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Scientific revolutions in XX century: relativity

@ Relativity changed our basic

OBSERVER — notion of space and time
@ Time is not absolute anymore

@ There is a maximal speed —
speed of light

AAST LIGHT CONS

https://www.wikipedia.org
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Scientific revolutions in XX century: quantum mechanics

Quantum mechanics: attempts to explain

atomic and nuclear physics

— State of the system: a vector in
the Hilbert space |¢)) (rather than a
point in the phase space (x,p))

() (o)

— Evolution: operator acting on the
Hilbert space H
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Scientific revolutions in XX century: Universe
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Scientific revolutions in XX century: Universe — some “stars’
are galaxies

HISTORY OF THE UNIVERSE

Structure

Cosmic Microwave :
formation

Background radiation

Accelerators is visible
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Relativistic quantum mechanics

@ QM was developed for non-relativistic particles. A lot of effort was made to
combine it with relativity and the Pandora’s box was opened

" ‘\.; E ’ l

.V.

@ Dirac equation

0
w0 B
(/’y g m) P =0
predicted antiparticles. The number of particles is not fixed

@ We lost mathematicians and found phenomena we did not ask for
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What are the fundamental constituents of nature?

Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS
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Early days of particle physics: 1930s — 1960s

@ Two types of nuclear physics phenomena: a-decay and 3-decay

o Cosmic rays — first "accelerators’:
many particles were first discovered
in the cosmic rays
— Discovery of positron 1932
— Discovery of muon 1936
— Discovery of pion 1947
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Fermi theory of weak interactions

@ It was understood that 8 decay cannot be described by electrodynamics
@ Proposal of Fermi: [-decay is the decay of neutron inside a nucleus

n—p+e +v

First theory of weak interactions

Eremi = JE[POITA(E0)Tw ()
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From [-decay to weak interactions. Fast forward

o Fermi theory predicted that if electron and neutrino collide at high energies,
the probability of such a process can “exceed 1"

@ Prediction of massive vector bosons — weak interaction is mediated by
some partlcle (as all other interactions)

NNl

GFPTm?

>4

=

Vi H
@ Predictions of neutral currents [Glashow 1961]

@ Building of electroweak theory. New gauge symmetries. Higgs mechanism
[1964 — 1968]

@ Proposals for unification of electromagnetic and weak forces ; [Weinberg 1967;
Salam 1968]

@ Discovery of neutral currents [1974]
@ Discovery of Z and W bosons at LEP@CERN [1980s]
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|
Standard Model of particle physics: 1967 — 2012
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Higgs boson was predicted in late 1960s, but discovered in 2012
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LHC at CERN
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|
ATLAS experiment

Detector characteristics
Width: 44m
Diameter: 22m
Weight: 7000t

Muon Detectors Electromagnetic Calorimeters
W

ATLAS

\ Solenoid i CERN AC - ATLAS V1997
\ Forward Calorimeters

End Cap Toroid

s

Barrel Toroid Inner Detector ) Shielding

Hadronic Calorimeters
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CMS experiment

CMS DETECTOR STEEL RETURN YOKE

Totalweight  : 14,000 tonnes 12,500 tonnes
Overall diameter : 15.0m
Overall length = 28.7 m
Magneticfield 38T

SILICON TRACKERS
Plcel { 1002150 um] ~ L6 ~G6M channels
Microstrips {80x180 ym) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobiva litanium coil careying -18,0004

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endenps: 465 Crthode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicen steips ~ 16m* ~ 137,000 channels

FORWARD CALORIMETER
Steel + Quarts fbres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
76,000 scintillating PRWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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|
Higgs boson discovery: 2012
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|
Beyond Standard Model

Yet we know with certainty that the
Standard Model is incomplete!




1: Neutrino oscillations

Neutrino oscillations. Observed in the 1960s as solar neutrino deficit and checked
by many experiments. Oscillations are possible only for massive neutrinos, but in
SM neutrinos should be massless!
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2: Matter-antimatter imbalance of the Universe

Baryonic asymmetry of the Universe. All around us consists of matter and there is
no evidence of primordial antimatter. This contradicts the standard cosmological
scenario that predicts symmetrical initial conditions. Not enough sources of
asymmetry in SM to explain it

Sakharov’s conditions on the Big Bang

OLATION OF CP IWARIAXCE, C ASYMMETRY, AND RARYON ASYMMETRY OF THE UNTVERSE

A. b. Sakharov
Submitted 23 September 1566
ZhETF Pis'sa 3, Ho. 1, 32-35, 1 Jamuary 1967

The theory of the expanding Universe, which presupposes a superdense initial state of
tter, apparemtly excludes the possibility of of matter from anti-

tter; it must therefore be asswsed that there are no antisatter bodies in nature, i.e., the
fverse is esyimetrical With respsct to the nusber of particles and antiparticles
asymoetry). Tn particular, the sbsence of artiberyons &nd the proposed absence of

ryenic peutrines implies & nen-zerc baryon charge (baryonic asymmetry). We wish to point

t & possible explanaticn of C asymmetry in the hot model of the expanding Universe (see [1])
making use of effects of CP invarience violetion (see [2]). To explain baryon asymmetry,
propose in madition an approximate character for the baryon conservation law.
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3: Dark Matter in the Universe

