HNLS AND DARK MATTER

Alexey Boyarsky

Universiteit Leiden

AVa
\/ \/
SHiP

Search for Hidden Particles
6™ SHiP collaboration meeting
October 10, 2015




Massive neutral particles fill the Universe
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R(kpc) M33 rotation curve

Expected:
Expected: v(R) ﬁ MasSciuster = ), MaSSgalaxies
Observed: v(R) ~ const Observed: 10° times more mass
confining ionized gas

Lensing signal (direct mass
measurement) confirms
other observations

Jeans instability
8\ turned tiny density
fluctuations into all
visible structures
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Rotation curves of spiral galaxies

150

R(kpc) M33 rotation curve

Back to DM Newton dynamics: V(R) ~

S

Alexey Boyarsky HNLS AND DARK MATTER



Intracluster gas

CHANDRA X-RAY DSS OPTICAL

Cluster Abell 2029. Credit: X-ray: NASA/CXC/UCI/A.Lewis et al. Optical: Pal.Obs. DSS

Dark Matter ~ 85%
Intracluster gas ~ 15% DMin cluster ~ Qpu
Galaxies ~ 1% Baryons in cluster ~ Qparyons

Temperature of the intra-cluster gas: 1 — 10 keV ~ 10" — 103 K
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Gravitational lensing

Gravitational Lens HST - WFPC2
Galaxy Cluster 0024+1654

PRC96-10 - ST Scl OPO - April 24, 1996
W.N. Colley (Princeton University), E. Turner (Princeton University),
J.A. Tyson (AT&T Bell Labs) and NASA
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Cosmological evidence for dark matter

e We see the structures in the Universe
when it was only 380000 years old
(encoded in the anisotropies of the
temperature of the cosmic microwave
background)

e All the today’s structures are produced
from tiny density fluctuations due to
gravitational Jeans instability

e AtCMB 6p/p ~ 1077, then grow 6p/p ~ a (matter domination)

o —teday — 1 4 ... ~ 10° Not enough!

Adec

Some matter-like substance decoupled from photon gas should
have been present in the Universe at the time of decoupling
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Is this neutrino Dark Matter?

e In 1979 when S. Tremaine and J. Gunn published in Phys. Rev. Lett.
a paper “Dynamical Role of Light Neutral Leptons in Cosmology”

— The smaller is the mass of Dark matter particle, the larger is the
number of particles in an object with the mass Mgy

— Average phase-space density of any fermionic DM should be
smaller than density of degenerate Fermi gas

If dark matter is made of fermions — its mass is bounded from
below:

=

Our paper
[0808.3902]

e Objects with highest phase-space density — dwarf spheroidal
galaxies — lead to the lower bound on the fermionic DM mass

mom > 300 — 400 eV
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Is this neutrino Dark Matter?

e However, if you compute contribution to DM density from massive
active neutrinos (m, < MeV), you get

Y

k1 > _my|eV]
0 2 — y — Y

e Using minimal mass of 300 eV you get Qpuh? ~ 3 (Wrong by about
a factor of 30!)

e Sum of masses to have the correct abundance | > m, ~ 11 eV

' 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
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Hot dark matter

e Next blow to neutrino DM came around 1983—1985 when M. Davis,
G. Efstathiou, C. Frenk, S. White, et al. “Clustering in a neutrino-

dominated universe’

e They argued that structure formation in the neutrino dominated
Universe (with masses around 100 eV 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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Two generalizations of neutrino DM:

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

Two classes of alternatives:

Light  yet super-weakly
Interacting

Heavy and therefore weakly
interacting — WIMP

] | shall not speak about it
— Can be light (down to Tremaine-

Gunn bound)

— Can be warm (born relativistic and
cool down later)

— Can be decaying (stability is not
required)
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SEARCHING FOR DECAYING DARK MATTER

