
ACT DR-6 lensing W
_ Planck18 TTTEEE N
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» Competitive constraints, especially on S;p = 0y (Qm/0.3)
* No evidence for “Ss tension” with Planck (1.1 o)
« In combination with Planck Z m,<0.18eV(95%C.L.)
EDSU Tools 2024 32 Sebastian Bocquet — LMU Munich

N
-



First images of Euclid

y A
o : O
} v ITTTIA S

gy

Primary mirror: 1.2 meter | e

Field of view: 0.5 square degree (matched optical/near-infrared) B e
FWHM optical: 0.14" (610 Mpx CCD mosaic with 0.1"/px, one single broad band)

FWHM near-infrared: 0.45" (64 Mpx FPA mosaic with 0.3"/px, three bands)
Low-resolution grism near-infrared spectroscopy (R~400)

Located at L2 for its 6 year-long DE mission to cover 14 000 square degrees
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Galaxy cluster Pe

.| Galaxy cluster Abell
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ZTF DR2: ~ 2,000 SN at low redshift (~5000 at the end of ZTF)
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ZTF DR2: ~ 2,000 SN at low redshift (~5000 at the end of ZTF) ‘”:
LSST wide-fast-deep: ~ 1,000,000 SN at intermediate redshlft

: ~ 10,000 SN at high redshift o /ﬂ\

VERA C.RUBIN

LSST will reduce area by ~20

| 1200 - VERA C.RUBIN
BOO—
00— N
—_— Gaussian contours roughly estimated
m == ' ='E? using FOM from 2405.10781
44
LI Ill T T LI B B ) ll T
102 107 10°
Resdhift BN [SSTSN
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CFA4p?2 DES SCP
CFA3K PS1MD HST1
A+ CSP SDSS
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anl LOSS1
1.0 CFA4p3 953 SN 30 SN
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" 718 SN - cra2
+  CNIa0.02
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Full sky coverage:
We will be able to measure the isotropy of the expansion, it’'s acceleration, etc




Neutrinos
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Neutrino mass
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Experimental approaches
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world-best constraint, m;< 0.8 eV (90% CL) D ata taking O'\/erVieW

[Aker et al., Nature Phys. 18 (2022)]
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40-eV analysis window (x 10°)
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e = mm e e e e e e e mm e s .
first result, m,<1.1eV (90% CL) next release, main challenges until end-2025
[Aker et al., PRL 123 (2019)]
e reduction of backgrounds and systematic effects
e combination of heterogeneous datasets
Christoph Wiesinger (TUM) 12
Statistics 0.108
Systematics 0.072
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Gas density 0.052
Energy loss 0.034
Penning bg 0.027
Source potential 0.022
Non-Poisson bg 0.015
Bg qU dependence 0.007
Analysing plane 0.006
B 0.004 KNM1-5
o . ) oo REEASE ' B background-related
->  statistics dominated, projected Brmax 0.004 B source-related
sensitivity m.3< 0.5 eV (90% CL) Rear wall 0.004 N field-related 08
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Neutrinoless double beta

decay

- - * Particle and antiparticle (Majorana)
/u \ > /u \
| I . .
N .d: > dip * Violation of lepton number
d—r y |
W > e OvBB and neutrino masses
V _
W- N > e Majorana neutrinos —> mass term that does not
“i - conserve lepton number —> two mass
/d AN /u\ eigenstates appear, one with a large mass A, of
! \ ; ‘ the order of the new underlying physics, and the
n | d ; > l d | p other with mass mv ~ 1/A. Both states are
‘u I S ‘u I invariant under charge conjugation.
\ /7 \ 7/ *

The smallness of neutrino mass scale is
explained naturally, through the see-saw
mechanism.

A lepton asymmetry, generated by Majorana
neutrino decays, could explain baryogenesis,
together with CP violation and departure from
thermal equilibrium.

y

Majorana neutrinos could help explain matter-
antimatter asymmetry in the Universe. 29

Paola Ferrario - Donostia International Physics Center - OvBB with TPCs@EDSU-Tools 2024 3



Two options

Liquid Xxenon Gaseous xenon

- : . " " — .
ar . 3 N [ -~ K \\ i L/
— -
., 4 — \ .

) - ol : ) : ‘ ."-. . = o ’ '-,__- )

o T

. e - ~
JU ¢ Lt RO ey | ‘
* — ® -— : o J ~ "
‘ ﬂ’\ ‘ » L a8 . ", = | - ‘ L N, /O {
v «
1)

. : 5 P.r_,: | .‘ A ~ o : - - :
ST Ve S\ Smaller Fano factor rintrinsic energy
‘Q . = g | . v .‘ £ - ;'; . M : .:f' g J ' f | | \ £ \ " .. l s
‘l _ ' N - ’.J/rn/ ,AW_WA‘]._'\' ,'. A%:Il' ‘Eb 4 | 111 — . ’ ' ." ;‘\ _ - X _\’~ _ ‘\\ | L - ..

—p—

| P~ - 1 -7 o on = Sl g
e (.