Astrophysical evidence:

150

T
Observed

-~ Dark Halo

lar Disk

years #3°

Expected:
N massc| = > Massgaaxi Lensing signal (direct mass
. 1 cluster — galaxies
Expected: v(R) R Observed: 10? times more

measurement) confirms
Observed: v(R) = const

mass confining ionized gas other observations

Cosmological evidence:

Jeans instability turned
tiny density fluctuations
into all visible structures

Alexey Boyarsky
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2012-2019

Standard Model Production Cross Section Measurements

Status: May 2017

a A Qiotal (x2) —
‘8_ 10" E0A0 et ATLAS  Preliminary Theory
=
5 10T o Run12 +s=7,8,13TeV LHE pp V7TV
o s
do BBl Dot 45-4907"
s
105 03<mbeb T
“ LHC pp Vi =B Tey
o AN Dat 2030
0% ¢ Onza
o
LHC pp == 13TeV
s L ) e
10 —EY a 6% s o P BBl Dot 0083617
Pr>100GeY njzan =t Vgﬂ’
10° ¢ o S Y al p
© w 2 a5 o
1 “ogfga
10! . 3
2z zz
ohan
1r -
i EDGV
107 o ]
m TV
1072 F o ]
B oo
W
w03k = I g
PP ¥ w oz 5 13 WYY H WV Vy awaz iy Wi Zjww 2y Wemm Zui VWi
pes il ek e EmCEwK
. A Mt ot Rd R Gf Ad G 4o ha i

Alexey Boyarsky Sterile

. ot ot (SR
ATLAS collab., [1803.10800]

neutrino from micro to macro scales

24.04.2019

20/ 88



Example: new physics without a new scale

2.4 MeV 1.27 GeV 171.2 GeV
% l l % C % t
up charm top
4.8 MeV 104 MeV 4.2 GeV
- d - S -V b
down strange bottom
<0.0001 eV ~0.01 eV

0.511 MeV

s @

electron

Leptons

Lelft chirality
v
T

Right chirlality
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2.4 MeV 1.27 Gev 171.2 Gev
“u "c "t
up charm top
4.8 MeV 104 Mev 4.2 GeV L
YA d YA S 2y, b Lelft chirality
down strange bottom l

<0.0001 eV / /~keV | ~0.01 eV ~GeV | ~0.04 eV ~GeV

o\/ N2 °V1:

muor’ i tau sterile’
neutry o Sterile Beutring 4 neutrino

T

Right chirality

neutrin
» 0.511 MeV 105.7 MeV 1.777 GeV
c
=
5 T
5 o8
- electron muon tau
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Neutrino minimal Standard Model (vMSM)

2.4 Mev. 1.27 Gev 171.2 Gev
*u |*c |
up charm top
4.8 Mev 104 Mev 4.2 Gev
s s S - b
down strange bottom

<0.0001 ev/ ~keV | ~0.01 eV

ove’ Nlo'\}

N;

sterile’

Lelft chirality

T

Right chirality

K 23 RS foB o el RSHT
%) 0.511 Mev 105.7 Mev 1.777 Gev
2
o |1 -1 1
tAe T
- electron muon tau
eV T U
10 b 10
RSN o
1080 4 g * M@ 108
e DM
102 N2 102
Vs
1072 N, v |10
106} quarks leptons Vi 110

Dirac masses

Majorana masses

Neutrino oscillations: particles N2, N3
Baryon asymmetry: same particles N>, N3
e masses O(100) MeV — O(80) GeV

Dark matter: particle N,
e mass 1 — 50 keV

Inflation: Higgs field coupled to gravity
o Inflationary parameters for

Mhiggs ~ 126 GeV in perfect agreement
with observations

@ Neutrino Minimal Standard Model (vMSM)

Masses of right-handed neutrinos as of other
order of masses of other leptons

@ Yukawas as those of electron or smaller

@ Review: Boyarsky, Ruchayskiy, Shaposhnikov Ann. Rev. Nucl. Part.
Sci. (2009), [0901.0011]
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|
Probing the baryogenesis at LHC

107 Rrevious searches 10~ Rrevious searches
107° 1075F
~, 1078 ~, 1078
=) =)
10710 LDVS,DE\/:Ssooo b~ 10710 LDVS,D\I,DL\/:Ssooo o~
" Livcy =300 fo™" » — | Liricp = 300 fb™"
10° — 10” ——
) Baryogenesis ) Baryogenesis
10 1 2 5 10 20 10 1 2 5 10 20
HNL mass [GeV] HNL mass [GeV]

Boyarsky et al. [1902.04535]
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New physics, yet no detection — what can we do?