Alexey Boyarsky HNLS AND DARK MATTER

10



Decaying dark matter signal

e [wo-body decay into two massless particles (DM — ~ + v or DM —

v +v) = narrow decay line

1
Efy = §mDMC

2

e The width of the decay line is determined by Doppler broadening

e Typical virial velocities:

— A dwarf satellite galaxy: ~ 30km/sec
— Milky Way or Andromeda-like galaxy: ~ 200 km /sec
— Typical velocity in the galaxy cluster ~ 1500 km /sec

e Very characteristic signal: narrow line in all DM-dominated objects

TAE vu
with NI 1074 = 1072
E7 C
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Signal from different DM-dominated objects

Boyarsky et al
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Why nearby objects?

DM decay signal from a galaxy DM annihilation signal from a galaxy

For decaying dark matter astrophysical search is (almost) “direct
detection” as any candidate line can be unambiguously checked
(confirmed or ruled out) as DM decay line
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Search for Dark Matter decays in X-rays

MW (HEAO-1
2005

Coma and
[ oy \J\\ ] Virgo cluster:
. Y 2006

~ XMM, np HEAO-1 SPI
i Chandra 1 Bullet cluster
L 1 2006

T = Universe life-time x 108

Available X-ray satellites: LMC (XMM)

_ 25 T Y L T T R TT] BT 2006
Suzaku, XMM-Newton, Chandra, 107 3 100 1ot 102 103 o

INTEGRAL Mpw [keV] MW (XMM)
20062007

) . M31 (XMM)
SlgnaHO'nOlse X Spum \/texp - Qiov - Aerr - AL 2007, 2010

All types of individual objects/observations have been tried: galaxies
(LMC, Ursa Minor, Draco, Milky Way, M31, M33,...); galaxy clusters (Bullet
cluster; Coma, Virgo, ...) with all the X-ray instruments
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Improvements?

1029 E T TTTTT

y XMM, mp HEAO-1 SPI
Chandra

T = Universe life-time x 10°

10° 10* 102 10°
Moy [keV]

— Individual observation: 50-100 ksec

— One year of XMM-Newton observational programme: 14 Msec

— Only 60-70% of exposure is used (cosmic flares contamination)

Can we stack many different observations (correcting for redshift) in

a hope of seeing a weak decay line?

MW (HEAO-1
2005

Coma and
Virgo cluster:
2006

Bullet cluster
2006

LMC (XMM)
2006

MW (XMM)
2006—2007

M31 (XMM)
2007, 2010
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DECAYING DARK MATTER CANDIDATE

Alexey Boyarsky HNLS AND DARK MATTER

16



Detection of An Unidentified Emission Line

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

Esra BuLBuL'?, MAaXiM MARKEVITCH®, ADAM FosTER', RANDALL K. SmiTH' MICHAEL LOEWENSTEIN®, AND
ScoTrT W. RANDALL'

! Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138,
2 NASA Goddard Space Flight Center, Greenbelt, MD, USA.

Submilted to AplJ, 2014 February 10

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

PRL (2014) [1402.4119]

e Energy: 3.5 keV. Statistical error for line position ~ 30 — 50 eV.
o Lifetime: ~ 10°® sec (uncertainty: factor ~ 3)
e Possible origin: decay DM — ~ + v (fermion) or DM — ~ + ~ (boson)
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Significance

Our Data

M31 galaxy Ax?=13.0 3.20 for 2 d.o.f.
Perseus cluster (MOS) Ax? =9.1 2.50 for 2 d.o.f.
Perseus cluster (PN) Ax? = 8.0 2.40 for 2 d.o.f.
Blank sky No detection

M31 + Perseus (MOS) Ax? =259 4.40 for 3 d.o.f.

Global significance of detecting the same signal in 3 datasets: 4.8¢0

Bulbul et al. 2014

73 clusters (XMM, MOS) Ax? =22.8 4.30 for 2 d.o.f
73 clusters (XMM, PN) Ax? =13.9 3.30 for2d.o.f
Perseus center (Chandra, ACIS-S) Ax? =11.8 3.00 for 2 d.o.f.
Perseus center (Chandra, ACIS-I) Ax? = 6.2 2.50 for 1 d.o.f.

