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Two of Unsolved Problems in
Particle Phy5|cs

- What is the identity of dark
matter? Is it a particle?--

- Why are the neutrino masses
are so small? Are they Dirac
or Majorana? Is the mass
hierarchy normal or
inverted? Are the CP
violating phases non-zero? ---
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Dark Matter

- DM exists!
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DM

@ Dark Matter
@ Ordinary Matter - 27% of the universe is DM
@© Dark Energy

- All the information about DM is from
gravitational interaction

- We do not know much about its
nature

- Electrically neutral

- Not a SM particle




DM

- Do DMs have interactions other than gravity? e.g. WIMP
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Neutrinos

- The most natural scenario for neutrino mass is seesaw
mechanism
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- Difficult to test at colliders.



3.5 keV X-ray line signal

- Unidentified 3.5 keV X-ray line from the XMM-Newton satellite
data was reported (>30) in the direction of

i) the stacked analysis of 73 low redshift galaxy clusters

E. Bulbul, et.al, 1402.2301
i) from Andromeda galaxy and Perseus cluster A. Boyarsky, et.al,

1402.4119
Suzaku search in four X-ray brightest galaxy clusters: Perseus,

Coma, Virgo and Ophiuchus also finds evidence Urban, et.al,
1411.0050
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3.5 keV X-ray line signal

- A similar analysis with more data of Chandra and XMM-Newton
data did not see the signal m. Anderson, et.al., 1408.4115

- 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

- Exciting DM may be an explanation: low velocity dispersion —no
signal J. Cline and A. Frey, 1410.7766; A. Berlin, A. DiFranzo, D. Hooper, 1501.03496



Exciting DM

Frandsen, et.al., 1403.1570
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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

A. Boyarsky!, O. Ruchayskiy?, D. Iakubovskyi®# and J. Franse'+®
nstituut-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
3Bogolyubov Institute of Theoretical Physics, Metrologichna Str. 14-b, 03680, Kyiv, Ukraine
4National University “Kyiv-Mohyla Academy”, Skovorody Str. 2, 04070, Kyiv, Ukraine
SLeiden Observatory, Leiden University, Niels Bohrweg 2, Leiden, The Netherlands

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.
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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® 20 = (2 — 20) x 10~

5
nls = 1.39 X 107257 sin”* 20 (kn;—;) Opm/ M

- (1.5 x 1072 - 2.7 X 10-24) cm~3s7,

7. = 1.6 x 10°" — 2.8 x 10%® sec
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Generalized Decaying DM

- Generalization of sterile neutrino DM

- Unstable x*, but t(x*)>age of universe, decays into
stable x: x*>xty my~ —m, = 3.5keV

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

- The decay can be described by transition dipole
moment operator
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Frandsen, et.al., 1403.1570
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Radiative Neutrino Masses: Ma
Model

- Alternative scenario for the generation of neutrino
masses to the seesaw mechanism

- The simplest one is Ma model. Small masses are due to
loop suppression. DM is there (scotogenic).

Under SU(2); X TU(1)y X Z,, the particle content is given

by
(vpl))~(2,—1/2;+), E~(1,1;+), N;~(1,0;-),
\\ // (3)
X (6%, ) ~21/2;+), (", 7)) ~21/2;,-). @)
,/(l / ,/(] i
/ Ly=fij(¢" v+ Cboli)[j: + hyj(vin’ = [;n*)N; + He.
” N ) LM;N;N; + H.c.
v, Ny 2 2 P T EE E. Ma, PRD73 (2006)
FIG. 1. One-loop generation of neutrino mass. %AS((I)J[T])?‘ + Hc.

—

- Colliders may produce new particles at the ew scale
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Radiative Neutrino Masses:
Zee-Babu model

. Zee-Babu model for Majorana neutrinos: two charged
scalars h*, k** with L=-2 are introduced in addition
to the SM  Babu, PLB(1988)

Ly=fap( ‘/’ZZC%L) fijh T+ hc’zb(l(Y;RCle)k+ "+H.c.

L,_=—ph"h"k~"+Hc. L-violating soft term

h -~ 17 < h

(Mv)ab = Sﬂfa(:mC‘hfdmdfdblCd //( kY ‘\\

/ | \
- Testable at LHC —
b d C a

- 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;
B—L|1/3]-1] 2 J[2]0] —1]1/3,7/3,13/3
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

Fields | ¢; | 4 | hT,k™" | ¢ | n | Ng, (0%

B-L|1/3| -1 2 2 |0 | -1 |1/3,7/3,13/3
2 — +

LHNpgr forbidden by Z;
LH+y  forbidden by B-L charge assignment

e’ o T : dominant mechanism for neutrino
// : \\ IMasses
> - : > | <
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Local U(1)g-. symmetry

