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3.	 RH	 sneutrino	 as	 Dark	 Matter	 Neutrinophilic	 Higgs	 
model

1.	 Introduction

Contents

4.	 Discussion

[K-.Y. Choi, Osamu Seto, 2012]

2.	 Dark	 matter	 :	 production	 and	 indirect	 detection
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Electromagnetic spectrum

Image source : NASA
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Why do we have to go to space to see the EM spectrum?
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Maja Llena Garde

on behalf of the Fermi-LAT collaboration

The Fermi-LATThe Fermi-LAT

• Launched on June 11, 2008
• 16 identical modules in a 4x4 array, 
where each module is made up by a 
tracker for direction determination and a 
calorimeter for energy measurements
• Field of view is ~2.4 sr
• Energy range 20MeV to >300GeV
• LAT observes the entire sky every ~3 h 
(2 orbits)

⇨ LAT is a great instrument for DM        
 searches!
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This all-sky view from Fermi reveals bright emission in the plane of the
Milky Way (center), bright pulsars and super-massive black holes.

Credit: NASA/DOE/International LAT Team
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Gamma	 ray	 to	 probe	 dark	 matter
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Present

Past
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Baryons	 and	 electrons	 are	 tightly	 coupled	 to	 the	 photons,	 
thus	 they	 cannot	 help	 to	 form	 the	 structures	 until	 the	 
moment	 of	 recombination.

Stable	 and	 electromagnetically	 neutral	 matters	 are	 
decoupled	 from	 the	 photons	 and	 thus	 seed	 the	 formation	 
of	 structures.

After	 recombination,	 baryons	 are	 decoupled	 from	 photons	 
and	 fall	 into	 the	 gravitational	 potential	 made	 by	 the	 dark	 
matter	 to	 form	 the	 structures,	 such	 as	 galaxy,	 clusters	 of	 
galaxies.

Dark	 Matter

Tuesday, September 11, 12



10

Credit: NASA/ESA/JPL-Caltech/Yale/CNRS 

This image from NASA's Hubble Space Telescope shows the inner region of Abell 1689,
 an immense cluster of galaxies located 2.2 billion light-years away. 

Dark matter cannot be photographed, but its distribution is shown in the blue overlay.
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Around our visible galaxy
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Around our visible galaxy
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Pearl Sandick, UT Austin

Dark Matter Distribution

● NFW: 

● Einasto: 

● Isothermal: 

Simulations:

Diemand et al. 2008

Cirelli et al. (2010)

Wednesday, June 13, 12
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Pearl Sandick, UT Austin

Dark Matter Distribution

● NFW: 

● Einasto: 

● Isothermal: 

Simulations:

Diemand et al. 2008

Cirelli et al. (2010)

Wednesday, June 13, 12

• Dark matter distribution in the galaxy

High	 density	 of	 DM	 in
the	 galactic	 center	 region.

Tuesday, September 11, 12



• Indirect detection of dark matter

WIMP	 dark	 matters	 in	 the	 galactic	 halo	 can	 annihilate	 (or	 decay)	 
and	 produce	 other	 particles

DM

DM

Neutrinos

Super-K,	 IceCube

High	 energy	 photons

EGRET,	 Fermi,	 ...

Antimatters:	 
	 	 	 Positrons,	 antiprotons

HEAT,	 PAMELA,	 
ATIC,	 Fermi,	 AMS

Tuesday, September 11, 12



Gammay-Ray Line spectrum?

Astrophysical source?

In general, it is quite difficult to obtain the sharp gamma-ray 
spectrum from astrophysical sources, since the relativistic 
particles are in a broad energy distribution or the interaction 
with the surrounding gas gives broad gamma-ray distribution.

