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Professor DM
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Are we simplifying it too much!?
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WIMP cross section [cm’ /s)

Testing dark matter

Indirect detection

Upper limits, Joint Likelihood of 10 dSphs
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X-ray line from galaxies

® Monochromatic photon lines probe well indirect
signals of dark matter due to directional information.

® X-ray spectra (XMM-Newton) of various galaxy
clusters and Andromeda show an unidentified

line signal at 3.55 keV at ~40.
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Signal samples

® Bulbul et al [XMM-Newton

Perseus cluster

Nearby clusters: Coma, Centaurus, Ophiuchus

All stacked 73 galaxy

clusters
- 0.03keV at 230'.

= £ = 3.55 — 3.57-

Chandra excess from Perseus,
no line from Virgo cluster.

® Boyarsky et al |XMM-Newton

Perseus cluster
Andromeda galaxy (M31)

= £ ~ 3.5keV

15 22 22 e



Sample Selection

A1060
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Taken from Randall Smith’s talk (April 2014)
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“Perseus + Andromeda

/3 galaxy clusters for z=0.01-0.35
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Line backgrounds

® K-shell excitation of ions leads to X-ray plasma

emissions near 3.5 keV (K XVIII: 3.476 and 3.515 keV).

® Expected flux for thermal emission lines is smaller

by factor 10-20.

Table 3

Estimated maximum fluxes of K XVIII at the rest energies 3.47 keV, 3.51 keV, Ar XVII at the rest energies 3.68 keV, and K XIX at the rest
energy 3.71 keV lines obtained from AtomDB in the units of photons em 2 s~ !. Estimates were performed based on best-fit fluxes
obtained from the fluxes of S XvI, Ca XIX, and Ca XX lines in the line-free apec model. The fits were allowed to go a factor 3 above these
estimates. The maximum flux for the Ar XVII DR at 3.62 keV line was initially set to 1% of the Ar XVII line at 3.12 keV in the spectral fits.

Sample Inst. Flux Flux Flux Flux Flux
K xvin K xvin Ar Xvil Ar XvII K XI1x [Bulbul et al’ I 402.230 I ]

(3.47 keV) (3.51 keV) (3.62keV) (368 keV) (3.71 keV)
(10-7) (10-7) (10-7) (10-%) (10-%)

| ] L] ] | L L] LI |

MOS 1.3 0.7 35+ 18 0.12 1.0+ 05 1.2+ 06 .5
Full 10 g MOS Detection
Sample PN 09+04 1.8+ 09 0.14 0.7+ 03 03+01 o
‘o
o » K XV (3.47 kaV) ]
Coma + MOS 27x 21 82+63 7.0 25+ 19 52+4.1 g 10 K XV (3.51 kaV)
Centaurus + Ar XVII (3.68 keV)
Ophiuchus PN 3323 68+ 4 1.4 25+ 18 08 06 8 - .
planchus ’ : ’ g K XIX (3.71 kaV)
ol 10’
Perseus MOS 185+ 99 157+ 244 6.4 15.1 £ 8.1 11.6 £ 62 =
PN 138+ 68 360£ 178 1.99 I08£54 91545 1%
© 10"
c
=
All MOS 0502 1.3+£05 0.10 04 £ 0.1 0.20 £ 0.1
Other Ll  / \ " " B |
Clusters PN 1.3£05 2609 0.90 1.1 £04 1.2+ 04 10 1 5 10

Plasma Temperature (keV)
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Debates on thermal emission

® |eltima & Profumo I: Pottasium & Chlorine lines?
[1408.1699]

Measured emission in G.C. (XMM-Newton)
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Multi-temperature emission calculated 5, o xx |

for Perseus & Andromeda (0.5-8 keV) |
e(T) : emissivities N(T):number of ions  :

® Bulbul et al: incorrect spectral modeling - |

away frOm Peaks 7 [1409.4143] hlo‘é R I e

Temperature (keV)

® |eltima & Profumo ll: line ratios for similar peak energies
are only relevant and temperature-independent.
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Sterile neutrino

® Minimal extension for neutrino masses needs
three right-handed neutrinos.