Alexey Boyarsky HNLS AND DARK MATTER
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Galactic center
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The line in the center of Andromeda means we should see it in the
Milky Way center. Yes, we see it there!

More than 40 statistical significance. Seen also by S. Riemer-Sorensen
[1405.7943]; T. Jeltema & S. Profumo [1408.1699]
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Non-trivial consistency check

Line flux, 10 photons cm?s

.
.
III llllll

0.01 0.1
Projected mass density, MSU,n/pc2
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Dwarfs vs. spiral galaxies

—
o

Line flux, 10 photons cm?s

0.1
Projected DM mass density, MSun/pc2
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Warm Dark Matter?

Alexey Boyarsky

HNLS AND DARK MATTER
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Warm dark matter

e Particles are born relativistic = they do not cluster

e Relativistic particles free stream out of overdense regions and
smooth primordial inhomogeneities

— Free-streaming scale:

Lot dt ( keV )
g = =1 Mpc
s /0 a(t/) P Meterile

— Particle velocities means

Overdensity that warm dark matter has
effective pressure  that
prevents small structure from
collapsing
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Suppression of power spectrum

fﬂ The linear power spectrum (“power per octave” )
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DWARF GALAXIES (SMALL STRUCTURES
INSIDE MILKY WAY)
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Halo substructure in "cold" DM universe

{
Bootes 1[I & Herc
Segue | b o
[ UMall
Milky 'Way
|
I

| Galaxy,Hi
FELINN

Lo

COLD DM models predict millions of
substructures within a galaxy like Milky
Way

Only ~ 30 are observed within our
Galaxy. M. Geha 2010

Is small number of observed substructures due to dark matter
free-streaming? Moore et al. (1999), Klypin et al. (1999) and many others
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Halo substructure in "warm" DM universe

B °
Bootesl'11 W Flen
Seguel b o
T UMall
Milky 'Way
Ry
!

| Galaxy,—

Lo

:

IAg-A-2 halo made of sterile neutrino DM (with
C. Frenk, T. Theuns, ...)

Simulated sterile neutrino DM halo is compatible with the Lyman-a

forest data but provides a structure of Milky way-size halo different
from CDM
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LYMAN-o FOREST DATA

Alexey Boyarsky
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Lyman—-«a forest and power spectrum

emission
of light

\

quasar

quasar spectrum
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Lyman—-«a forest and power spectrum
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Lyman—-«o forest

data
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Suppression in the flux
power spectrum may be
due to

e Thermal effects
(Jeans broadening)

e Doppler broadening

e WDM

no suppression Small scales: suppression in
the power spectrum! WDM?!

Alexey Boyarsky
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Warm dark matter + cold IGM

0.60
A Becker+l1l (y=1.0)
® Becker+ll (y=1.3)
@ Becker+l11 (y~1.5) .
v Bolton+12 ] % 0.45
=,
-
0.30
=
S
i = 0.15
0.4 N z-binned ev. i
i power-law ev.
0.2¢ . 0.00 '
I SRR VNI EUR B R R 2500 5000 7500
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Z

Data prefers cold IGM medium around redshift z = 5 = power
spectrum suppression is due to something else?

A. Garzilli et al. [1510.*****]
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DARK MATTER AND PARTICLE PHYSICS
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Dark matter candidates
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HNL DARK MATTER

Alexey Boyarsky
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— new particles!

Leptons

0.511 MeV

© @

electron

Oscillations
2.4 MeV 1.27 GeV 171.2 GeV
% ez 2/3 t
H char? top
_y34BdMeV _1/3104g Lelft chirality
down strange i

|

Right chirality

Alexey Boyarsky
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Oscillations = new particles!