Gamma-line is a ‘smoking gun’ signature of DM

Tuesday, September 11, 12
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C. Sgrò,4 E. J. Siskind,49 A. Snyder,2 P. Spinelli,9, 10 D. J. Suson,50 H. Takahashi,40

T. Tanaka,2 J. G. Thayer,2 J. B. Thayer,2 L. Tibaldo,11, 12 M. Tinivella,4 D. F. Torres,13, 51

G. Tosti,7, 8 E. Troja,52, 53 J. Vandenbroucke,2 V. Vasileiou,18 G. Vianello,2, 54 V. Vitale,35, 36

A. P. Waite,2 B. L. Winer,3 K. S. Wood,24 Z. Yang,19, 20 and S. Zimmer19, 20

(FERMI-LAT)

1Deutsches Elektronen Synchrotron DESY, D-15738 Zeuthen, Germany

2W. W. Hansen Experimental Physics Laboratory,

Kavli Institute for Particle Astrophysics and Cosmology,

Department of Physics and SLAC National Accelerator Laboratory,

1

ar
X

iv
:1

20
5.

27
39

v1
  [

as
tro

-p
h.

H
E]

  1
2 

M
ay

 2
01

2

[arXiv:1205.2739]

2 year data

Gamma-ray line : Fermi-LAT Collaboration
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FIG. 1. The line dataset binned in 1.5� ⇥ 1.5� spatial bins, plotted in galactic coordinates using

a Hammer-Aito↵ projection. Photons with energy from 4.8 to 264 GeV are included. The white

areas away from the Galactic plane correspond to the locations of 1FGL point sources and have

been masked here. The area in white along the Galactic plane is excluded from this ROI.

A. Photon Selection

In this section, we describe the selection criteria for photons included in our dataset. The

dataset is comprised of Pass 6 DATACLEAN [8, 16] photons from the energy range 4.8 to

264 GeV and the ROI |b| > 10� plus a 20� ⇥ 20� square centered at the GC. We exclude

the bulk of the Galactic plane, where the di↵use emission from interactions of cosmic rays

with interstellar gas and the interstellar radiation field is strong, but include the GC where

cuspy profiles should enhance the WIMP annihilation signal. Photons are removed that are

near point sources (see below), that arrive when the rocking angle of the LAT is larger than

52�, or have zenith angles greater than 105�. The selection cuts remove charged particles,

atmospheric gamma rays from the Earth’s limb (called “albedo photons” in this paper), and

known astrophysical sources. Our final sample consists of ⇠ 105, 000 photons, with ⇠ 10%

coming from the 20� ⇥ 20� square centered at the GC. Fig. 1 shows the counts map for our

ROI. Fig. 2 shows the counts spectrum for P6 V3 DIFFUSE class photons (red triangles),

the P6V3 photon class used in the 11-month line analysis (green squares), and for Pass 6

DATACLEAN class photons (black circles) from 4.8 to 264 GeV, in 5% energy bins. The

Pass 6 DATACLEAN class has the smallest particle contamination and the same energy and

direction reconstruction quality as the P6 V3 DIFFUSE class.

In our ROI, there are 1087 sources in the LAT 11 month catalog (1FGL) [17]. We remove

7

in the region of |b|>10 degrees plus |l| < 10, |b|<10,
excluding the Galactic plane!

Tuesday, September 11, 12



B. Production from decay of thermal particles

The LSP right-handed snturtirno Ñ
0

can be produced from the decay process of the

particles which are in the thermal equilibrium. The relevant processes are [1]

H̃0 ! Ñ ⌫̄,

H̃+ ! Ñ l̃+,

⌫̃ ! Ñ h,

⌫̃ ! Ñ Z,

l̃ ! Ñ W�,

B̃ ! Ñ ⌫̃,

W̃ 0 ! Ñ ⌫̃,

W̃+ ! Ñ l̃+,

(14)

When the temperature of the early Universe was much higher than the decaying particles,

the abundance of Ñ
0

from the decay can be well approximated by [5]

Ydecay '
X

i

3⇣(5)ḡMP gi�i

4⇡m2

i

, (15)

where �i is the decay rate of a particle i with mass mi and d.o.f. gi in the rest frame and

ḡ = 135
p
10/(2⇡3g

3/2
⇤ ).