ACK OfF I Nation on electron tracks
v I T " —— g,

¥
N

— ’ ' % ~74
- ] Vo 1°l

- ‘* | & N )
{ﬂ i

Ovpp » | - R L

1Cer 1nstoute (

Paola Ferrario - Donostia International Physics Center - OvBB with TPCs@EDSU-Tools 2024 12



PandaX-II

e 580 kg of natural xenon (~51.6 kg of | ® 3.7 tonne of natural xenon (~60 kg of

136Xe).

e Lower limit on OvBP half-life: 2.1 x e 1.185 m length and diameter.

1023 yr (with 242 kg yr of data).

PandaX-4T

136Xe in the fiducial volume).

e Measurement of 2v[3 half-life: 2.27 x

1021 yr,
Y Dual phase TPC read out by PMTs

LUX-ZEPLIN

e 7 tonne of xenon in the
active volume (~ 600 kg
of 136Xe).

e Expected sensitivity on
OvBp half-life: 1.1 x 1027 °
yr after 3 years.

XENON1T XENONNT

e 5.9t of xenon (1088 kg of 136Xe in

1 tonne of natural xenon (~ 36 kg the fiducial volume)

of 136Xe in the fiducial volume). 1.3 m diamet 1.5 m drift
97 cm length, 96 cm diameter. e

Lower limit on OvB half-life: 1.2 * Sland S2read by PMTs.
X 1024 yr, e Expected sensitivity: 2.1 x 1025 yr

with 275 kg yr exposure.

Paola Ferrario -

Donostia International Physics Center - OvBB with TPCs@EDSU-Tools 2024 19
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gamma-ray from galactic center

 Fermi experiment launched in 2008 (particle detector in space : trigger, calorimeter, tracker,
anticoincidence detector)

Let’s just go ahead and look...

* Very Successful Launch!

e Orbit:
* Altitude: 565 km

* |nclination: 25.6 deg
* Period: ~90 min

e Turn off through SAA

e Lifetime: 5 years min.
* No expendab

June 11, 2008

.......
SAA mapping |

Evidence for an extended source consistent with

a dark matter interpretation:
Abazajian & Kaplinghat 2012

Gordon & Macias (2013), Cirelli et al. (2013),

Abazajian et al. (2014), Daylan et al (2014),
Calore et al. (2014), Abazajian et al (2015),
Ackermann et al (2015)




Extended Source Model

Extended Source Counts

I

WIMP Dark Matter in the Galactlc Cener7' 1‘

lw_ I——

_30 GeV TStrue —2Aln£—824 28. 70, p = 4>< 10~ 18!

0.69 — 0.95 GeV 0.95 — 1.29 GeV 1.29 — 1.76 GeV 1.76 — 2.40 GeV

M Abazajian &
| Kaplinghat 2012 |

« But could be
rather interpreted
as stellar bulge

 Being investigated
by many teams
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A massive satellite encounter

Could a recent ( S 100 Myr) and close ( < 100 kpc) approach of a
massive satellite significantly impact the dark matter (DM)
distribution in the Solar neighborhood?

Outgoing
Particle

—

Incoming
Particle

Gaia

The LMC introduces perturbations in the DM and stellar halo.

Stellar halo
DM halo 2 S

most massive satellite of the Milky Way

Gaia’s EDR3 sky map. Credit: ESA/Gaia/DPAC

Aplp

« Can deduce properties of dark-matter
by studying velocities of stars in satellite
galaxy

b Simulation

Transient wake

Garavito-Camargo et al, Ap) 919, 2, 109 (2021)

Garavito-Camargo et al, Ap) 884, 51 (2019) 39

-0.5 Aplp 0.5

Conroy et al, Nature 592, 534-536 (2021)



Effect of LMC on direct detection

* The LMC could perturb the high speed tail of the local DM
velocity distribution. =9 Affects direct detection implications for

low mass DM. Besla et al, JCAP 11,013 (2019)
Donaldson et al, MNRAS 513, |, 46 (2022)

» Studied in specially designed idealized simulations.

— MW 10~ : - = MW Isolated; Model 1
104 == MWIso ; ==  MW: Model 1
. t MW+LMC; Model 1 °
‘ Model 1 _ A —— MW Isolated; Model 2 Halo Integrals
: v —— MW; Model 2
1042} \ \ MW+LMC; Model 2
0.8+ 10 , ‘ v . ‘ . .
' Smith-Orlik et al., JCAP 10, 070 (2023)
2 — " ‘
£ os- ;" -
2 g % "
<L b . ~
= - gEg 10-1[— SHM
= 0.4 O 107 o 1— MW (Iso.)
o | — MWLMC (Peri)
— 10 "4 MW (Peri.)
0.2+ 10-*E g {— MW+LMC (Pres.)
> -3 MW (Pres.)
o~ 10 H
1 — MW4+LMC (Fut.)
0.0+~ ==, = ' — 10-~( 111111111111111111111111111111111111111 : -———— MW (Fut) \ 1 N
100 200 300 400 500 600 60 65 7.0 75 80 85 90 95 100 1074 : : : , l 4 . \ \ ‘
Galactocentric Velocity (km/s) WIMP mass (Gev/c™) 0 200 400 600 800 1000
Vmin [kmM/s]
Besla et al, JCAP |1, 013 (2019
) ’ ( ) - Two effects: High speed LMC particles in the Solar region +