2.4 MeV 1.27 GeV 171.2 GeV
% u V&) C %5 t
up charm top
4.8 MeV 104 MeV . .
1 d _1, S Lelft chirality
down strange i

!

Right chirlality

muo o Sterile §
g neutriy neutrino

0 0.511 MeV 105.7 MeV
c

E e | L

)

o

e}

- electron muon tau

Right components of neutrinos?!

Alexey Boyarsky HNLS AND DARK MATTER 37



Properties of sterile neutrino

X
(Higgs condensate)

Sterile neutrinos behave as superweakly interacting massive

neutrinos with a smaller Fermi constant| 9 x G r

¢ This mixing strength or mixing angle is

o MMajorana Misterile Meterile
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HNL dark matter properties

e HNL is decaying dark matter

candidate: N — v + v

e Existing bounds on DM decay
limit its parameter space

10 L

[=Y
o g
o

[ [

omical uncertainties)

Interaction strength Sin2(29)
= =
o =)
o
(4]
[ [
Tremaine—-Gunn bound

(range of astron

[y
o
I

T YT TTTIT LLLBLALILLL
..
.h
.

- ggs.IQQed by X-ray observations]

~

"‘?;—.g

T 1 e Dotted line: lifetime equal to the
lifetime of the Universe

e Dashed-dotted line: HNL
! contributes to neutrino mass
AR TE matrix at the level Am2

11
-1 10

10!

102 10

Dark matter mass [keV]

HNL cannot be a dark matter candidate and contribute significantly
to the neutrino masses
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Dark matter and

neutrino oscillations

2.4 MeV 1.27 GeV 171.2 GeV
G 2 c |7 t — Atmospheric and Solar
" w . neutrino mass splitting = need
T T — (at least) two sterile neutrino
Y d Vs S Y b
down strange bottom — Are they Dark matter? = No
eeV] way! Very short lifetime

<0.0001 eV //

o‘\/e

electry AN sterile

neutr/ /N0 neutring

o] — Third sterile neutrino? =
Yes! Great DM (its exact properties

0.511 MeV

-

electron

Leptons

depend on two other sterile neutrinos)

Sterile neutrino is a viable dark matter candidate in a model with at
least two other sterile neutrinos

Alexey Boyarsky

HNLS AND DARK MATTER

40



Production through mixing with neutrinos

Hot thermal relic
e e +
0 'Diluted’ relic
— non-thermal
v N
v S production
100 MeV 1 Me

T

e Once every ~ 10® =+ 1019 scatterings a sterile neutrino is created
instead of the active one

Dodelson &
Widrow’93;
e lts abundance slowly builds up but never reaches the Dolgov &
equilibrium value Hansen’00

e The distribution of sterile neutrinos f(p) ~ ep/iiﬂ
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Resonant enhancement

~Usual case —....Resonant case

Energy E(p) /M
©C o B B MDD ®
o o1 o (&) o (6] o

Energy E(p) /M
©c o B B M DM
©O o o 1 o U O

0.0 0.5 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Moment um p/M Monment um p/M

Conversion of » to N is enhanced
whenever “levels” cross and virtual _

: « o Shi & Fuller
neutrino goes “on-shell” (analog of MSW ;g0
effect but for active-sterile mixing) ph/9810076]

Laine &
virtual neutrino goes on—shell Shaposhnikov

[0804.4543]
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Resonant enhancement

¢ In the presence of large
lepton asymmetry
the MSW resonance
can take place and

-2
10 T T ] 1

L. =I16'
M., = 3 keV

production of sterile 10° E
neutrinos becomes < Resonant \\ -
much more effective o ]
s
. 107 / T
e The condition for

/ Non-resonant \
component

resonance occurs only
for specific values of o

. 10-5 1 1 1 1
momentum p and during o 1 2 13 4 5 6 7
limited period of time. -

\
I
I \’\’\

—

e For HNLs p > M at production = HNL is warm dark matter
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Sterile neutrino and 3.5 keV line