We will not consider the finite temperature dependence of VEV and mass since the

production of right-handed neutrino becomes e↵ective at relatively low temperature and the

production does not changes much whether it is included.

C. Production from out of decay

Constraints from LHC and BBN : reduces the parameter space for stay and neutralino

Ñ + Ñ ! � + �

Ñ + Ñ ! Z + �
(16)

h�vi�� . (0.03 ⇠ 4.6)⇥ 10�27 cm3s�1 m� = 7� 200GeV (17)
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H̃+ ! Ñ l̃+,

⌫̃ ! Ñ h,
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Ñ + Ñ ! Z + �
(16)

h�vi�� . (0.03 ⇠ 4.6)⇥ 10�27 cm3s�1 m� = 7� 200GeV (17)

8
h�viZ� . (0.02 ⇠ 10.1)⇥ 10�27 cm3s�1 m� = 63� 210GeV (18)

IV. CONCLUSION
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Upper limits on the gamma-ray line (NFW profile)

FIG. 15. Top row: Dark matter annihilation 95% CL cross section upper limits into �� (left) and

Z� (right) for the NFW, Einasto, and isothermal profiles for the region |b| > 10� plus a 20� ⇥ 20�

square at the GC. �Z limits below E

�

< 30 GeV are not shown; see text for explanation. Bottom

row: Dark matter decay 95% CL lifetime lower limits into �⌫ for the NFW profile and same ROI.

Systematic e↵ects from the photon line flux upper limits are not included.

equations with J values from Table III. The limits are given by

h�vi
X�,j

= 5.99⇥ 10�28

1

N

�

✓
�

UL,j

10�9 cm�2s�1

◆⇣
m

�

10 GeV

⌘
2 1

J

ann

(�⌦)
cm�3s�1 , and (20)

⌧

X�,j

= 8.35⇥ 1028N
�

✓
10�9 cm�2s�1

�
UL,j

◆✓
10 GeV

m

�

◆
1

J

decay

(�⌦)
s . (21)

Table IV and Fig. 15 give the spectral line flux upper limits, cross-section upper limits, and

lifetime lower limits for various spectral line energies.

The �� annihilation cross section h�vi
��

upper limits are shown in Fig. 15. The upper

limits to h�vi
��

using the NFW profile range from ⇠ 3⇥10�29 to 5⇥10�27 cm3s�1 in the line

(WIMP mass) energy range 7–200 GeV, while those for h�vi
Z�

range from ⇠ 10�27 to 10�26

28

[arXiv:1205.2739, FERMI-LAT] Upper limits on the gamma-ray line

Wednesday, August 29, 12

[arXiv:1205.2739, Fermi-LAT]
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[arXiv:1205.2739, Fermi-LAT]

Dark	 matter	 annihilation	 into	 W-bosons	 and	 electron-positrons.

Upper limits on the DM annihilation

FIG. 18. As in Fig. 17, but for dark matter annihilation to W -bosons or e+e�. The annihilation to

e

+

e

� only includes prompt photons from final states radiation and none from high-energy leptons

inverse Compton scattering o↵ starlight or Cosmic Microwave Background photons The green and

red shaded regions can explain the PAMELA and Fermi CR data, respectively. They are taken

from [57], but we have rescaled their regions by (3/4)2 to a local density of ⇢� = 0.4 GeV cm�3

from 0.3 GeV cm�3 used in [57].

36
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130 GeV gamma-line signal from public Fermi-LAT data

[1204.2797]

arising from the Galactic center

2

lar, we show that the current limits from searches for
�-lines from the Milky Way [11] as well as searches for
excess di↵use �-rays from dwarf spheroidal galaxies [12]
also suggest a non-negligible contribution to DM which
is not WIMPs. Finally, in section VI, we make corre-
lated predictions for particle physics. For example, in
the particular framework which gives a Higgs mass pre-
diction [4] compatible with the recent hints at the LHC,
the Gluino and Bino masses are predicted as functions of
the gravitino mass m3/2.