Milky Way’s response to the LMC.
=P Shift of > 150 km/s in the high speed tail of the halo

integrals at the present day.
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Gravitational waves
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Standard sirens

The GW waveform (in time-domain at the lowest Newtonian order) used to detect
GWs and measure the parameters of the system is (for the X polarisation)

4 (GAM,, w0 .
h(t)=— cosfsin | —2
X\Y0 dL C2

Most importantly for cosmology, one can measure the luminosity distance d; of the
source directly from the GW signal without relying on the cosmic distance ladder

5GM,,

c3

—5/8
5/8
; ) "% + D,

(only GR has been assumed) i ek
— (10 1y) 6
nearby galaxies .
This means that GW iy e il | ey 1
B | {' ["‘ =1 :
binaries are absolute nearby stars P
s - solar system (10" - o - O
cosmological distance (1040 i = J\
| | i !

— white dwarf >|x U
indicators! e 5 | i - swpomovae | U w
- Sun » W = E s b —4:
UW l 52 N | £ I
NN |k 2| = -6}
' - 7 *,‘ - S T TR S T S T SR T SR S
RCAEIne e / 8 025 020 015 010 _ -005 _ 000
parallax - Time (s)
\ 4 main-sequence Tully-Fisher
fitting relation
Free of possible Cepheids
distant 38
standards

calibration systematics



Note however that the waveform above does not depend explicitly on the redshift z,
which cannot thus be measured directly from GWs

One needs independent information on the redshift of the source to do cosmology: if
both d;, and z are known one can fit the distance redshift relation

1+
dy(z) = ———sinh ,/rzkj

Hy 1/,

This is very similar to standard candles

H(z') ¢

/

(supernovae type-la), from which the name

standard sirens (using the analogy between

GWs and sound waves)

[Schutz, Nature (1986)]

10000
(13
Q.

< 1000
®
Q
L
A%
©

100

| Ill”ﬂ'_

Il TIIIHI

III| I I IIIIII| I

b B R BERET S
7
7’

N
ERERETIN A

Ju_d lllllll

----- 0,0, 0,=1
- —— 0,=0.0,=0
= --0,-1.0,=0 =
- a2 0,-03,0,=07 _
= IR ——— WETI R To get the redshift-distance relation
redshift
Method Pros Cons

EM counterpart

Galaxy catalogs

Clustering

Quadruple lensing

Source-frame mass

Rate evolution

Tidal deformation

Accurate redshift estimation, golden sirens

Available even for BBHs, several EM bands to
check consistency

No EM counterpart needed, more efficient for
poorly localized events

Provides 4 bright golden sirens at the price of
one.

No needs of EM counterparts, can fit
conjointly cosmology and astrophysics

As above

No need of EM counterpart, detectable from |
the waveform.

Infrequent and rare events, tentative
associations

Less and less incomplete, less
constraining for poorly localized events

Needs to know the dark matter density
field. Incompleteness issue

Could be rare events and lensing
follow-up could be difficult

Needs to be driven by some
astrophysical expectation

As above

Needs to obtain a Universal EOS from
few calibrators




Current results from LVK

Status of Earth-based GW observations:

Greenland b
i Current 2nd generation GW detector network
Finlan
Iceland
Russia
United
Kingdom
P~ Poland
9 Ge "y el Kazakhstan M .
France ongolia .
Spain haly 9
United States. Nort h Turkey China oot B pDan
Atlantic Iraq Afghanistan
: k!
Ocean Egypt o Pakistan
Saudi Arabia India

Thailand

Venezuela
Colombia

—_—— — — R — - —_— — — — — e — — e — e — —— —— B e e Tl T T

Brazil
eru

Bolivia

LIGO Hanford

LIGO Livingston

i Niger Sudan
Chad
Nigeria Ethiopia

DRC Kenytd- w c e ccccccccc e - - '— ————————————————
Indonesia

R e S

Papua New

Tanzania Guinea

Australia
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VNG NA)

https://observing.docs.ligo.org/plan

KAGRA

Updated s O1 02 == 03 — d)4 05
2023-10-11
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LIGO 1 B ‘i
40-50 150-260
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200

A4
=l

300 400 500 600 700
Time (Days)

Credit: LIGO-Virgo-KAGRA Collabor:



GW170817: the first ever (bright) standard siren

LIGO
30 Swope +109 h
LIGO/ Se] .
Virgo - & :
i o TP N
GBM —_— t
16h 1 8h
DLT40-205d
IPN Fermi /
INTEGRAL [
‘ .* .
e : i
.w‘ 30

The identification of an EM counterpart
yielded the first cosmological

measurements with GW standard sirens

H,=69""kms~!Mpc~

ILVC+, Nature (2017)]
ILVC, PRX (2019)]
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The coincident GW-EM detection of
GW170817 puts stringent constraints
on the speed of GW:

