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Dark matter wishlist

(?) Explains

150 -

simultaneously all phenomena that we call dark matter

100 —

V (km s-1)

50 .

(?) Is testable

(?) Is part of the solution for other beyond-the-Standard-Model
problems
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Neutrino Dark Matter?

e Any fermionic DM should obey Pauli exclusion principle

— its mass is bounded from below:

e Dwarf spheroidal galaxies lead to the lower bound on the fermionic

= 3
4_7TR3 4_7Tv3 (27h)
g el 3

Macroscopic quantities  micro-physics

DM mass Mpy = 300 — 400 eV + DM mass from astrophysics

e Neutrino DM abundance:

Fraction of total energy density = m,, /

Pk 1
(27‘-)36%4—1

¢ Neutrino DM mass from cosmology: M,py < 11 eV

m,|eV]
94 eV
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Way out: WIMP

thermal freeze-out (early Univ.) . ) .
indirect detection (now) v’ Interacts like “neutrino” but

Number density is Boltzmann-

DM SM suppressed and Tremaine-
Gunn-like  contradiction s
avoided

v The same interaction that

DM SM IS responsible for WIMP

production is  responsible
— . .
. . for its detection today
production at colliders

direct detection

v/ Because of the WIMP miracle is part of the overall “new physics at
electroweak scale” paradigme

Very attractive idea. But no signals so far!
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Galactic center is a busy place

Wide-Field Radio Image of the
Galactic Center
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New physics at electroweak scale?

A K hvs;
nown physics Energy frontier:
LHC

=

=

50

=

3)

B

9]

=

8

+—

-

5 unknown physics
=

e

Energy e

Alternatives?
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Another way out: SUPER-weakly Interacting

Particles
light and
weakly interacting

-neutrino-
| . \
light and heavy and .
super-weakly interacting weakly interacting

“super” WIMP WIMP

— Can be light (all the way to Tremaine-Gunn bound)
particles never enter thermal equilibrium, their number density is highly sub-
equilibrium

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

— Can be decaying (stability is not required)
massive particles will decay unless we impose a new symmetry to keep it stable
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Sterile neutrino dark matter
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— new particles!

Leptons

Oscillations
2.4 MeV 1.27 GeV 171.2 GeV
23 u %A C b t
up charm top
4.8 MeV 104 MeV 4.2 GeV o
1 d 1 S 1 b Left chirality
down strange bottom i

<0.0001 eV

OVe

0.511 MeV 105.7 MeV 1.777 GeV
e LU BT
electron muon tau

|

Right chir:ality
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— new particles!

Oscillations
2.4 MeV 1.27 GeV 171.2 GeV
2/ u %3 C 23 -t
up charm top
4.8 MeV 104 MeV . .
S d 1, S Left chirality
down strange i

Right chirlality

muc_) 5 sterile &
neutri neutrino

electry AN sterile

neutr/ /N0 neutring

0 0.511 MeV 105.7 MeV
c

= 10 e . l.«l/

)

o

<}

— electron muon tau

Right components of neutrinos?!
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Properties of sterile neutrino

X

Sterile neutrinos behave as superweakly interacting massive
neutrinos with a smaller Fermi constant | © x Gg

¢ This mixing strength or mixing angle is

ngu _ — |]\42D|rac‘2 _ Mactive ~ 5 < 10_11 (]. GGV)
o MMajorana Mstenle Msterlle
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Sterile neutrino dark matter

e Sterile neutrino is a new neutral particle, interacting weaker-than-
neutrino

e Never was in thermal equilibrium in the early Universe =

Dodelson &

. Widrow'93;

= Its abundance slowly builds up but never reaches the pggo ¢
equilibrium value Hansen’00

— avoids Tremaine-Gunn-like bound

Hot thermal relic
e e—l'
O 'Diluted’ relic
— non-thermal
v N
[ S production
100 MeV 1Me

T

e Once every ~ 10® = 10'Y scatterings a sterile neutrino is created
instead of the active one
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Sterile neutrino dark matter

e \Very hard/impossible to search at LHC
e Very hard/impossible to search in laboratory experiments

e Can be decaying with the lifetime exceeding the age of the
Universe

e Can we detect such a rare decay?