@ Explore the Intensity Frontier — look for rare events and feeble interactions
@ Seek model-independent data in cosmology and astrophysics

These approaches and conventional accelerator experiments complement each
other.
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|
PLAN B: Finding superweakly interacting particles in lab

Proposal to Search for Heavy Neutral Leptons at the SPS

W. Bonivento (INFN, Cagliari & CERN) , A. Boyarsky (Leiden U.), H. Dijkstra (CERN), U. Egede (Imperial Coll., London) , M.
Ferro-Luzzi, B. Goddard (CERN), A. Golutvin (Imperial Coll., London) , D. Gorbunov (Moscow, INR), R. Jacobsson, J.
Panman (CERN) M. Patel (Imperial Coll., London) , O. Ruchayskiy (LPHE, Lausanne), T. Ruf (CERN), N. Serra (Zurich U.)
M. Shaposhnikov (LPHE, Lausanne) , D. Treille (CERN) Hide

Oct 7, 2013 - 21 pages

CERN-SPSC-2013-024, SPSC-EOI-010
e-Print: arXiv:1310.1762 [hep-ex] | PDF

Abstract (arXiv)

A new fixed-target experiment at the CERN SPS accelerator is proposed that will use
decays of charm mesons to search for Heavy Neutral Leptons (HNLs), which are right-
handed partners of the Standard Model neutrinos. The existence of such particles is strongly
motivated by theory, as they can simultaneously explain the baryon asymmetry of the
Universe, account for the pattern of neutrino masses and oscillations and provide a Dark
Matter candidate. Cosmological constraints on the properties of HNLs now indicate that the

It took 8 years for an idea of a dedicated experiment to crystallize and get
accepted by the community J

Alexey Boyarsky Sterile neutrino from micro to macro scales 24.04.2019 26 / 88



|
SHiP : Search for Hidden particles

Search for rare particles becomes official CERN theme

It took then 1 year to create a collaboration

A facility to Search for Hidden Particles (SHiP) at the CERN SPS “
(5)

SHIP Collaboration (M. Anelli e iz al 22 auhore = :
Apr 20, 2015} 234 pages "v

CERN-SPSC-2015-016, SPSC-P-350
e-Print: arXiv:1504.04956 [physics.ins-det] | POF SHiP

Experiment: CERN-SPS-SHIP Search for Hidden Particles

@ About 250 members of the SHiP collaboration from 44 institutions worldwide
@ SHiP is now an official CERN project

Timeline
@ Approval by CERN ... . . 2019
@ Data taking ... ... 2024
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SHiP

Detector for hidden particle
scattering and v physics

Active muon shield

Mo-W target/
hadron absorber
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1074 revious searches 107 1 Rrevious searches
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Dark Matter

Alexey Boyarsky Sterile neutrino from micro to macro scales 24.04.2019 30 / 88



Dark Matter

Astrophysical evidence:

150
Observed

-~ Dark Halo

lar Disk

years #3°

Expected:
N massc| = > Massgaaxi Lensing signal (direct mass
. 1 cluster — galaxies
Expected: v(R) R Observed: 10? times more

measurement) confirms
Observed: v(R) = const

mass confining ionized gas other observations

Cosmological evidence:

Jeans instability turned
tiny density fluctuations
into all visible structures
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Neutrino dark matter

Neutrino seems to be a perfect dark matter candidate: neutral, long-lived,
massive, abundantly produced in the early Universe

THREE GENERATIONS OF MATTER

IIl  CHARGE:

2.75
q)
dup

QUARKS

3

DOWN

I}78000) =2/3

!' G)i. T;]

ELEGTRON

MUON] |

<3-10

LEPTONS

MATTER CONSTITUENTS: FERMIONS

NEUTRINO

el'®

ORCE CARRIERS: BOSONS

Coigp
7

NEUTRINO

NEUTRINO

ALL MASSES IN MEV

The Standard Model

ANIMAL MASSE!

SCALE WITI

e mcses fundamental particle zoo

Alexey Boyarsky Sterile

neutrino from micro to macro scales

24.04.2019

32/ 88



Cosmic neutrinos

@ At early times the Universe is filled with a thermal bath of relativistic
neutrinos that form Cosmic Neutrino Background (similar to CMB for
photons):

1
f,(p) = 14 eE/Ts (1)
@ We know how neutrinos interact and we can compute their primordial

number density (per flavour) n, o o T3(to) ~ T3(to)

d*p -3
n,o = / ,(p) e ~ 112cm (2)

@ Massive neutrinos are now non-relativistic with energy density
Pr,0 = Z mynyo

@ To give correct dark matter abundance the neutrino masses should be
> m, ~11eV
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|
Tremaine-Gunn bound (1979)

o Fermionic particles are subject to Pauli exclusion principle and their
phase-space density is bounded by density of degenerate Fermi gas:

4
I_Ideg = (;:T):), (3)
o If dark matter is made of fermions — its mass is bounded from below
@ Indeed, a galaxy with mass M,.; and size Rg, has average matter density
Pmatter = g;‘;l (4)
3 "'gal
@ It occupies the volume of velocity space with |v| < v, where v, is the

escape velocity — velocity that is sufficient for a particle to break
gravitational attraction of the galaxy and leave it
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@ Average phase-space density of any system of fermions should be lower than
the phase-space density of degenerate gas

Mgal 1 2mDM4 (5)
iy PR
ga oo
&,_/ ~——

volume of space volume of velocity space

@ Minimal mass for fermion dark matter ~ 300 — 400 eV

o If particles with such mass were weakly interacting (like neutrino) — they
would overclose the Universe
For mpy = 3006V one gets Qpah? ~ 3 (wrong by a factor of 30!)
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"Between friends"

In mid-80s

M. Davis, G. Efstathiou, C. Frenk, S. White, et al.
“Clustering in a neutrino-dominated universe"

argued that structure formation in the neutrino dominated Universe (with
m ~ 100eV) would be incompatible with the observations:

http://www.adsabs.harvard.edu/abs/1983ApJ...274L. . .1W

Abstract

The nonlinear growth of structure in a universe dominated by massive neutrinos using
initial conditions derived from detailed linear calculations of earlier evolution has been
simulated. [...]