This observation rules out several
modified gravity models predicting

Cr F C [see e.g. 1807.09241 and refs therein]
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The Hubble tension

A few % constraints on
HO with GWs could
solve the current tension
between local and CMB
measurements

Ground detectors currently not
providing competitive measurements

Future detectors (LISA, Einstein
Telescope, Cosmic Explorer) could
Improve a lot precision

[Abdalla+, JHEAp (2022)]
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3rd generation of GW detectors
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Timelines

7 )
COSMIC . . .
EXPLORER Cosmic Explorer Timeline

March 2024

Partnership & Relationship-Building

Horizon \te Evaluati Community Facility
Study SIEELDEEET Construction & Operations

Commissionin Observator
Development ° Operationsv

A
CDR sjte PDR FDR

selected l

2030 mid-2030s

White Paper for NSF MSCAC ngGW

Site evaluation and design funded
by NSF starting 2023

Einstein Telescope: a long path ET i

ESF exploratory workshop
in Perugia on 3G GW detectors

Enabling technologies (seeds)

Q
$ ELITES (FP7) Project
(KAGRA-ET synergies) ESFRI proposal

ESFRI status
ET Collaboration formed

ILIAS (FP6)
Networking activity
of future GW

ET conceptual
design study (FP7)

N
N
>

CDR
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Characteristic Strain

1012

10 ™

101

101®

10 %

10 %

102

10 %

the gravitational
landscape

EPTA
Stochastic
background IPTA
SKA
Massive binaries
Supermassive
binaries
LISA Resolvable galactic |
binaries
Extreme mass HERA
ratio inspirals supernogae GW150914
Unresolvable
galactic binaries
Compact binary
inspirals
Core collapse
supernovae
Pulsars
107 10°® 10°° 10+ 102 10° 10° 10° 10°

Franuenecv / H>»

The nanoHertz domain

Super Massive Black Hole
Binaries (SMBHB)

Cosmic string loops
Relics of inflation

First-order phase transition

+ fuzzy dark matter
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LISA

» Laser Interferometer Space Antenna

» 3 spacecrafts on heliocentric orbits separated by 2.5 millions km @ LIS

CONSORTIU

» Goal: detect strains of 10-2! by monitoring arm length changes at the few

_ » Successful demonstration of the ability to shield from
picometre level fluctuating non-gravitational influences

: LISA Pathfinder
2.5 millions km -~ SN g Requirements

(

f

\,\‘
((
W

February 2017

1g
Frequency [Hz|

M. Armano et al. PRL 120, 061101 (2018) LISA - A. Petiteau - EDSU-Tools - Noirmoutier - 6 June 2024 €2 irfu

47
PDD (LIG) -

LISA - A. Pefiteau - EDSU-Tools - Noirmoutier - 6 June 2024 €22 irfu




LiS

CONSORTIUM

MFR Adoption Launch

Commissionin
 —" by

PhaseA  Phase BI Phase B2/C/D Phase E

Scope, ¢
" definition

Definition Detailled definition, production, integration, tests, validation I Transfer I Operations

2022 2024 2026 2028 2030 2032 {IKL 2036 2038 2042

1993: first proposal ESA/NASA

20/06/2017: LISA mission approved by ESA Science Program Committee (SPC)
after the success of LISAPathfinder and GW detection by LIGO-Virgo.

End 2021: success of the ESA Mission Formulation Review

25/01/2024: success of the Mission Adoption Review and adoption by the SPC:
design is fully validated and we have the ressource to build the instrument

Long building phase of multiple MOSAs: 6 flight models + test models
Launch 2035

1.5 years of transfer, 4.5 years nominal mission, 6.5 years extension

LISA - A. Petiteau - EDSU-Tools - Noirmoutier - 6t June 2024 €22 irfu



» Binaries: large range of
masses and mass ratios:

e SuperMassive BH Binaries

e Extreme Mass Ratio Inspiral

e Stellar mass BH Binaries

¢ Double White Dwarfs

e Double Neutron Stars

e Intermediate Mass Ratio Inspiral
e Intermediate Mass BH Binaries

» Stochastic backgrounds:

10°15 smpHB

—
|
-

IMBHB

o2 || SOBHB/

IMRI

sBHB

e
|

NS-BH

\ P\

! [ WOWD_
|

Total masses (solar masses)

10

e First order phase transitions, cosmic string networks, ...

» Bursts: cosmic strings, ...

» Unknown?

104

LiS

CONSORTIUM

EMRI

106
Mass ratio




Primordial universe
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Inflation

What is inflation?