Ly-a bounds:
107° T T 1 T T 1 T 7 1] T T ] Viel,

— Too much Dark Matter Lesgourgues et
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N n\rGSOna Excluded by non-observation
o 10_8 L ng Pr - of dark matter decay line ol Ly-c in resonan
't';" El? case: Boyarsky,
— _9 Sy ~ — Lyman-0. bound _ Lesgourgues,
o 10 — ".:)l ze\\l for ERP sterile neutrino — O.R. Viel 08
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10 . 11, | Not enough Dark Mgtter | 1 11— Laine &

1 5
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10

50

Shaposhnikov’08

from PRL (2014)
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Thermal history of the Universe

A Sterile neutrino interaction:

Generation Generation S
of baryon of lepton Heavy sterile
asymmetry asymmetry neutrinos

: et Dark matter
in equilibrium .
production

Magnetic fields |
i T

Sphalerons

High temp 100 GeV 50 — 10 GeV 5 GeV — 500 MeV /T

Magnetic fields make baryogenesis (around 7' ~ 100 GeV) and
dark matter production (around 17" ~ 100 MeV) related and sourced
by the same mechanism — generation of lepton asymmetry by out-
of-equilibrium transitions of two sterile neutrinos with the masses
10 MeV < M < 80 GeV

Alexey Boyarsky HNLS AND DARK MATTER
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Conclusion

e Super-WIMP dark matter is a part of the paradigme about feebly
interacting (rather than heavy) new physics.

e Super-WIMPs can be light (e.g. keV scales); can decay (rather than
annihilate) and can be warm (erasing primordial density perturbations)

e Current status of warm dark matter searches: missing information
about state of IGM at z ~ 5 can drastically change the situation:
rule out WDM as an astrophysically interesting scenario or confirm
existence of warm dark matter

e The searches for decaying dark matter are ongoing. Stay tuned!

e All the data looks consistent with a ~ 7 keV sterile neutrino
produced in the model like vMSM
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THANK YOU FOR YOUR ATTENTION!
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7 keV sterile neutrino and Lyman-a forest

10°;
102}
10"}
]
10— cpMm
= 10_1? == mwpMm = 2.1 keV
cg; 10—2; ------ mwpMm = 3.3 keV
10_3' — mgN =7 keV, L6 =0
4 — mSN:7keV, L6 =8
10~
[ — mSN=7keV, L6 =10 '
107°F gy = TkeV, L6 = 12 1
—6l ‘ e ‘ s
107700 101 102

k[h/Mpc]

Constraints on HNL dark matter — constraints on the properties
of Ny, N3 from cosmology and astrophysics.
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Sterile neutrino and 3.5 keV line
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g 1 -10 g u T~
Q 10 e QP ~ \_
u U & -
11 0o
s - 8 -
o ¥
- -12 | | O -
g 10 00
v 0
-13 L. < —
_8 10 0,
(o
o -14
10 —, 11, | Not enough Bark Mgtter | | 1 11—
1 5 10 50

DM mass [keV]

from PRL (2014)

Ly-a bounds:
Viel,
Lesgourgues et
al’05-'06

Ly-« in resonan
case: Boyarsky,
Lesgourgues,
Ruchayskiy. Viel
'08

X-rays: '05-’14
Boyarsky,
Ruchayskiy et al.
Abazajian et al.
Hansen et al.
Watson et al.
Kusenko,
Lowenstein

Production:
Laine &
Shaposhnikov’08
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7 keV sterile neutrino and Lyman-a forest

0l
107 — cpMm

g 10_1;' === mwpMm = 2.1 keV
%10—2; ------ mwpMm = 3.3 keV
10_3' — mgn=T7keV,L6 =0
A msn = 7 keV, L6 =8
10-
0  — mgNn = 7 keV, L6 =10
_5_
107°F . mgn = TkeV, L6 = 12
—6l . .
107500 10! 102

k[h/Mpc]
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SHiP: Search for Hidden Particles