II. REQUIRED CROSS-SECTION AND
IMPLICATIONS

The most interesting feature of a �-line signal is that
the energy of the line E� is very simply related to the
mass of the WIMP due to the WIMPs in the halo being
almost at rest. Since the signal is at E� ⇡ 130 GeV,
this means that if the signal is interpreted as coming
from WIMP annihilation to � �, then the WIMP mass
m� ⇡ 130 GeV. If the signal is instead interpreted as
arising from Z � final states, this would imply m� ⇡ 145
GeV.

There is considerable uncertainty in extracting the
best-fit annihilation cross-sections into �� or Z�, even
if the signal is correct. The analysis of [3] gives the re-
sults:

h�vireqd��!� � ⇡ 1.27 ± 0.32+0.18
�0.28 ⇥ 10�27cm3/s : Einasto

⇡ 2.27 ± 0.57+0.32
�0.51 ⇥ 10�27 cm3/s : NFW (1)

for the two DM profiles with ⇢sunDM being normalized to
0.4 GeV/cm3. As is known, the local DM density at the
sun’s position has an O(1) uncertainty. The presence of
DM substructures very close to the GC can also lead to
an increased �-ray flux. Furthermore, [10] claims that
scanning the Galaxy in a way such as to maximize the
130 GeV signal gives rise to a larger flux and increases the
required cross-section by a factor of few. In this work,
for concreteness we study the implications of the more
conservative analysis by [3], in which the target regions
for study were chosen beforehand and the existence of the
signal was then determined. Nevertheless, it is important
to remember that the results of this paper are only valid
within the set of caveats mentioned above.

The cross-section in (1) is large compared to naive ex-
pectations for the following reason. The standard as-
sumption which is made about WIMP DM is that it is
a thermal relic. With this assumption, the WIMP an-
nihilation cross-section at thermal freezeout is h� vtot��i =

h� vtherm�� i ⇡ 3 ⇥ 10�26 cm3/s. However, WIMPs typi-
cally annihilate to photons only via loop e↵ects. Hence,
the cross-section is suppressed by a loop factor:

h�vi��!� � . 1

16⇡2
h� vtherm�� i ⇡ 1.9 ⇥ 10�28 cm3/s, (2)

which is at least an order of magnitude smaller than the
reported signal. This is true for the minimal supersym-

metric standard model (MSSM) and many other mod-
els. On the other hand one could reconcile a thermal
cross-section with significant annihilation into photons
by considering either models in which the annihilation
to photons is somehow enhanced [13], or in which there
exist very light states giving rise to a Sommerfeld en-
hancement of the cross-section [10]. In this work, we
study a di↵erent and rather appealing mechanism which
we will show is compatible with the tentative signal as
well as all other contraints, and moreover, works for sim-
ple and well motivated models such as the MSSM: this
is the non-thermal WIMP ‘miracle’ [8] and is reviewed
below.

A. The non-thermal WIMP ‘Miracle’

Compactified string/M theory generically gives rise to
moduli fields in the e↵ective low energy description of
physics. These are the low energy manifestations of the
extra dimensions present in string/M theory and are nec-
essarily present as long as the supergravity approxima-
tion is valid. Moduli fields couple fairly universally to
matter with interactions suppressed by a large scale, such
as the GUT or Planck scale. They generically will dom-
inate the energy density of the Universe after inflation
but must decay before big-bang nucleosynthesis (BBN).
When they decay, they not only dilute the density of any
thermal relics by many orders of magnitude, but they
also produce WIMPs as decay products.