® Predictive, testable and tested early universe paradigm

4+ Hypothetical accelerated expansion of the universe at Ei,; > MeV

(BBN)
4+ Addresses some unexplainable features of the Friedmann-Lemaitre ® Inflation occurs in the plateau and is followed by a reheating era
model
4+ Friedmann-Lemaitre [
® For the simplest incarnation of inflation. .. 1 /1. | Inflationary part
H2 — g (—¢2 + V)

4+ Historically introduced to dilute monopoles formed at GUT ) |
a _ 4 2
Flatness of the spatial sections (2x = 0.0009 + 0.0018) a 3 (¢ V)

Statistical isotropy of the observable universe (horizon problem)

Reheating stage

4+ H ~ Constant — a o efft | Gena ¢

Origin of CMB and LSS (quantum fluctuations)
® The reheating stage: everything after ¢onq till radiation domination

Gaussianities of the cosmological perturbations (fxr, < —0.9 £ 5)
Adiabaticity of the cosmological perturbations (isocurv. < 1%)
Almost scale invariance (ng = 0.9649 + 0.004)

* ¢ 4+ 4+ 4+

ol

4 /19



Bayes factors for all models

IN(Lmax/Lsr3)
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LiteBIRD overview

 Lite (Light) satellite for the study of B-mode polarization and Inflation from cosmic background Radiation Detection

. ’s L-class mission selected in May 2019 to be launched in with JAXA’s H3 rocket
* LiteBIRD collaboration: Over 400 researchers from : and :
* Definitive search for the from in the CMB polarization

* Making a discovery or ruling out well-motivated inflationary models, insight into the quantum
nature of gravity, the primordial B-mode power 1s proportional to the

* LiteBIRD will improve current sensitivity on » by a factor ~50

. LiteBIRD collaboration PTEP

2023

FE modes

0y,

S

B modes

W —

4

AR L
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The challenge of B-modes detection

* The B-mode signal 1s expected to have an amplitude at least 3 orders of magnitude below the CMB temperature

anisotropies
* LiteBIRD 1s targeting a sensitivity level in polarization ~30 times better than Planck
* This extremely good statistical uncertainty must go in parallel with exquisite control of:
1. rument systematic uncertainties 3. “Le g | induced by gravitational lensing
2. C ic f ind contamination 4. Observer biases

galactic and extra-galactic
atmosphere foregrounds

systematic effects clusters

—

/).,,\
1 .

instrumental
noise

FRCager STERP L SSs A : ' L7 v :
?: " s ol . ‘nb' L Y \A_" e 49 - - 4 .
o'e T g : . - . '
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Image credit: Josquin Errard
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LiteBIRD scanning strateg

AN
Boresight | . Spin axis Lo

(period 20 ‘ \
min.) I o

* 3-year survey, Sun-Earth L2
Lissajous orbit

* Precession angle: a = 45°

* Spin angle: g = 50°

Optimal
uniformity of

) . Sky scanning ~-
T Precession (anti-Sun) axis

— (precession period, ~3.2 h)

06/06/2024 EDSU-Tools 2024 - Gilles Weymann-Despres - LiteBIRD



Summary

 Only a small subset of results shown here, many other interesting presented ! (also in backup)

* https://indico.cern.ch/event/1267450/timetable/?view=standard

* Many interesting project staring soon, or being planned

* useful for prospectives :-)

06
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Additional topics




Sensors

Dark Matter + SuperCDMS -> cryogenic experiments x’%e‘

\—)

Sensors

(—l\
;%f

\_/

Where and how we're looking

Absorption

1022ey QCDaxion gy keV GeV 100TeV 10 Mg

“Ultralight” DM “Light” DM WIMP Lampaske Frimes
lark sectors DM  black holes

08
4

3 June 2024
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M J Zurowski - SuperCDMS Overview and Status - EDSU-Tools 2024

SuperCDMS

Clean room

ryogemcs plant

Radon filter plant

ONTARIO

b\ Canada

@

Ottawa
@
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k ’
MINNESOTA
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oMont al A
MAINE
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Toronto VI8
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NA - New York
- Washington
WEST ®
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TUCKY, “VIRGINIA
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?‘fv CAROLINA
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GEORGIA
FLORIDA
o
Miami

Detectors organised into 4 towers with layouts designed based
on detector type and shielding/veto for different positions.
Orange = Ge, blue = Si

Tower Body Vertical Flex Cable

Tower 1 Tower 2 Tower 3 Tower 4
Vacuum Coax
izIp izIP
iZIP izIP
ER >
]
iZIP iZIP
O (S Si/Ge Detector
iZIP iZIP
e — _
( : P
iZIP iZIP
S _~— e
e ™ S
—— c— | h9
iZIP iZIP Copper Housing
s — =
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Current and projected results

1075

Why are there sub 1 eh peaks?
Detector imperfections to be

improved?

HVeV R4 /

Rate /2.5 7/

See an increase at low
energies - why?

Further investigation
planned at CUTE

M J Zurowski - SuperCDMS Overview and Status - EDSU-Tools 2024

\}
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m
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300 350 400 450 500
Total phonon energy [eV]

Pronounced 1 eh peak

- do we have light

leakage?

How can we calibrate
Si detectors?