The conventional neutrino-dominated picture appears to be ruled out.
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Neutrino dark matter

Massive Standard Model neutrinos cannot be simultaneously astrophysical and
cosmological dark matter: to account for the missing mass in galaxies and to
contribute to the cosmological expansion

Today this is confirmed by CMB, LSS and neutrino experimental data

24.04.2019 37 / 88
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Two generalizations of neutrino DM

@ Dark matter cannot be both light and weakly interacting at the same time

o To satisfy Tremaine-Gunn bound the number density of any dark matter
made of fermions should be less than that of neutrinos

@ Neutrinos are light, therefore they decouple relativistic and their equilibrium number

density is oc T3 at freeze-out

First alternative: WIMP

One can make dark matter heavy and therefore their number density is
Boltzmann-suppressed (n oc e=™/T) at freeze-out

Second alternative: super-WIMP

One can make dark matter interacting super-weakly so that their number density
never reaches equilibrium value (e.g. sterile neutrino in ¥MSM)
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o N interacts with the SM particles like neutrino, but the interaction strength is

YGr, where ¥ < 1
@ The ¥ < 1 is so small that particles never enter thermal equilibrium. The
interaction rate My &~ ¥2G2 T° — similar to neutrino, but suppressed by 12

_ _ M —
L= Lsy + NidN — yLNH — 7/chth.c. (6)

X
(Higgs condensate)

24.04.2019 39 / 88
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Resonant production of sterile neutrino

@ Maximal amount of DM produced

10?2 T T
N = resonantly (MSW effect):
oy N E Qresonant o« Mpm X |n, — ng
B [l
< ] y
- - DM 2
" E_// Nm.,esm.\\ E Lnon-res X 94 &V
[/ component | ] .
(! \ ] @ Colder (resonant) component with
3 1 P | ) | |
YT 2 3 4 5 6 7 <p> <T,
a=pf,

@ Warmer (non-resonant)
component with (p) ~ 3T,

Shi & Fuller [astro-ph/9810076], Laine & Shaposhnikov [0804.4543]
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|
Sterile neutrino DM production

10®

=
S,
©

10-10

nant production
presence of

10-12

Interaction strength [Sin2(29)]

10

10-16
0.3 1 10 100

DM mass [keV]

o = = = ©ac 41 / 88
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Properties of sterile neutrino dark matter

o Can be light (down to Tremaine-Gunn bound)
@ Can be decaying (via small mixing with an active neutrino state)

The decay signal is proportional to

f/J'DM(r)
@ Can be warm (born relativistic and cool down Iater)

) | The linear power spectrum (“power per octave” )

~ 2 THDM ! // T
WDM
of cbMm cold
Q
°
ol 2 ]
— o
X 4 E Dwarf ]
g e jals
X 5 galaxy warm
e - o-6f £
S 3 clusters
. -8} S 1
Overdensity &

hot

—12f

L L L L

-2 0 2 4
Log k [N Mpc™]  small scales

Large scales
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Warm dark matter affects. . .

o Matter power spectrum of density fluctuations at scales below the

free-streaming;:
_ /d3—' ik-(X— >?’)<6()—(»)6()—(4)>

e Halo (subhalo) mass function (decrease number of halos of small mass)

9Pk
P(k)=|—
(k) ‘P

N(> I\/I):/M dM/dncgl\/\j/)

@ Density profile (central core rather than cusp)

_ Po
) = Ty @+ ()Y

@ Reionization, first stars, voids. . .
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Suppression of power spectrum

(.U- The linear power spectrum (“power per octave”™ )
2 T T T T T
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|
Satellite number and properties
o Warm dark matter erases substructures — compare

number of dwarf galaxies inside the Milky Way with
“predictions”

e Simulations: The answer depends how you “light up”
satellites

o Observations: We do not know how typical Milky Way
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Current status of structure formation bounds from the Local
Universe

o Connection “dark structures’ < “visible structures” depends on (yet
unknown) way to implement baryonic feedback

@ Simulation to simulation (or even halo-to-halo) scatter is quite large and
affects the conclusions

@ We do not know how typical is our Galaxy, our Local Group, etc

@ You cannot “rule out” your warm dark matter model with these observations

@ You can only check that your model fits the data under “reasonable”
assumptions about baryonic physics
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How to probe power spectrum

Wavelength A [h-! Mpc]
1000 100

. 104 10 1
10 TP
= . ]
S 4
7 M A :
£ ﬁ usters ]
~ ) d
-
a. 1000 ~
E Lensing 3
3 : ]
® X
2100 3
5 = Cosmic Microwave Background E
g @ SDSS galaxies ya‘
:' 10 #Cluster abundance
§ = Weak lensing E
é 4 Lyman Alpha Forest ]
Tegmark & Zaldarriaga, astro-ph/0207047 + updates |
Ll Lol Lol Lol L4 o1 id
0.001 0.01 0.1 1 10