This gives rise to a WIMP number density of order :

n� ⇠ �X

h� vitot��

⇠ H(TR)

h� vitot��

(3)

where TR is the reheat temperature generated when the
modulus X decays, �X the modulus decay width and
H(T ) the Hubble scale at temperature T . By con-

trast, in the thermal case, nthermal
� ⇠ H(T

F

)
h� vitot

��

, where

TF is the WIMP freezeout temperature. This implies
that to obtain a roughly correct abundance in the non-
thermal case, h� vitot�� has to be larger compared to that

for the thermal case by a factor of T
F

T
R

. Furthermore,

with h� vitot�� larger by a factor of T
F

T
R

relative to the
thermal case, the one-loop suppressed Z � (� �) channels
can naturally have a cross-section consistent with the
tentative Fermi-LAT signal! Finally, within the frame-
work of supersymmetry there naturally exist WIMP LSP
candidates like the Wino or the Higgsino with annihila-
tion cross-sections precisely in the required range. Since
Winos have a larger annihilation cross-section than Hig-
gsinos for the same mass, a Wino-like LSP with a small
Higgsino component is favored3.

3 For simplicity, we do not consider models beyond the MSSM.

[1203.1312] Bringman,	 Huang,	 Ibarra,	 Vogl,	 Weniger

C.	 Weniger

Also	 by
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Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
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FIG. 1. The line dataset binned in 1.5� ⇥ 1.5� spatial bins, plotted in galactic coordinates using

a Hammer-Aito↵ projection. Photons with energy from 4.8 to 264 GeV are included. The white

areas away from the Galactic plane correspond to the locations of 1FGL point sources and have

been masked here. The area in white along the Galactic plane is excluded from this ROI.

A. Photon Selection

In this section, we describe the selection criteria for photons included in our dataset. The

dataset is comprised of Pass 6 DATACLEAN [8, 16] photons from the energy range 4.8 to

264 GeV and the ROI |b| > 10� plus a 20� ⇥ 20� square centered at the GC. We exclude

the bulk of the Galactic plane, where the di↵use emission from interactions of cosmic rays

with interstellar gas and the interstellar radiation field is strong, but include the GC where

cuspy profiles should enhance the WIMP annihilation signal. Photons are removed that are

near point sources (see below), that arrive when the rocking angle of the LAT is larger than

52�, or have zenith angles greater than 105�. The selection cuts remove charged particles,

atmospheric gamma rays from the Earth’s limb (called “albedo photons” in this paper), and

known astrophysical sources. Our final sample consists of ⇠ 105, 000 photons, with ⇠ 10%

coming from the 20� ⇥ 20� square centered at the GC. Fig. 1 shows the counts map for our

ROI. Fig. 2 shows the counts spectrum for P6 V3 DIFFUSE class photons (red triangles),

the P6V3 photon class used in the 11-month line analysis (green squares), and for Pass 6

DATACLEAN class photons (black circles) from 4.8 to 264 GeV, in 5% energy bins. The

Pass 6 DATACLEAN class has the smallest particle contamination and the same energy and

direction reconstruction quality as the P6 V3 DIFFUSE class.

In our ROI, there are 1087 sources in the LAT 11 month catalog (1FGL) [17]. We remove
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Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.
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black dot : measured events
horizontal bar : best fit model with DM (red) w/o DM (green)
blue dotted : line flux to fit the data
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lar, we show that the current limits from searches for
�-lines from the Milky Way [11] as well as searches for
excess di↵use �-rays from dwarf spheroidal galaxies [12]
also suggest a non-negligible contribution to DM which
is not WIMPs. Finally, in section VI, we make corre-
lated predictions for particle physics. For example, in
the particular framework which gives a Higgs mass pre-
diction [4] compatible with the recent hints at the LHC,
the Gluino and Bino masses are predicted as functions of
the gravitino mass m3/2.

II. REQUIRED CROSS-SECTION AND
IMPLICATIONS

The most interesting feature of a �-line signal is that
the energy of the line E� is very simply related to the
mass of the WIMP due to the WIMPs in the halo being
almost at rest. Since the signal is at E� ⇡ 130 GeV,
this means that if the signal is interpreted as coming
from WIMP annihilation to � �, then the WIMP mass
m� ⇡ 130 GeV. If the signal is instead interpreted as
arising from Z � final states, this would imply m� ⇡ 145
GeV.