3 June 2024
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Dark Matter

We're pretty sure it's out there, but where to look...
Lots of well motivated theories and experimental techniques

1022ey QCDaxion gy keV GeV 100TeV 10 Mo

“Ultralight” DM “Light” DM WIMP Composite Primordial
ectors DM  black holes

?1

M J Zurowski - SuperCDMS Overview and Status - EDSU-Tools 2024 3 June 2024




SuperCDMS search methods

o "lraditional” Nuclear Recaoll: Full discrimination, = 5 GeV

o Low Threshold NR: Limited discrimination, =1 GeV

o HV Detector: HV, no discrimination, ~0.3-10 GeV

o Migdal & Bremsstrahlung: no discrimination, ~0.01 -10 GeV

o Electron recoill: HV, no discrimination, ~0.5 MeV - 10 GeV

o Absorption (Dark Photons, ALPs): HV, no discrimination, ~1 eV — 500 keV (“peak search”)

LT

.- Absorption 4.%$ Electron Recoil ny,

A",w,<
= e

e

Migdal & Brems.

6
| eV 1 keV 1 MeV 1 GeV 1 TeV

M | Ziiroweki - SiinarCNDMS Nuverview and Statiie - FNSI I-Tanle 2N24 2 hinea



Modified gravity



Tensions in LCDM

In addition, discrepancies have emerged

H, tension

1"[[;11}{'1‘.; 2018 50

67.3x0.6 l I
BAO+BSN

68.3+ 1.2

ACT 2020
67.9+1.5

Indirect
measurements

- ———————————————————————————————————— -

Direct o
measurements

SNIa+Cepheids (SHOES)
B30ET.0

SNIa+TR€B SHOEé)
7349420

Y

SNIa+TRGB (CCHP)
98+1.9

7\

HOLICO

73.31+1.7

Tully-Fisher Relation

76.01£2.6

Surface Bri ; uctuations
ﬂﬁﬂ?ﬂsmt

65.0

67.5 70.0 72.5

75.0 77.5 80.0

Ho [km/s/Mpc]

Ss tension
Planck 2018
0.834+0.016
2-30
WMAP+ACT
Primary CMB 0.840 4 0.030
determinations o
0 Galaxy weak lensing
KiDS+B0SS+2dFLenS 3 x2 pt
0.76:6 +0.02
KiDS1000 cosmic shear
0.759 £ 0.024
DESY3 3x# pt
0.776 £0.017
DESY3 cosmic shear
0.772 £ 0.01 §
DESY3+KiDS1000
0.790 +0.018
0.70 0.75 0.80 0.85

Sg — O3y (Q,n/0.3)0'5

0.90
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What is needed to explain low Sg values ?

Ex: Warm dark matter

1 YT T Py P—r———rrTT YT
10 ’

10° |
107}

1072 |

Sg = 03,/2,70.3

of = me(k, z = 0)W3(k)dlnk
with R = 8 Mpc/h

P(k) [Mpc® ]
o

10°
10’ H — CDM
10° H — WOMS5 kev
_ WDM 2 keV
One needs to suppress matter growth 10° 1| — WM 1 kev
10- M adaal ek AAAAAAl-lA hededededddl el

102 102% 10

at scales £k ~ 0.1 — 1 h/Mpc

while keeping a good fit to other data
Very constrained by Ly-a !
[IrSic+ 17]




Theoretical solutions ?

 Decaying Dark Matter (DDM) is a potential candidate -> can
explain S8 tension

 Early Dark Energy can be a candidate to explain HO tension

Lost in the landscape of solutions

Early Dark Energy Can Resolve The Hubble Tension Relieving the Hubble tension with primordial mag

Vivian Poulin!, Tristan L. Smith?, Tanvi Karwal', and Marc Kamionkowski' Karsten Jedamzik! and Levon Pogosian? 3

Rock ‘n’ Roll Solutions to the Hubble Tension

Each author
uses a different
compilation of
data...

The Neutrino Puzzle: Anomalies, Interactions, and Cosmological Tensions

Christina D. Kreisch,"'[*] Francis-Yan Cyr-Racine,>*[f] and Olivier Doré*

Prateek Agrawal’, Francis-Yan Cyr-Racine'?, David Pinner'’, and Lisa Randall'

The Hubble Tension as a Hint of Leptogenesis and Neutrino Mass Generation

Miguel Escudero!'* and Samuel J. Witte® |

Dark matter decaying in the late Universe can rel
tension

Can interacting dark energy solve the H, tension?

... is it possible to
rank the different
models?

A Simple Phenomenological Emergent Dark Energy Model can Resolve the Hubble Tensic

XI1AOLEI L1"'? AND ARMAN SHAFIELOO?