Wavenumber k [h/Mpc]
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Lyman-« forest

-Background -

quasar
i
T . 2 -
: Hydrogen emission
/ from quasar
Hydrogen
absorption

|
4000 5000 8000
Observed Wavelength [Angstroems]

o Neutral hydrogen absorption line at A = 1215.67A (Ly-o absorption 1s — 2p)

o Absorption occurs at A = 1215.67A in the local reference frame of
hydrogen cloud

o Observer sees the forest: \ = (1 + z)1215.67A
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Lyman-« forest

emission

of light
@

Qquasar

quasar spectrum
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f, (1077 erg s~ em™2 &)

J104433.04-012502.2 (z=5.80)

OI+Sill Silv+0IV]

LyB+OVI
Ly Limit .

J083643.85+005453.3 (z=5.82) .

|

L bt

J130608.26+035626.3 (z=5.99)

J103027.10+052455.0 (z=6.28)

5500 6000 6500

7500 8000
wavelength (&)
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Gunn-Peterson trough

Transmitted flux of the quasar is given by F = e™7

7(2) o< Xy
According to Gunn-Peterson observations:

g > 103 forz>6
xp < 107* for z < 5.5
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Scope of Lyman-a: method

Years after the Big Bang
-
400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion

The Big Bang

The Dark Age

&
)
5
)
3
)
=
o
@
2

- Rejonization
Fully ionized — -

Fully ionized

10
1+Redshift

Lyman-« forest is visible only when the Universe is sufficiently ionized
(xqr < 107%), limiting the method to redshifts after reionization z < 6
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0.5

—— CDM Planck Late
M7L12 Planck Late

0 1000 2000 2732
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Flux Power Spectrum

_F=(F)
oF = 0F) (11)
or(k) = —/0 dve *5p(v) (12)
The FPS is defined by
826 = Lk {Fr(k)P) (13)
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Suppression in the flux power spectrum (SDSS)

What we want to detect
o CMB and large scale observations fix matter
power spectrum at large scales
@ Based on this we can predict the ACDM
matter power spectrum at small scales

o WDM predicts suppression (cut-off) in the
matter power spectrum as compared to the
CDM

What we observe

o We observe flux power spectrum —
projected along the line-of-sight power
spectrum of neutral hydrogen absorption
lines

1000

KP(Kk)

J 3D linear matter power spectra

10.0
k [h Mpc™]

DR9

0.005
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High-resolution Ly-« forest

1000 T T i
cosmic scales: 0.5/h-50/h co

ATTTTN

Py SOl
P & MIKE&HIRES
i \

KP(K)

ﬁ:’,‘ — best fit \CDM

10.0
k [h Mpc™]

WDM 2.5 keV

i . 0.010 0.100
(cut-off) in the flux power spectrum k (oflm)

Warm dark matter predicts suppression

derived from the Lyman-« forest data

Lyman-a from HIRES data [1306.2314]

@ HIRES flux power spectrum exhibits suppression at small scales J

@ Is this warm dark matter?
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But we measure neutral hydrogen!

Lyman-« forest method is based on the underlying assumption

The distribution of neutral hydrogen follows the DM distribution

Baryonic effects

o Temperature at redshift z (Doppler broadening) — increases hydrogen
absorption line width

@ Pressure at earlier epOChS (gas expands and then needs time to recollapse even if it
cools)
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FPS effects: temperature, DM warmness, pressure

= =5.0,CDM L20N1024 = =5.0,CDM
— Ty=25K —— CDM Planck Late
Ty = 6700K —— CDM.L20N1024
T, = 16000K ~—— CDM_Planck Early
I MIKE I MIKE
1 HIRES HIRES 1 HIRES
10°)
g
<
107"
3.0 —25 —2.0 —15 —1.0 —2. —2.0 1 —1.0 0 25 —2.0 —1 —1.0
logq(k[s/km]) logo(k[s/km]) logyq(k[s/km])
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Can we explain shape of the flux power spectrum by the
free-streaming of DM particles? [Garzilli, Boyarsky, Ruchayskiy

(2015)]

Yes! We can
o The shape of the flux power spectrum can

be explained by various DM models with
non-zero free streaming

@ Can be explained by: =
e resonantly produced sterile neutrinos with
M =7keV and Le ~ 8 — 12

o WDM evolution can fit the shape P(k) at
different redshifts

18000
15000
— 12000
9000
6000

3000

o
0.75 1.00 1.25 1.50 1.75 2.00 2.25

z=25.0

CDM_Planck Late
BN M7L12 Planck Late

Teff
V.