e Yes! if you multiply the probability of decay by a large number
— amount of DM particles in a galaxy (typical amount ~ 10™-10""
particles)
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Search for decaying dark matter

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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Decaying dark matter signal

e Two-body decay into two massless particles (DM — ~ + ~ or DM —

v +v) = narrow decay line

1
E’Y = §mDM C2

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
with ~ ~ 107* + 10
E, c
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Detection of An Unidentified Emission
Line
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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'?, MaxivM MArRkKEVITCH?, ADAM FosTER', RaNpALL K. SmiTH' MICHAEL LOEWENSTEIN®, AND
ScoTT 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

[1402.2301]

We detect a weak unidentified emission line at E=(3.55-3.57)+/-0.03 keV in a stacked XMM spectrum
of 73 galaxy clusters spanning a redshift range 0.01-0.35. MOS and PN observations independently
show the presence of the line at consistent energies. When the full sample is divided into three
subsamples (Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is significantly detected
in all three independent MOS spectra and the PN ”all others” spectrum. It is also detected in the

Chandra spectra of Perseus with the flux consistent with XMM (though it is not seen in Virgo)...
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Detection of An Unidentified Emission Line

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

[1402.4119]

We identify a weak line at £ ~ 3.5 keV in X-ray spectra of the Andromeda galaxy and the Perseus
galaxy cluster — two dark matter-dominated objects, for which there exist deep exposures with the
XMM-Newton X-ray observatory. Such a line was not previously known to be present in the spectra
of galaxies or galaxy clusters. Although the line is wealk, it has a clear tendency to become stronger
towards the centers of the objects; it is stronger for the Perseus cluster than for the Andromeda galaxy

and is absent in the spectrum of a very deep “blank sky” dataset. ..
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Data

Perseus cluster
Virgo cluster

Our data |
M31 galaxy XMM-Newton, center & outskirts
Perseus cluster XMM-Newton, outskirts only
Blank sky XMM-Newton
Bulbul et al. 2014
/3 clusters XMM-Newton, central regions

of clusters only. Up to z = 0.35,
including Coma, Perseus
Chandra, center only

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))

Oleg Ruchayskiy
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Perseus galaxy cluster

N ‘.9mi'llionlight-yearsl ¥

Bulbul et al. took only 2 central XMM  We took 16 observations excluding 2
observation — 14’ around the cluster’s central XMM observations to avoid
center modeling complicated central emission
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Andromeda galaxy (zoom 3-4 keV)

.36
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.28 —

[cts/sec/keV]

.26 —

.24 —
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11072
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21073 |-

Data - model
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-2.1073

0-10° -

No
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Full stacked spectra

¥

3.57 +0.02 (0.03)

\ ‘ ]
XMM-MOS
Full Sample -

3.51 +0.03 (0.05)

XMM-PN
Full Sample

3

Energy keV

“

%

Residuals
=) o

000000

&

; e Instrumental

34 | 3.6
Energy (keV)

e All spectra blue-shifted in the
reference frame of clusters

background

Bulbul et al.
[1402.2301]
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Systematics?

e Detection with two instruments: XMM-Newton and Chandra

e Detection with four detectors: EPIC MOS, EPIC PN, ACIS-S and
ACIS-I|

e Detection in galaxy clusters (nearby and stacked) and in the
Andromeda galaxy

e Correct redshift dependence: stacked clusters (Bulbul et al.) and
Perseus vs. M31 (Boyarsky et al.)

e Some unknown effect related to the brightness — No! We have
checked bright objects without DM and did not see there a signal

e Wiggle in the effective area?

e Anomalous line brightness?

Oleg Ruchayskiy STERILE NEUTRINO DARK MATTER 22



Dark matter interpretation

Oleg Ruchayskiy
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Surface brightness profile (Perseus)

[1402.4119]

Perseus cluster surface brigtness profile

20 M) ] ] ] ] I I I
! ' ' NEW DM | fd, ¢ =360 kpc'
5 NFWDM ling, rg = 872 kpCc --------
B-nmodel, B = 0.71, r. = 287 kpc
o 15
o
n
S
o
?
© 10
(o]
o
-
<
<
5
T °r
0 | 1 | 1 | 1 | 1 | 1 | 1 | 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 (M31)

