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3.5 keV X-ray line signal

Unidentified 3.5 keV X-ray line was reported ~30

i) from the stacked analysis of 73 galaxy clusters

E. Bulbul, et.al,1402.2301

i) from Andromeda galaxy and Perseus cluster

A. Boyarsky, et.al, 1402.4119
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3.5 keV X-ray line signa

A. Boyarsky, et.al, 1402.4119

An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster
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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 weak, 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. Although for individual objects it is hard to exclude the possibility that the feature is due
to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line
originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple
astrophysical targets may help to reveal its nature.



3.5 keV X-ray line signal

- There are some debates on the existence of the signal m. Anderson, et.al,
1408.4115

- Suzaku X-ray search did not see the signal in the Perseus cluster
T. Tamura (2014)

- Signal from the center of the Milky Way?

- Chandra X-ray observation: rules out the sighal @95% CL s. Riemer-
Sorensen:1405.7943

- XMM-Newton data: consistent with the signal A. Boyarsky et.al., 1408.2503
- No signal in the dwarf galaxies. p. Malyshev et.al.,1408.3531

- A Particular form of DM? J. Cline and A. Frey, 1410.7766



Decay of sterile neutrino

Vs — U+ 7y E. Bulbul, et.al,1402.23071;
A. Boyarsky, et.al, 1402.4119

ms = 7.06 = 0.5keV

sin 26 = (2 — 20) x 107!

5
X-ray % 1sLs = 1.39 x 107257 ! sin” 26(k V) Opm/Ms
= (1.5 X107 —2.7x 10" 24) em3s1

7. = 1.6 x 10°" — 2.8 x 10%® sec



Exciting DM

X¢tXg = Xet Xe-  Frandsen, etal., 1403.1570

2
(I)X—ray X nx X GXg+Xg—’Xe+Xe X BR(Xe — )’ + Xg)z

= (1.5 X 1072 — 2.7 x 10-24) cm3s!

(01 Vret) X BR =~ (1.7 X 1072 = 3.0 X 107%") ecm®s ™' (m,/GeV)?



Annihilating DM

Annihilating DM with mass 3.5 keV

Frandsen, et.al., 1403.1570
SB, Ko, Park, 1405.3730

(Ox—yyUrel) = (2% 1072 =4 X 107%) cm’ s7*



Generalized Decaying DM

- Unstable x*, but t(x*)>age of universe, decays into
stable x: x*—x+v

s

keV

H. M. Lee, 1404.5446; G. Faisel, S. Ho, J. Tandean, 1408.5887; SB, 1410.1992

5
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Generalized Decaying DM

- The decay can be described by transition dipole
moment operator
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Generalized Decaying DM

- Decaying DM for X-ray line signal can be realized in a

specific model for neutrino masses: Zee-Babu model
Babu, PLB(1988)

- Zee-Babu model for Majorana neutrinos: two charged scalars
h*, k™ with L=-2 are introduced in addition to the SM

'l‘

-

Ly=far(War,Ch) €1k +hjy(LarClyr)k ™" +Hee. e’ ) : TN
. . . / \
L,_.=—ph"h"k™~+H.c. L-violating soft term / : \
- - . > | <
(Mv)ab - S#fa(.'mC'hfdmd.fdblcd Vb Id IC Va

- The model can be extended to incorporate DM
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Local U(1)g-. symmetry

i=1.2.3
Fields | ¢; bi | h™, k™" | ¢ | n | Ng, V;
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2 — +

¢  (Dirac DM) generate transition MD op.

©  U(1)g-. breaking scalar
1 Light scalar for relic density & small scale problems

Npr (Majorana) cancel gauge anomaly
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Local U(1)g-. symmetry
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Local U(1)g-. symmetry

+(A\upk™th™h™ + hee)) — ukTThTh™

dynamically generates LV u term

Ly = %Z‘,},Hl)uf% — mwi%w& — f12 (%1/1%0* 2 n %?PISO\) — fo3 (%7/}390* + %1&%&)

Y’s have “flavor” changing Z’ and o interaction
<p>: U(1)g-L = Ze: guarantees absolute stability of DM

_ 1
LNy, = Nr,iv"D,Np, — 5(/\Nij90NjcziNRj -+ h.c.)