10247
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Neutrino masses:
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| A NU
Cluster X-ray 1

~ 0.05eV
M “Y
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3 0 — ~ 10777,
My
| me >~ My = 7.1keV.
2100-300 pc Fornax Core
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Axion-like scalar

® Axion-like scalar decay: [Higaki et al; HML, Park, Park;
. Jaecekl et al (2014)]
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_— F(a%,yv): 64 ) 14
a Wfa fa — 4 X 10 GGV
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] 1 TR o [ fa \°
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Magnetic dark matter
(MDM) and X-ray lines




Dipolar dark matter

® Dark matter is usually assumed neutral but
it can have a small E/M dipole moment.
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€ 10°F 1
8 W boson mass s D ~ ./\/l 5 3 X 10_ 66 CIn
~ " 16:_ ol Rl ‘ .
S 10°F  rolcabundanco ~ 1.6 x 10 "pp.
d VYV . ; ’
L4 PR — N ..
o 10 l
8 1+ f dipolar dark matter |
T ol L___1_____directdetecton ,
107 > [Sigurdson et al,
: ol s astro-ph/0406355]
10—25 L 2 g aqaeuld Lo el L 1 aaaaul vl ul raaul
10° 10° 10" 10° 10’ 10° 10° 10°
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X-ray line from MDM

® Majorana fermion mdm vanishes. We consider a
magnetic transition moment of Majorana fermion
dark matter to another.

e.g. sterile-active neutrino

Myy . transition, inelastic dark matter
L= AQ’ X210 X1 F
* D+ N dm3, B 1 | m3,
(\2 ~ X1 + ;,) - 71'1'\4 E,,, ) L 5771,\2 B 771%2
[X-ray line @ E, =3.55 ker X2
Am, ~ E,
X1
[y, = (0.36 = 3.3) x 1072 GeV (42 )
= ) " \7lkev
7.1keV
or r,. =(0.20—1.8) x 1025 ( - )
e

* My, ~ 10GeV 1 A= (5.0—-8.7) x 10" GeV. D~ 10"*®e cm
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Fermion-portal model

SM RH Singlet Charged Singlet
Two singlet Majorana fermion _[e"MIONS  scalar  scalar
fermions, Fon fxe ol 6 [
have different Yukawa Uy [ qon ] 0 ] 0 [qun] 0
couplings to SM RH fermion | |[V(Ux | O | +1 ] —1]+1 ]2
and charged scalar. Z |+ |- -]+

_ED.\l (:/\L_?PI \)Q + Ty L RL [, + C.C. ) + Tn |Q| o EXPI|C|t breaking
1 I . of 23
+ EyIS\l.P, X1+ = y)S \)P[ \)-Jr-ﬁSL'P[\ﬂ) C.C
Lo 1 (S)
?é 0 * '_m\l\l\l +§m\2\ X2~ ;f_l&_’_}il_}}(_—#”:’ €= Ao <1

U(1)x SSB

Similar Yukawa couplings === Almost degenerate masses

Y1 ~ Yo My, = My,
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MDM + Thermal DM

® The same fermion-portal coupling and charged scalar
are responsible for DM transition and annihilation.

~
[ 4

AN il - N
6 o™ Y_ooJ A 6472 mg
| 95| +/|Im(e* )\
X2 Do X1 X2 — > - X1 ’ \/‘ ( )‘)
A w € % Q
, , a(S) —9 —7
+ fermion lines € = ~ 1077 =10
, Ayvy
flipped
3
: /s X2
A2 ; L p-wave, but relevant
¢ ! at freeze-out.
X . yz X2 ' 7 Al m?2._ m",) + m'ﬂ T
2 /\ lb /\ w <O’l»‘> _| | \-( X2 c)

— Jo . 2 ' :
16 (m2, +mZ)t  my,
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Relic density+X-ray line+LHC

mg=350 GeV, |¢|=1078

o - A|=1.5, e]=107°
-': ! _ B00F T
1 |
X 600}
. B —_ i
_Lor > 500f
= “| ©) :
14F Y S 400F
L = [
\ 30007
1.2 H Relic density [
\ 200F
\\ i
50| A S 1001, | | /S
50 100 150 200 250 300 100 200 300 400
m, (GeV) m, (GeV)
® A wid t ist y
wide parame er space eXIStTS.

® Slepton-like charged scalar masses
below 325 GeV excluded by LHC.
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Bounds on DM

® For baryophilic dark matter, the WIMP-nucleon
spin-independent cross section can be constrained

by LUX. [Batell et al (2014); Nelson et al (2014)]
A2 MMy _
X Lo ~ v X vxdd.
: Ay " 327T2m§5(m§< — mi) o
(0 Ay = 1.5, mg = 400 GeV,m, = 200 GeV
Ay * )\d 5 4.4

® | eptophilic dark matter is bounded by muon g-2

and lepton flavor violation.
|Aa,| < 3.45 x 107" (BNL821I)

6 N = |\, | < 0.27(my/500 GeV).
P SR BR(y — ey) < 5.7 x 10713 (MEG)
X2 = |)\.| < 0.03(m4/500 GeV).
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Dark matter in SUSY
Riggs-portal




SUSY Higgs-portal

massless SM

S, S | I
5.5 | Higgs-portal EWSB
Dirac singlet Higgs doublets

+ gauginos

® SUSY and chiral (PQ) symmetry leads to light
Higgsino & singlet fermions, which interact

with each other by SUSY Higgs-portal.

® R symmetry can make light too, while

scalar superpartners are decoupled.