If the shape of the HIRES/MIKE flux power spectrum is explained by the DM
free-streaming, one predicts IGM medium with Tjgpy ~2 —5x 103 Kat z ~ 5

v
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= =15.0,CDM 2= 5.0,msy = TkeV, Lg = 12
— 7= 170.T, = 000K — 7= 1.88.T, = 8000K
i HIRES i HIRES
10° 10°
=2 =z
ok Ny
4 4
107" 107!
—3.0 —2.5 —2.0 —1.5 —-1.0 —2.5 —-2.0 —1.5 —-1.0
log k[s/km] log kfs/km]
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15000 15000 H
—~ 12000 —~ 12000
= =)
£ 9000 i 9000
6000 6000
3000 3000
0- 0+
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|
Lyman-« forest outlook |

o New data with more quasars and much smaller error bars is available: Boera
et al. [1809.06980]

0.00

log(kPy/m)
sl
N O
T <

—1.501

—1.754

—4— z=42
_ 41—+ z=146
2.00 —+- z=50

-22 -20 -18 -16 -14 -12 -1.0 -0.8
log(k/km~1s)
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Lyman-« forest outlook

@ There is evidence for "patchy" reionization where properties of the gas can

be inhomogeneous: gas starts ionizing in small bubbles that expand until
the whole Universe is reionized

[ 2 ¥ 1 v - el 4.50

| YA MoX T

Radiative transferrun -~ .
-s-x‘z.';»r;,\._{}‘_._.i' |

log(77K)
log(T7K)
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Lyman-« forest outlook Ill

@ There is large uncertainty in the thermal history and even the mechanism of
reionization

@ To put robust constraints on dark matter we need to "turn off" the thermal
effects and determine dark matter models that are excluded with any
thermal history

@ Such constraint is much weaker than present model-dependent bounds [work
in progress]
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Decaying Dark Matter
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|
Signal from different DM-dominated objects

Boyarsky, Ruchayskiy et al. Phys. Rev. Lett. 97 (2006); Phys. Rev. Lett. 104 (2010)

7 [ T IIIIIIII T IIIIIIII LBLILLLLL T IIIIIIII T IIIIIIII TT IIIIIII T IIIIIIII T IIIIIIII TT IIIIIII ]
6 I e  Clusters of galaxies ® M- caustics, S : X-rays _]
— - Groups of galaxies 4 M-WL,S-WL i
‘\"& Fov Spiral galaxies ¢  M-WL,S - X-tays -
o - Elliptical galaxieis B
ga S . hs ]
| == Isolated halos, ACDM N-body sim. i H .
2 |-= ==+ Subhalos from Aiquarius simulation - S Ignal -
& 4= -
s ¢ y
7] - .
§ 3F °e] S = /pdm(r)dr
5 f b ¥
2z ,C XA 7
=} — ° —

L] .
§ C_ oe ® ] (Column den5|ty)
a E i

1= —
5 v ]

0 C 1 IIIIIIII 1 IIIIIIII L 1 IIIIIIII 1 IIIIIIII 11 IIIIIII 1 IIIIIIII 1 IIIIIIII 11 IIIIIII ]
10 10 10° 10 10" 10”10”10 10% 10"
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Sun]
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|
Search for Dark Matter decays in X-rays

See “Next decade in sterile neutrino studies” by Boyarsky et al. [Physics of the Dark Universe, 1 (2013)]

e T
102 & 4
T f ]
8 I oy 1
é 10?7 & 4
= £ XMM,  p\n HEAO-1 SPI ]
% r 7 Chandra 1
10% & =
. . g < = Universe life-time x 108 E
Available X-ray satellites: r ]
Suzaku, XMM-Newton, 1025 L] R
107 10° 10" 102 10° 10t
Chandra, INTEGRAL, NuStar
Mow [keV]
signal

. . =~
Signal-to-noise «x Spwm \/texp « Qtov + Agpr - AE

signal—over— background

All types of individual objects/observations have been tried: galaxies (LMC, Ursa Minor,

Draco, Milky Way, M31, M33,...); galaxy clusters (Bullet cluster; Coma, Virgo, ...)
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Detection of An Unidentified Emission Line

DETECTION OF AN UNIDENTIFIED EMISSION LINE IN THE STACKED X-RAY SPECTRUM OF GALAXY
CLUSTERS

Esra BULBuL'?, Maxmu MARkEvITCH?, ADAM FOSTER', RAI’\'DALL K. Smit' MICHAEL LOEWENSTEIN?, AND
ScorT W. RANDALL'
! Harvard-! ‘umthsonnn Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138.
2 NASA Goddard Space Flight Center, Greenbelt, MD, USA.
Submitted to ApJ, 2014 February 10

Bulbul et al. ApJ (2014) [1402.2301]

An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster

A. Boyarsky!, O. Ruchayskiy?, D. Iakubovskyi** and J. Franse!~’
Mnstituut-Lorentz for Theoretical Physics, Universiteit Leiden, Niels Bohrweg 2, Leiden, The Netherlands
2Ecole Polytechnique Fédérale de Lausanne, FSB/ITP/LPPC, BSP, CH-1015, Lausanne, Switzerland

Boyarsky, Ruchayskiy et al. Phys. Rev. Lett. (2014) [1402.4119]

o Energy: 3.5 keV. Statistical error for line position ~ 30 — 50 eV.
o Lifetime: ~ 1027 — 10?8 sec (uncertainty: factor ~ 3 —5)

Decaying dark matter? J
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Interpretations

There are 4 classes of interpretations

o Statistical fluctuation (there is nothing there at all!)
@ Unknown astrophysical emission line (emission line of some chemical element)

@ Instrumental feature (systematics) (We do not know our telescopes well enough)

o Dark matter decay line
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Significance of the original signal

[Boyarsky, Ruchayskiy et al. Phys. Rev. Lett. (2014) [1402.4119]]

M31 galaxy Ax?=13.0 3.20 for 2 d.of.
Perseus cluster (MOS) Ax?>=9.1 250 for 2 d.of.
Perseus cluster (PN) Ax?=8.0 240 for2d.o.f.
M31 + Perseus (MOS) Ax? =259 4.40 for 3d.of.