L = LsMm + LZee—Babu + Lkin + Lu — V,
fadTECH €iih* + Byl ToCE o k+* + hc,
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Local U(1)g-. symmetry

+(A\upk™th™h™ + hee)) — ukTThTh™

dynamically generates LV p-term

Ly = %i’y“l);ﬂpz‘ — mwi%wi — f12 (Elﬂz@* 2 n %7,0180\) — fo3 (%7/}390* + %10290\)

Y’s have “flavor” changing Z’ and o interaction
<p>: U(1)p-L = Zs:not broken by quantum gravity—

guarantees absolute stability of DM [ o) & ey, 1v - et o,

_ 1
LNy, = Ngr,;#¥*D,Npg, — i(ANijapN]sz_NRj -+ 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 S
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for gz ~ 0.3, 012 ~ a3 ~ 0.2. For mz ~ 10 TeV, My ~ 1 TeV, § ~ 0.2, we get A ~ 10
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Kinetic mixing

+ Z’-y mixing: —sinxZ., F* /2

Tree-level TMDO? No. %2

- Canonical kinetic energy by non-unitary transf.
A . 1 —tanx A - 1 L 1r/ 7' v 1 12 71 7 1
(2/) - (O sec y ) (Z’) AL = _iFMVF/ — ZZ/“/ZI -1- iﬂ/lzzé'ﬂél ,
- The transformation is unique for massive Z’

D/l = 8“ -+ ZéQAu + i.&Z’QZ'ZA/,L

(927Qz — éQsinx)Z,.

- Covariant derivative

1

= 0, +1eQA, +
a eQ - COS X

- Photon couples only to EM-charge

. (cf) milli-charged DM: 2. =0, +i( @~ 20z tanx ) A, + 1620,

coS X
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Fine-Tuning
- Small parameters in the model: Am;<<my,

. 't Hooft naturalness criterion “A parameter is
naturally small if setting it to zero increases the
symmetry of the theory”

. Setting Ami; to zero increases the symmetry U(2)-
flavor symmetry in (;,¥>,) flavor space

- Small Amy; is technically natural
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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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The fate of Ng

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

1 1 1
» Nil;HNp., —U;HNp.n, =Np ey =1\
A Ve R V2 AL V)
2 i e A i . \ N
10~ 10 TeV ; = 10 TeV
T(NR) ~ ( ) ( ( ) 1071° sec. TR ~ (107 s) ( : )
Aij mpg mp

10-24 < \;; < 1077 - NR can decay very fast w/o affecting
cosmology or neutrino masses
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n phenomenology

- The lifetime of n is of order 1 sec, for mass 10 MeV, mixing angle 10

— GF Si112 nH o5
I'(n—ete) = L mam?2 32,

4'\/571‘

(/17111 T 2/\7]11“11)(1 — Thf(Th)) + 4(‘/1‘1)1.' g ‘2/\711.'1"!/)(] - T/x'.f(Tl.'))

2

3,12)

2
'(n— vy) = = ”‘,‘;"
| 647°>m,,

- h—nn can saturate the current Higgs invisible decay width
- n can also mediate elastic scattering of DM, which can solve the small
scale problems in CDM simulations
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Small scale anomalies

- Core-vs-cusp problem

- Simulations with CDM
predict cuspy DM

distribution at the center

of galaxies

- However, observations
show flat core

THINGS (dwarf galaxy survey) - Oh et al. (2011)

10-3

P/Pys

10-3
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Summary of the Too Big To Fail problem:

Boylan-Kolchin, JSB, Kaplinghar 2012
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Expect 5-40
subhalos with
Vimax =>25 km/s

(from 44 simulations)

Garrison-Kimmel et al. in prep



Small scale anomalies

- Light m, (1I—10 MeV) can enhance |, ¥\, = Y)Y
and can explain small scale structure problems, core-
vs-cusp and too-big-to-fail problems, if

or/my ~ 0.1 —10cm? /g,

<




Small scale anomalies

- 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

(47 321n(1 + B~1) for 3 < 107!
o = /(152(1 ((,\0)‘;&” ) ;T"_i /(1 + 1.581:99) for 107! < 3 < 10°
< - ( " . p
\ s 3 (Infg+1- %ln_1 .)’})2 for 3 = 107,
) orlem9) .
= 2aymy /(Mmyvs)) \ \l\\ N\
\'\\\ 0.1\
= -y 4- ----------- P = 2
S. Tulin, et.al., 1302.3898 3 RN \ v
E‘“ 2 \ \ \4— y; = 1
S N
Q 3.5 \\\\\
AN

logso(m,, /GeV)
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Conclusions

- Radiative neutrino models can be alternative to
seesaw mechanism. DM can be naturally included.

- 3.5keV X-ray line sighal can be explained in
extended Zee-Babu model with decaying DM

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

- h*, k** and invisible Higgs decay (H—nn) is LHC
signature
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