[1402.4119]
MB1 surface brightness profile
10 1 1 | | | 1 | T | T
i On-center —@—
i O f-center 20 upper bound —g—
\ NFWDM line, ¢ = 11.7 ——
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s |\
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This is not a fit!
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Implications if the line is “real”
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This can be anything

The 3.5 keV X-ray line from decaying gravitino dark matter. Axino dark matter in
light of an anomalous X-ray line. The Quest for an Intermediate-Scale Accidental
Axion and Further ALPs. keV Photon Emission from Light Nonthermal Dark
Matter. X-ray lines from R-parity violating decays of keV sparticles. Neutrino
masses, leptogenesis, and sterile neutrino dark matter. A Dark Matter Progenitor:
Light Vector Boson Decay into (Sterile) Neutrinos. A 3.55 keV Photon Line and its
Morphology from a 3.55 keV ALP Line. 7 keV Dark Matter as X-ray Line Signal in
Radiative Neutrino Model. X-ray line signal from decaying axino warm dark matter.
The 3.5 keV X-ray line signal from decaying moduli with low cutoff scale. X-ray line
signal from 7 keV axino dark matter decay. Can a millicharged dark matter particle
emit an observable gamma-ray line?. Effective field theory and keV lines from dark
matter. Resonantly-Produced 7 keV Sterile Neutrino Dark Matter Models and the
Properties of Milky Way Satellites. Cluster X-ray line at 3.5 keV from axion-like dark
matter. Axion Hilltop Inflation in Supergravity. A 3.55 keV hint for decaying axion-
like particle dark matter. The 7 keV axion dark matter and the X-ray line signal. An
X-Ray Line from eXciting Dark Matter. 7 keV sterile neutrino dark matter from split
flavor mechanism.
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Sterile neutrino and 3.5 keV line

10- 1T 11 | | | I L II | | | I
— Too much Dark Matter
s 107 - -7
N ‘T@son Excluded by non-observation
Ny _g ant of dark matter decay line
- 10 — —
7))
= 9 — Lyman—-0. bound
g 10 ° 3‘ for NRP sterile neutrino —]
P ~
2 @
- cn —
0107° — g e ]
P T g ~—
-
o 1 uo
g0 = g -
9 0,0
2 -12 '|” 8
010 — Q0 ]
© 0]
5 q
21077 = & e N
— Not enough Dark Matter — — __
10 14 L1 11 1 1 1 L v+ v i | |
1 5 10 50

DM mass [keV]
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matter and neutrino oscillations

Leptons

<0.0001 eV //

OVe

electry AN sterile
neutr/ /N0 neutring

0.511 MeV

: @

electron

Dark
— Two neutrino mass splitting =
N - e d (at least) two sterile neutrino
2/ u 23 C 2/3 t nee
up charm top
— Are they Dark matter? = No
4.8 MeV 104 MeV 4.2 GeV ' Very Short |Ifet|me
A d -1 S -4 b Way
down strange bottom
— Third sterile neutrino? =

Yes! Great DM (its exact properties
depend on two other sterile neutrinos)

Shaposhnikov’08
Laine & Shaposhnikov’08

Canetti et al’10-"12

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

Oleg Ruchayskiy
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Neutrino Minimal Standard Model (rMSM)

evV[ T 5 -
1010 I C b 1 B’_?_‘U I 1010
- — S | — 0SC
10°| d VN | 108
| . € @DM ?
102 | | VN, | 102
| i Voo
1072 | VN, v, 1072
106| quarks leptons Vi 110
Dirac 'mass&s Majorana masses

Masses of sterile neutrinos as those of other leptons
Yukawas as those of electron or smaller

Review: Boyarsky, O.R., Shaposhnikov Ann. Rev. Nucl. Part. Sci. (2009), [0901.0011]
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A dedicated experiment

_ . , [arXiv:1310.17
W. Bonivento, A. Boyarsky, H. Dijkstra, U. Egede, M. Ferro-Luzzi, B. Goddard, A.

Golutvin, D. Gorbunov, R. Jacobsson, J. Panman, M. Patel, O. Ruchayskiy, T. Ruf,
N. Serra, M. Shaposhnikov, D. Treille

[Proposal to Search for Heavy Neutral Leptons at the SPS}

Expression of Interest. Endorsed by the CERN SPS council

Magnet yoke

Magnet coil

Electromagnetic

calorimeter
|‘ iMuon filter

Veto chambers /

Decay volume

SHiP

Tracking chambers Muon detector gy Jor Hidden Particles
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Expected sensitivity

~ 210 E G e

5T F :

10 | .