Global significance of detecting the same signal in 3 datasets: 4.80

[Bulbul et al. ApJ (2014) [1402.2301]]

73 clusters (XMM, MOS) Ax? =228 4.30 for2d.of
73 clusters (XMM, PN) Ax? =139 3.30 for2d.o.f
Perseus center (XMM, MOS) Ax? =128 3.1o for2d.of.

Perseus center (Chandra, ACIS-S) Ax2?=11.8 3.00 for 2 d.o.f.
Perseus center (Chandra, ACIS-l)  Ax?=6.2 250 for 1 d.o.f.

[ More detections followed! ]
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Perseus galaxy cluster (0.5/0.2 Msec)

~ Virial radiys .~
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|
Signal from the Milky Way outskirts

@ We are surrounded by the Milky Way halo on all sides
o Expect signal from any direction. Intensity drops with off-center angle
@ Surface brightness profile of the Milky Way would be a “smoking gun”

1020

L L - .
0 50 100 150
¢[degrees]
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|
Signal from the Milky Way outskirts?

Phys. Rev. Lett. (2014) [1402.4119]

S o0 T T T T el sade —— | @ No line is seen in 16 Msec
- [ observations of off-center
§§ Milky Way
?l o Confirmed by
g — [(Sekiya et al. [1504.02826])]
2n0°% L 1 with Suzaku
T ﬁg“ %h{ 1 — [(Figueroa-Feliciano et al.
B suo o bded EaR: ] [1506.05519])] with XQC
R Bkl fﬁﬁ% i
:S“»mo:z— }“Jf |
i N T T SR R ]
. . ‘ Energy‘ [keV] . . .
[ Is this the end of the story? ]
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Galactic center — a non-trivial consistency check
Boyarsky, O.R.4+ Phys. Rev. Lett. 115, (2014)

e
[

4 N
TS0 e @ T  fOE e
1 e el
o]

=

S

2.0107% |- i i % i :
l % i } i % % T % i ; i

s s RS SR I AN B :
. . 3 :nexgy [kev:;AS 3.8 4.0 Projected mass density, Mg,,/pc

Line flux, 10 photons em?s!

[ets/sec/kev]

e

@ 40+ statistical significance

@ Also in S. Riemer-Sorensen’14; Jeltema & Profumo’14

The observed signal fits into the predicted range J
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Another X-ray satellite: NuStar

@ Has small field of view, would not be
competitive with XMM, Chandra or Suzaku

@ But! NuStar has a specical 0-bounce photons
mode where FoV is 30 deg?

\
\
[
i
i
i
i
i
i
i
i
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|
3.5 keV line in NuStar spectrum

Milky Way halo. Neronov & Malyshev [1607.07328]. Also Ng+ [1609.00667]

@ The 3.5 keV is present in the
0-bounce spectrum of the Cosmos
field and CDFS (total cleaned
exposure 7.5 Msec)

nomalized counts s-' keV-'

o Combined detection has 11o
significance g

@ The spectrum of NuStar ends at
3 keV, so this is a lower edge of
sensitivity band L

6 7
Energy (keV)

ign(data-model) x A

@ The 3.5 keV line has been previously attributed to reflection of the sunlight
on the telescope structure

@ However, in the dataset when Earth shields satellite from the Sun the line is
present with the same flux
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Line in Chandra from the same region of the sky
Cappelluti+'17 [1701.07932]

@ NuSTAR, In Earth shade
@ NUSTAR, Sun illuminated
i @ Chandra, this wark

@ Combined 10 Msec of Chandra

observation of COSMOS and CDFS & 010
fields (same as NuStar) e

@ 30 detection of a line at ~ 3.5 keV E

@ Flux is compatible with NuStar é

o If interpreted as dark matter decay B 0.01 L

— this is a signal from Galactic halo
outskirts (~ 115° off center)

0 50 100 150
ANGULAR DISTANCE FROM GC (deg)
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Not systematics!

By now the 3.5 keV line has been observed with 4 existing X-ray telescopes,
making the systematic (calibration uncertainty) origin of the line highly unlikely

Line is changing with redshift

ACIS-1 is a silicon CCD while the imagers of NuSTAR are two
Cadmium-Zinc-Telluride detectors

e Chandra has mirrors made of Iridium (rather than Gold as XMM or Suzaku)
— absorption edge origin becomes unlikely

Different orbits of satellites — cosmic ray origin is unlikely

o Datasets accumulated over different periods (15yrs for Chandra vs. 3yrs for
Nustar) — not related to, e.g. solar activity

Is this a line from atomic transition(s)?