=

“Split” SUSY with extra singlets
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Dirac singlino

® Superpotential with approximate PQ:

W =\ AN¢SH, H; + )\ggHqu

PQ symmetric

- 1 1 _
+ugH Hg+ MgSS H 51\4152 + 51\4252
. 1 1
PQ violating eg W > i P?H,H, + i Q288 + - --

® We assume a singlet flavor symmetry (e.g. U(2))
that singlino gets Dirac mass only.

M,y =Ms=0, small As, Ag
*

Dirac singlino gets a small mass
splitting only after EVVSB.
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Singlino mass splitting

® Neutralino mass matrix for (B, W° Hj. HJ,S, S)
/ M, 0 —19'vq 39Uy 0 0 \
0 M, 394 — 197, 0 ()
| —é g'vg % gug 0 — Leff /\ Vu /\ql
"‘[{0 - %g’-vu _%gvu — eff 0 )\Sld ——/\Sl’d
0 0 L /\Slu — /\gl’d 0 ‘[q
\ 0 0 1 /\51 /\Sl’d

® Singlino mass splitting: @J(ff Mg, As. @

1 v?
Amsgy = Mg — Mzp &~ 5;2 : ” /\ — )\“ Mg — /\“ + A2 fhegr SN 23
Loz ) Hcos Bk (9° , )
8 (;1eff M3)? M, M,

“keV-scale” mass splitting for weak-scale e > Ms.

* Ag, Ag ~ 10_5’ Mo 2 1TeV.
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X-ray line from singlinos

- 1\’15:30066\/, 4\52099.\5 o ‘\523 .SX 10—5’ /Ieffﬁ’x‘15+94SGeV
005} ] H L
2. x 1074} 4 . ,/’—‘\/\\/\/\I
\ \
b ‘ / \
—— 004 Amo; = 3.55 keV R R . : . X4
1.x1074} — .“e 1 F: B —_‘--—________-— X
= —(aﬂ }L-" g $‘ 003L \ e N | o
1 4/‘__.-’ ﬂi: ’ - L‘ I ‘ ‘ “
5.x10°5} S cwemam==s g )
e 0.02} N X-ray line . W
= Amo; = 3.55keV
\ I X3 - Xy
2.x107°F gl T 001L ___,;,,\_.——--————' | X
1.x10°5 T  T—— B
pefs—Ms (GeV) mpm(GeV)

my+ = 1 TeV, M1} =0.5M2 = 3TeV and tan 8 = 10

® “Charged Higgs,W-boson"-chargino loops induce
magnetic transition moment for singlinos.

® X-ray line requires | A\s/As ~0.97 - 0.99 for As 2 107°.
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DM relic density

® Singlino DM keeps in thermal equilibrium until
freeze-out, due to kinetic scattering with the SM.

I'kin N NS {(TV)kin

. ~ |Aggl? - 10" > 1.
.QDM/I" (Planck 30‘_) 'y, NpM <O"U>th ’ S’S’ ™~
T T T T T T : Assl 2105
— 1| ‘ | 0
% ﬂ Xg,4 Xl;f 0
2 T Qpuh® <0112 \/(Xl) X12 SM
%— 6} As. § \ /
Lo s \
f’t ' ) ~0
1 M /\ X2.1 SM
: SM
mpm(GeV) \ /
® The relic density conditions are /g \
consistent with the X-ray line. X1 SM




Degenerate Higgsinos at LHC

mass(GeV)

M=2M), Ms=300GeV, jte5r=310GeV

..............................

For gauginos > TeV,

3121\5\
m%g E XCQ)
310 : ~t I 5 6 Gev
[ ; X1
308 | : X} 4 ¥ S 2GeV
| : ) < 10 GeV
306/ : X3.4 keV
304 5 -* 3-body cascade decays
02| (mostly prompt)
600 800 1000 1200 1400 1600 1800 2000 X2 — X0 07 “(h*), )A{f — )A{(l)W*

M (GeV)

For decoupled gauginos, Higgsinos decay to singlinos:

“displaced” vertices + MET.

~0 ~ 1
X » X keV ~0 ~ * (7. %
1,2 1 1 < 10 GeV X1,2 — X3,4Z (h )7
X3.4 - keV )z/li — 553)4W*,
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Conclusions

® Dipolar dark matter can explain the X-ray line
and is thermally produced due to an
accompanied charged particle.

® Fermion-portal coupling of order one and
charged scalar can be constrained by g-2, LFV,
LHC and direct detection.

® |n SUSY Higgs-portal model, Dirac singlino with
a naturally small mass splitting can explain the
X-ray line. But, almost degenerate Higgsinos/
singlinos would be challenging for the LHC Run
Il searches.
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Dream Improvisation
by Wassily Kandinsky

Dark sector might be dynamic like our world!
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