1.27 GeV

171.2 GeV

“u |”C
up charm

4.8 MeV 104 MeV
*d ||”S
down strange

bottom

OVe Nlo

20,0001 ev//~kev [ ~0.01ev // ~Gev [ ~0.04ev // ~Gev
NoF Ve Ng

f i tau sterile

electry AN sterile f-MUOY i sterile 2 :
neutr/"v no neutringNeUtry 10 neytrin eutrin neutrino

1) 0.511 MeV 105.7 MeV 1.777 GeV
% 1 e 1 u 1 ,.C
- electron muon tau
Vi T b | BAU
10 | 10
10 c B @ o0 110
IR
. € DM
102 i VN, 102
3
10_2 VN 1 V2 10_2
106| quarks leptons Vi 11076

Dirac masses

Majorana masses

M, (GeV)

Particle N; with the mass 7 keV is the
dark matter

Particles N, and N3 with O(1) GeV
mass are discovered by SHiP

(mass/interaction

properties

strength) are related

1504.04956 :
Technical
proposal

1504.04855 :
physics case
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Data

Our Data .
M31 galaxy XMM-Newton, center & outskirts

Perseus cluster XMM-Newton, outskirts only
Blank sky XMM-Newton

Bulbul et al. 2014

73 clusters XMM-Newton, centers
only. Up to z = 0.35,
including Coma, Perseus

Perseus cluster Chandra, center only
Virgo cluster Chandra, center only

Position: 3.5 keV. Statistical error for line position ~ 30 eV.
Systematics (~ 50 eV — between cameras, determination of known
instrumental lines)

Lifetime: ~ 10%® sec (uncertainty ©(10))
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Perseus galaxy cluster (0.5/0.2 Msec)

"9minllionlight-years; ‘

Bulbul et al. took only 2 central XMM
observation — 14’ around the cluster’s
center.

Also Carlson et al.; Urban et al.

We took 16 observations excluding 2
central XMM observations to avoid
modeling complicated central emission
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Andromeda galaxy
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Andromeda galaxy (1 Msec) (zoom 3-4 keV)

PRL (2014)
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Andromeda galaxy

(zoom 3-4 keV)
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Redshift scaling

—~15 ‘ ‘ ‘ Bulbul et al.
3.51 +0.03 (0.05) FL(I’I\ASIYEI;nﬁEIe | ApJd (2014)
- [1402.2301]

I ' I ' I
3.57 +0.02 (0.03)

XMM-MOS |
Full Sample -

—_

Residuals  Fyyy (cnts s keV'
s o
- 8 %

=)
=]
D)

—_
(=1
5]
(=}
I

Eff. Area (cm°)
S
g
I

o
%
(=]

e All spectra blue-shifted in the reference frame of clusters (Buloul et al.)

e For Perseus we detect its redshift (= ~ 0.018) at ~ 20 (Boyarsky et al.)

position of the line has about 30 eV uncertainty
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Surface brightness profile (Perseus)

PRL (2014)
[1402.4119]
Perseus cluster surface brigtness profile
20 M 1 1 1 1 1 1 1

! ! ! NFW DM | ine, ro = 360 kpc

\ NFWDM |l ing, rg = 872 kpc --------

\ B-nodel, B = 0.71, r. = 287 kpc
o 15
o
7))
“E
o
@
° 10 F
O
o
—
X
X
=]
T °f

0 | 1 | 1 | 1 | 1 | 1 | 1 | I i i
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Radi us [ deg]

This is not a fit!
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Surface brightness profile (Milky Way) ?

Normal i zed count rate
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No line is seen in 16 Msec observations of off-center Milky Way
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CHECKING THE DARK MATTER ORIGIN OF THE
LINE
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Expect large signal from GC — ‘'‘easy’’
cross—check

| | | | | | | | | | L L L | I | | | | L
GC from simulations s
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