NRr’s do not have flavor changing Z’'/¢ interaction:
cannot explain X-ray line through TDO
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Decaying DM in Z-B model

- Through two-loop Barr-Zee 5
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Decaying DM in Z-B model

- To explain 3.5 keV X-ray line, we need

- ™My \ 1/2
A = (6.94 x 10" —2.95 x 10'°) ( 5 \> GeV.
eV

- In our case it is obtained not by heavy particle but by
loop suppression

- Benchmark point
0 = 0.2, 019 = 023 = 0.2, my = mp+ = mp++ = 1 TeV

- Constraints: LUX DM direct search, perturbativity, DM
relic abundance, Z' 7TV

gz
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Decaying DM in Z-B model

 Mz=10Tev  Mz=20TeV
LUX .
N N | i ™
2+ 5 2/,/ | too short
g / g § ~ lifetime
| Iogw(m;pv‘/GeV) | | | | Iogw(m;p-'/GeV) |
XENONITT

X-ray Yi=1 yi=2
relic density Q,h* = 0.1199 + 0.0027
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Decaying DM in Z-B model

- X-ray signal can be mainly controlled by M3-M1 mass
difference.

- Direct detection is suppressed by large M»

- Although Z, protects Ni’'s from decaying, the discrete
symmetry can be broken by quantum gravity

1 1 | 1
{,']];'\rlgj 1), ;’\:'h,l_ (/(A(I

, V2o 172
Pl Pl Pl

\ijliHNp. .

1]

Np,d;dyuy,

. o = [(10TeV )’
|/\,'J'| < 10740  7r=(10"s)

"R
- Light m,, 1—10 MeV) can enhance Y@ %@ 7 Y% and
can explain small scale structure problems, core-vs-cusp
and too-big-to-fail problems, if or/my; ~ 0.1 —10cm?/g,
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Decaying DM in Z-B model

- For y; ~ O(1) the self-interaction occurs in the non-
perturbative (a,my//m, = 1 with «,, = y*/47) and
classical (mrv.e/m, > 1) regime

4—"-’32 In(1 + B~1) for # <1071

or = /(IQ(I — COS (7’)(10) :z— 32/(1 4 1.531-69) for 107! < B <10°
. (lg I_ (hl 3_+_ 1 o lhl_] 3) f()l ),> 10;

n

B = 2aym,/(myvZ,)  S. Tulin, et.al., 1302.3898

X == ¢ X X
Dark force: ‘ L

X -= ¢ X —Lt—— X

relic density DM-DM elastic scattering
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Decaying DM in Z-B model
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Conclusions

- 3.5 keV X-ray line signal can be explained by generalized
decaying dark matter scenario in an extended Zee-Babu
model

- Some parameter region is sensitive to the next
generation DM direct search

- Light n achieves the correct relic abundance and also
solves the small scale structure problems, core-vs-cusp
and too-big-to-fail problem

- Discovery of h*, k** at LHC will support our scenario
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Small scale anomalies

Core vs cusp problem
THINGS (dwarf galaxy survey) - Oh et al. (201 1)

Moore (1994), Flores & Primack (1994), ... [ T ———s
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Small scale anomalies

2. Missing satellite problem Bullock (2010) [review]

» CDM simulations predict O(10) times more satellite halos
for MW than observed satellite galaxies

» Last 10 years: Sloan Digital Sky Survey has found many
more low luminosity satellites

» “Missing” satellites are there, but difficult to detect due to
guenched star formation

Tulin (2013)



Small scale anomalies

Boylan-Kolchin, Bullock, Kaplinghat (2011 + 2012)

|II

“Too big to fail” problem

Milky Way galaxy should have O(10) satellite galaxies which are
more massive than the most massive (classical) dwarf spheroidals

Where are they?

2.19 x10™ M .
1=

Ursa Minor

p—

Milky Way |
‘e

Bullock et al (2013)

Tulin (2013)



Small scale anomalies

Failure of CDM-only simulations

Can baryonic effects solve these problems? Maybe

Navarro et al. (1996), Governato et al. (2009+2012), Brook et al. (201 1),
Pontzen et al. (201 1), see also Purcell & Zenter (2012), Strigari et al (2010)

Self-interacting DM can solve all problems | X » X
|

Spergel & Steinhardt (1999) X —te X

Core vs cusp: energy transfer from outer to inner halo

Missing satellites: smaller halos stripped in hot MW halo
Doesn’t work — requires too large cross section
Too big to fail: rotation curves modified by self-interactions

Tulin (2013)



Summary of the Too Big To Fail problem:

Boylan-Kolchin, JSB, Kaplinghar 2012
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Expect 5-40
subhalos with
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(from 44 simulations)

Garrison-Kimmel et al. in prep



SIDM with 6/m=(0.5-1)cm?2/g Solves Too Big To Fail Problem
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Dark Matter Phenomenology in the Milky Way Halo

100 % ' ' ' '
- CDM Rochaetal. 1 WDM:
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