As argued by [Gu+; Carlson+; Jeltema & Profumo; Riemer-Sorensen; Phillips+]
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Next step for 3.5 keV line: resolve the line
@ A new microcalorimeter with a

superb spectral resolution — Hitomi
(Astro-H) was launched February

17, 2016
@ During the first month of Yy ]
observations (calibration phase) it R N U WMW%

observed the central part of the
Perseus galaxy cluster where strong
line was detected by XMM &
Suzaku

@ Spectrometer of Hitomi is able to
resolve atomic lines, measure their
positions and widths (due to
Doppler broadening)

o

|

L%MWWWWWWWWWW

’ y H1‘ | N ]
” H! (bl L ,MWW
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|
What did we learn with existing Hitomi data?

@ Even the short observation of Hitomi showed no nearby astrophysical lines
in Perseus cluster — 3.5 keV line is not astrophysical [Hitomi collaboration,
1607.04487]

@ Astrophysical lines in the center are Doppler broadened with velocity
Vip ~~ 102 km/sec (as measured by Hitomi collaboration)

@ Decaying dark matter line
broadening is determined by the
virial velocity of the Perseus galaxy
cluster, vy;; ~ 103 km/sec

)

e For XMM/Chandra/Suzaku/Nustar < g0
there was no difference — they @
resolution did not allow to
distinguish broad from narrow lines 10"

Hitomi (30)

-9

T15 Perseus (90%

@ Hitomi sensitivity to broad line is
much weaker 6.6 6.8 7.0 72 74

[1705.01837]
Alexey Boyarsky Sterile neutrino from micro to macro scales 24.04.2019 79 / 88



Surface brightness profile in the Milky Way

Boyarsky et al. (December 2018)

104 NUuSTAR,
Galactic Buldge

Nﬁ XMM-Newton, Micro-X 3ai‘
E o1 GC (B14) sensitivity)l NUSTAR, l
iﬂ blank-sky
é Chandra,
v blank-sky
- _2 XMM-Newton,

10741 blank-sky (B14)

101 10° 10! 102
Angular distance from Galactic Centre [deg]
All detection in the Milky Way follow the same trend J
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XMM-Newton,

10°4 ‘ GC (B15)
10—1_
_|__'I_ XMM-Newton,

++ BS (B14)

10—2_ ‘

101! 100 10t 102
Angular distance from Galactic Centre [deg]

Line flux [ph/cm?/s/sr]
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(MOS: blue, PN: red, MOS+PN: black) 15 (MOS: blue, PN: red, MOS+PN: black)

10

Ax?
m—
——
- | | 1
mim |
FEI
LWL
1
—T

-10

-15
3.0 35 40 45 5.0 5.5 6.0 3.0 35 40 45 5.0 5.5 6.0
Energy [keV] Energy [keV]
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Future of decaying dark matter searches in X-rays

Another Hitomi (around 2020)

It is planned to send a replacement of the Hitomi satellite

Microcalorimeter on sounding rocket (2019)
@ Flying time ~ 102 sec. Pointed at GC only

o Can determine line's ' position and 'width

Athena+ (around 2028)

o Large ESA X-ray mission with X-ray spectrometer
(X-IFV)
o Very large collecting area (10x that of XMM)

@ Super spectral resolution

“Dark matter astronomy era” begins?

Alexey Boyarsky Sterile neutrino from micro to macro scales
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JAXA, NASA approve replacement mission
for Japan'’s failed Hitomi X-ray astronomy
satellite. spaceflightnow.com/2017/07/06/jax

Interaction strength [eint(26)]
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Backup slides
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Searches for feebly interacting particles with SHiP

idden particle
decay volume

Detector for hidden particle
scattering and v physics

Active muon shield

Mo-W target/
hadron absorber
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-
SHiP (Search for Hidden Particles) experiment

Step by step overview

Hidden Sector
decay volume

Spectrometer
Particle ID

Target/ v, detector

ctive muon shield
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-
SHiP (Search for Hidden Particles) experiment

Step by step overview

Hidden Sector
decay volume

Spectrometer
Particle ID

v, detector

ctive muon shield
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-
SHiP (Search for Hidden Particles) experiment

Step by step overview

Hidden Sector
decay volume

Spectrometer
Particle ID

Target/ v, detector

ctive muon shield
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-
SHiP (Search for Hidden Particles) experiment

Step by step overview

Target/

Active muon shield
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-
SHiP (Search for Hidden Particles) experiment

Step by step overview

Hidden Sector
decay volume

Spectrometer
Particle ID

Target/ v, detector

ctive muon shield
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|
SHiP : Search for Hidden particles

Search for rare particles becomes official CERN theme

It took then 1 year to create a collaboration

A facility to Search for Hidden Particles (SHiP) at the CERN SPS “
(5)

SHIP Collaboration (M. Anelli e iz al 22 auhore = :
Apr 20, 2015} 234 pages "v

CERN-SPSC-2015-016, SPSC-P-350
e-Print: arXiv:1504.04956 [physics.ins-det] | POF SHiP

Experiment: CERN-SPS-SHIP Search for Hidden Particles

@ About 250 members of the SHiP collaboration from 44 institutions worldwide
@ SHiP is now an official CERN project

Timeline
@ Approval by CERN ... . . 2019
@ Data taking ... ... 2024
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