Early recombination as a solution to the H, tension Early modified gravity in light of the H, tension

Toyokazu Sekiguchi':[] and Tomo Takahashi? T Matteo Braglia,! 2 3| Mario Ballardini,' 2 % [{] Fabio Finelli,? %] an

18

Invisible Dark Matter Decay

We explore DM decays to
massless (Dark Radiation) and
massive (\Warm Dark Matter) particles

Y

EDR = E&Em

4

Epy =m, l//

Early Dark Energy (EDE)

Scalar field initially frozen, dilutes faster
than radiation afterwards

1016
- Radiation
102 — Matter
i - Cosmological constant
t? A e Total density
8] 107 1 e Early dark energy
Q.
2 10
. -
m 10° +
G}
E 104 \ q
o0 I
S I
1078 - | T
/ / o 1 |
w = —
-] 2 :
1816
A / |
§ S 0051 Jepe(Z) :
[T. Karwal] I
0.00 v LB R AL | v ALY | v A AL | b LA | v vy bddd | I e " ’ LR A AR ] v LA AL
101 10° 10! 102 10° 104 10° 108 107

V4
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Take a sample of proposed solutions

The Ho OIympics 17 different models, spanning
early- and late-universe solutions

Cx: EDE L cex: DCDM > DR+ WDM
GOAL:

Identify which underlying [ P55 R e S e
mechanisms are more

likely to be responsible Planck 2018 + BAO + SNla + SHOES
for explaining the
discrepancy
Apply different metrics
GT Qomar AAIC
"~ Zmoss \/erlin,D+SHOES _Xriin,D Xr%ﬁn,M _Xr%ﬁn,ACDM + 2(Ny — Nacpw)

2 L 2
\/ 0 + O§HoES
19



Results of the contest

Gaussian  QpMmAp

Model A Nparam Mg , . Ax? AAIC Finalist
Tension Tension
ACDM 0 ~19.416 £0.012  4.40 450 X 0.00 000 X | X
ANy, 1 ~19.395+0.019  3.60 380 X | —-6.10 —410 X | X
SIDR 1 ~19.385+0.024  3.20 330 X | —957 757 V @
mixed DR 2 ~19.413+0.036  3.30 340 X | —-883 -—483 X | X
DR-DM 2 —~19.388 +£0.026  3.20 310 X | —-892 —492 X | X
SIv+DR 3 —19.44010-957 3.80 390 X | —-498 102 X | X
Majoron 3 —19.38010-027 3.00 290 V| —1549 949 VS @
primordial B 1 —19.39070 853 3.50 3.50 X | —11.42 —-942 V @
varying m. 1 ~19.391+£0.034 290 290 v | —1227 -10.27 V v @
varying me+Qx 2 ~19.368 £0.048  2.00 190 v | -17.26 -1326 v @
EDE 3 —19.39010 03¢ 3.60 1.60 v | —21.98 -1598 v @
NEDE 3 —19.38010 040 3.10 1.90 v | —18.93 -1293 Vv v @
EMG 3 ~19.39710 005 3.70 230 v | —1856 —12.56 V v @
CPL 2 —~19.400 £0.020  3.70 410 X | —494 -094 X | X
PEDE 0 ~19.349 £0.013  2.70 280 v 224 224 X | X
GPEDE 1 ~19.400 £0.022  3.60 460 X | —-045 155 X | X
DM — DR+WDM 2 ~19.420 £0.012  4.50 450 X | —019 381 X | X
DM — DR 2 ~19.410+£0.011  4.30 450 X | —053 347 X | X

[Schéneberg, GFA++ 22]

Late-time solutions are
the most disfavored

Early-time solutions
(like EDE) appear the
most successful

68
20



Results of the contest

Unfortunately, the most successful models
are unable to explain the Ss tension

HE \cDM 5]

B /\CDM
B )ajoron B Primordial B :
- = - = What kind of
i i mechanism is
65 65 .
mj" | (.) e | required t_o address
et o g both tensions
» 0.775 » 0.775 .
simultaneously?
0.71 0.7
-19.5 -19.4 -19.2 65 70 75 -19.5 -194 -19.2 65 70 75
Mp H, Mp H,

Interacting (Stepped) Dark Radiation

[Schoneberg, GFA++ 22]

[Khalife++ 24] — Updated version of the contest

Self-interacting /
dark radiation fluid | / allows to lower r;
undergoing a “step” v / and hence increase Ho
in its abundance ; /
(when T<m)... - / _
L e
DR DR r tter |
...which additionally SUPPTESSES Matter
scatters with —— | clustering, leading
dark matter tfoa smaller S, 69
DM ** * DM




Gunn-Peterson trough:
Complete absorption in the Ly-a forest region
starting at IGM neutral fractions (x;y) = 107

Av [km/s]
—5000 0 5000

e
= §
2 il
Z j
g j Quasar proximity zone:
§ . The quasar carves out an ionized bubble
— . —r 'éé —r 11 1 3 : .
10 : ; SIS whose size depends on its lifetime
R [pMpc]

ionized

Euclid will find o S
hundreds of QSOs atz > 6 | 5 5

Acl’\;'ﬁ- Cradit- Chainidhioing 2029

108;10 Nlhalo
11.00 11.25 11.50 11.75 12.00

Av [km/s]
-5000 0 5000 N 6 D edd "YW
T e | B Z LSS L 2 NS [N\ white: neutral

IGM damping wing: e I o W | ~black: ionized

\/ At (xg) = 0(0.1), even the Lorentzian wing

of the Lyman-a cross section becomes visible | A IR e T QR 1200 x Zh:

Lya transmission
(@)
Ul
|

0.0 - L
10 5 0 -5  —-10




Summary

2 100 T T
— e— 2 103_ \
0.0 0.5 1.0 < . —
POSTERIOR 8 B | |
(Xu) = 0.86+3:9 7 0.8 e Al :‘
BAYESIAN T . e
>.. 3 : I : :
P INFERENCE X . 0. JARA g
> 5 ~ 0.4 JELY i
£ —— single QSO posteriors
B E - combined posteriors I
QX O P ' 4 0.2 : model reio‘r)rizattion history |
3 s el il Pla:nck 2018 constraints I
- 1920 2l 22 0 7 8 9 10 11
0910 Nﬁ,"_zlcm“z V4
~ s : : +8.2 °
Fast HMC pipeline to infer (xy;) and 1, Inferring (xgy;) at 28.07 35 % EUCLID & JWST:
using the damping wing imprint of high-  precision, or even the local HI 3-8% constraints on (xyp)(2)
redshift quasars column density at 0.69t8§‘31 dex between 6 <z 11 1



Future experiments

Current experiments exploring O(100 kg).
Tonne scale generation is being prepared. 10"
Need to reduce background to 10-3 ¢/(tonne keV yr).

1028 yr sensitivity to half-life needed to explore the full inverted hierarchy.

OvBB decay limit (90% CL, smallest NME

Mgg (eV)

NEXT-HD

e 40 t of xenon, 3.6 t of
136Xe.

... ® 2-phase TPC (2.6 m diam.
S e X 2.6 m height).
e Fiber barrel to read S1 and S2, " o S1 and S2 read by PMTs
dense SiPM array for tracking. == and SiPMs (or new

e (Gas additives (e.qg., 4He) to Sensors).
reduce diffusion.

e Symmetric TPC with central

5 tonne, 3 t of self-shielding.
elding cathode.

Single drift.

Charge collected at the anode
with crossed electrode strips.

Scintillation read by SiPMs.

12

Paola Ferrario - Donostia International Physics Center - OvBB with TPCs@EDSU-Tools 2024 20



Quantum gravity



Gravitational effects on entangled photons

Experimental Overview

o Still In
Goal: to measure the effect of gravity on entangled quantum states of light construction

2rtlghn
Adp;~10rad —> APy = o2

Light source:
SPDC
(mature)

Signal Photon

——

Rate =10° Hz From our group at MIT

Light detection: nanowires Low noise fiber interferometer

= combined fiber noise’

Hz)

" seismic noise

-—= |aser frequency noise

10 um

—u thermal noise

noise density (rad/

®* acoustic noise

From Philip Walther’s
group in Vienna

frequency (Hz)



Transient Persistent

Binary Merger Continuous Wave
M | W A S Ay |
| H
Phase modelled \/\/\/A M‘
!
o “u
A\ W' AV VA A A A

Phase unmodelled

Stochastic Background



The International Pulsar Timing Array

Effelstg Jodrell Westerbork NRT

- - 5
> - . el
- R - - ' o —
y w4y
’
» - \ . )
» Rdy | - . v el v
’ B ;?‘ 1 =5 .
ol . . » : : k el B 2
- , T R A . 75 5 4
> 7 - 9 < AN
3 | -- . ;
2 .L\ ¢ '\ A A v » - p, LR )
> . ‘\ by 6§y 2 o) > 3
3 ~ .
1 - ¢ w\ > > -
- .

EPTA/InPTA,
PPTA

and
NANOGrav

publish
coherent
results !

« a low-
frequency
-\ quadrupolar

signal
common to
all pulsars »



Pulsar Timing Arrays : principles

— oP JEN

o mihy

The Earth and the distant pulsar are considered as free masses
whose position responds to changes in the metric of space-time

t

— The passage of a gravitational wave disturbs the metric
and produces fluctuations in the arrival times of the pulses

With timing uncertainties dt (~100 ns) and observation time spans T (~25 years)
— PTA are sensitive to amplitudes ~ dt/T and to frequencies f~ 1/T

Sensitivity ~ 100 10-° /25 x 3 107 — A~1.310-16
Frequency domain (25 years - 1 week) — 10°-10-%Hz

-10

| J1909-3744, white‘ned
r(t) 10|
~ 95 ns rms over 13 years [ o
13 I NPT S N, . L A o
=0 — dt/T ~ 2.4 10-16 %g efr%uwﬁ?&m%;m@m it
]

-10 ' ' - - - -
51000 52000 53000 54000 55000 56000

MID



log,, M. = 840105
| |

The PTA signal vs SMBHB population models

high merger rate densities

short merger timescales

high normalization

for BH-bulge mass relation

o

—

Ll

BH merger

timescale
<1Gyr

ay o S Ay
shorter merger times high normalisation

for massive galaxies

Massive galaxies
and
massive black holes
form earlier than expected ?

Coherent with JWST recent

o= 03114 discoveries at high redshift

of pair fraction

compared

to bulge mass

; Results
| | from Antoniadis et al 2024
EPTA - paperlV

vvvvv

“eccentricity ‘and
environment effects
poorly constrained
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halo observable function

de Haan+16

Observable vs. Mass
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