107 v =

10° ¢ &

10° \ 3

e SAU This EOI ]

& ]

10_10 E > 3

10-11 e I I T T N I I
01 02 03 1 2 3 4567810

mNu(GeV)
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Conclusion

e We see a weak line in the spectra of many DM-dominated objects
(clusters) and Andromeda galaxy

e Line does not have obvious systematic interpretation, observed
with 4 different detectors

e If this is 7 keV sterile neutrino — its production requires significant
lepton asymmetry present in the Universe below sphaleron freeze-
out temperature

e Particles, responsible for production of such lepton asymmetry can
be found at beam dump experiment (SHIP — Search for Hidden
Particles)

e For such a sterile neutrino we should see some imprints in the
formation of the structures in the recent Universe
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Future? Looks exciting!

FIRST SHIP WORKSHOP
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Thank you for your attention!
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Backup slides
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Resonant enhancement

_Usual case = .. Resonant case

Energy E(p) /M
A B A
o o1 o ol o (&) o

Energy E(p) /M
©C o R P DD DM
© 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 20 25 3.0
Moment um p/M Monment um p/NM

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

e In the presence of large
lepton asymmetry
the MSW resonance
can take place and
production of sterile
neutrinos becomes
much more effective

The condition for
resonance occurs only
for specific values of
momentum p and during
limited period of time.

102 —

1073

q° f(q)

:/'

Resonant
comporemt™ \

,/’ -
-

1 I 1 I Ll =I16I I 1 | 1

s =3 keV

\

Non-resonant \
component

e For sterile neutrinos p > M at production
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Structure formation

\ 0 1 1 1 1 1 1 1 1
component \ 0 005 01 015 02 025 03 035 04 045 05

10-2 - 1 1 1 1 1 1 1
- L =le T "L— ﬂ
C I\IFg = 3 keV Green is allowed
1
- 0.8
1073
— Resonant \ s 0.6f
.,\?: comporent \ g
Yo N “ 04f
4 i :
107 4 T \\ ) 0.2
E/ Non-resonant \ I

\ 1 keV/nP\IRP
' "\’\
10-5 I I I T R B |<—EQIde| L :Sl warmer—

- O.R. with
A. Boyarsky e
al. 2008-2009

e About ~ 60% of 7 keV sterile neutrino can be rather warm

e Such sterile neutrino can leave noticeable traces on the halo
structure
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Signal from different DM-dominated objects

7
6 o (lusters of galax%ies ® M - caustics, S — X-rays _|
—~ _ Groups of galaxies A M-WL,S-WL -
“ - v Spiral galaxies ¢ M-WL,S - X-rays -
~ B Elliptical galax1es 7
5 S[ + dSphs ]
= | — = Isolated halos, ACDM N-body sim. -
N Subhalos from Aquarius simulation -
Lo 4 = : —_
2 B :
§ 3 z ° ~
g : vV M v e 1P :

VeV Y v A 4 o s
= o F MR D) R M -
S 2 N oo et X e ':#a;vv v wYy v ]
> R ¢ -V vV V'!'v -
A - B N v ¥ v -
1 = v . v _
0 8 9 10 11 12 13 14 15 16
10" 10 10 10 10 10 10 10 10 10
DM halo mass [M]
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Why clusters do not obviously win?

e Virial theorem: kpT ~ “XM or T ~ 10keV (Overdensity) (Size>

103 Mpc
Werner et
al.2006
I T T T T
© L O Fe/Ne Mg Si S Ar Ca Fe Ni -
| | [ | | | | | 0
: i e g 2y
| | | | | | o
! ﬁ Lo | =
- F | | | | | |
> : | Ml P ™~
2 i i Iyl Lo =
v [F i i W L 18 T
> 1 i i i =
2 7. LMOS1 + MOS2i i i
c OF : : : |
S E I I I
3 | | | °
| | | S
- | | i g 9l 0
oL i i 3 © i
S | | o
i i i |
i i i
" i i i
IO 1 1 Ii 1 1 1 I i 1 1 1 1 1 1 1 i
- 0.5 1 2 5 10
Energy (keV) Energy (keV)
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Improvements?

1029 E T TTTTT

Y XMM, mp HEAO-1 SPI
Chandra

10%° & =
E T = Universe life-time x 10° 3

S
N X S\/texp - Choy - Agrr - AE 102510_

e Individual observation: 50-100 ksec
e One year of XMM-Newton observational programme: 14 Msec
e Only 60-70% of exposure is used (cosmic flares contamination)

e Long exposure O(10°) photons/bin — small statistical errors
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MW (HEAO-1
2005

Coma and
Virgo cluster:
2006

Bullet cluster
2006

LMC (XMM)
2006

MW (XMM)
2006—2007

M31 (XMM)
2007, 2010



X-ray spectrometer to search for decaying
Dark Matter

10 T T 1 1 1
XMM spectrum ——
LELILE | T 7T rrrrg T T 719 | Resolved Spectrum T -
o QQ // D 0 //
108 | \,// LOFT 0 8
F ’ , 847
i / £
- ) ARE-X{6 [ i
e ©
10* ~"spectrometer . g 4°r i
3 ’ @
C / = 4 F i
B /’ g}
- // /8 3 - -
000 ’ ’ eRosita (SRG
‘ XENIA Wide—Field o (,' S K
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o
o

4
JXO @ 1 keV Energy [eV]

T T TION

Ae"R(QFoV'odwarl) [c,_l:nz degz]

7/

RN _-‘@NusStar 3
‘ ¢ «"Suzaku XIS 3 ]
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- it 5 g
L / 2] ict

5 e <
RGS L’ b ~
1 Eidealized upper bound] o g
0.001 0.01 0.1 S b
Energy resolution, AE/E § .E

H
0 g
See our review “Next decade in sterile & é’

neutrino studies” [1306.4954] 1 2 5 10 52

Dark matter mass M,, [keV]
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Astro—-H: spectrometer

o

S - : . . —————] -
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Astro—-H: better spectral resolution

[1402.2301]

Astro-H S)I(S
Perseus, 1 Msec
kT =6.5 keV, 0.6 solar |
z=0.0178
F v(baryons) =300 km/s |
v(line) = 1300 km/s

1.5%x10-3

| } | 3.62 keV

L | Ar XVII DR Ca XIX -
- Ar XVl H 'I"|'m|-|!""!...ii | l |

Ar XVII| ' “wﬂ“dgihﬂ

100
I

Flux (ph cm?s'keV™)

3.55 keV Line

3 | 3.2 3.4 3.6 3.8
Energy (keV)

5x10-4
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Wiggle in the effective area?

E 257002 000 é‘u“ﬂg,a%‘ﬁf; (_;30008 - i L | | ﬁlﬁggfzeet,oil']
3 i NQW&WH#WHﬁmw wﬁ&

XMM-MOS
Rest of the _]
Sample -
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e Easiest way to get a weak line: Divide a powerlaw signal by an effective
area with a dip at ~ 3.5 keV

e Wiggle is not present in the stacked redshifted dataset but the signal
IS (Bulbul et al.)

e Wiggle would cause a signal in the blank sky data (Boyarsky, O.R. et al.)
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Inflation with Higgs boson
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Higgs inflation and tensor modes
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(Sub) halo mass function

Halo (subhalo) mass function

... humber of halos (galaxies) of different mass ...

e Missing satellite problem

e Too big to fail problem
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Halo substructure in '"cold" DM universe
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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

IAgq-A-2 halo made of sterile neutrino DM (Lovell
et al. 2012)

[Ag-A-2 CDM halo

Simulated sterile neutrino DM halo (right) is compatible with the
Lyman-« forest data but provides a structure of Milky way-size halo
different from CDM
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Too big to fail.

WDM?

Vf'ii
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Our galaxy contains too few small mass satellites (missing satellites
problem) and too few large satellites (too-big-to-fail problem)

Particles that were relativistic in the early Universe can alleviate this
tension between theoretical predictions and observations
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Velocity width function vs. WDM
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Too big to fail. Other options?
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Converting dark matter only simulations into “observable” luminosity
of satellites is subject to large uncertainties
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