There is considerable uncertainty in extracting the
best-fit annihilation cross-sections into �� or Z�, even
if the signal is correct. The analysis of [3] gives the re-
sults:

h�vireqd��!� � ⇡ 1.27 ± 0.32+0.18
�0.28 ⇥ 10�27cm3/s : Einasto

⇡ 2.27 ± 0.57+0.32
�0.51 ⇥ 10�27 cm3/s : NFW (1)

for the two DM profiles with ⇢sunDM being normalized to
0.4 GeV/cm3. As is known, the local DM density at the
sun’s position has an O(1) uncertainty. The presence of
DM substructures very close to the GC can also lead to
an increased �-ray flux. Furthermore, [10] claims that
scanning the Galaxy in a way such as to maximize the
130 GeV signal gives rise to a larger flux and increases the
required cross-section by a factor of few. In this work,
for concreteness we study the implications of the more
conservative analysis by [3], in which the target regions
for study were chosen beforehand and the existence of the
signal was then determined. Nevertheless, it is important
to remember that the results of this paper are only valid
within the set of caveats mentioned above.

The cross-section in (1) is large compared to naive ex-
pectations for the following reason. The standard as-
sumption which is made about WIMP DM is that it is
a thermal relic. With this assumption, the WIMP an-
nihilation cross-section at thermal freezeout is h� vtot��i =

h� vtherm�� i ⇡ 3 ⇥ 10�26 cm3/s. However, WIMPs typi-
cally annihilate to photons only via loop e↵ects. Hence,
the cross-section is suppressed by a loop factor:

h�vi��!� � . 1

16⇡2
h� vtherm�� i ⇡ 1.9 ⇥ 10�28 cm3/s, (2)

which is at least an order of magnitude smaller than the
reported signal. This is true for the minimal supersym-

metric standard model (MSSM) and many other mod-
els. On the other hand one could reconcile a thermal
cross-section with significant annihilation into photons
by considering either models in which the annihilation
to photons is somehow enhanced [13], or in which there
exist very light states giving rise to a Sommerfeld en-
hancement of the cross-section [10]. In this work, we
study a di↵erent and rather appealing mechanism which
we will show is compatible with the tentative signal as
well as all other contraints, and moreover, works for sim-
ple and well motivated models such as the MSSM: this
is the non-thermal WIMP ‘miracle’ [8] and is reviewed
below.

A. The non-thermal WIMP ‘Miracle’

Compactified string/M theory generically gives rise to
moduli fields in the e↵ective low energy description of
physics. These are the low energy manifestations of the
extra dimensions present in string/M theory and are nec-
essarily present as long as the supergravity approxima-
tion is valid. Moduli fields couple fairly universally to
matter with interactions suppressed by a large scale, such
as the GUT or Planck scale. They generically will dom-
inate the energy density of the Universe after inflation
but must decay before big-bang nucleosynthesis (BBN).
When they decay, they not only dilute the density of any
thermal relics by many orders of magnitude, but they
also produce WIMPs as decay products.

This gives rise to a WIMP number density of order :

n� ⇠ �X

h� vitot��

⇠ H(TR)

h� vitot��

(3)

where TR is the reheat temperature generated when the
modulus X decays, �X the modulus decay width and
H(T ) the Hubble scale at temperature T . By con-

trast, in the thermal case, nthermal
� ⇠ H(T

F

)
h� vitot

��

, where

TF is the WIMP freezeout temperature. This implies
that to obtain a roughly correct abundance in the non-
thermal case, h� vitot�� has to be larger compared to that

for the thermal case by a factor of T
F

T
R

. Furthermore,

with h� vitot�� larger by a factor of T
F

T
R

relative to the
thermal case, the one-loop suppressed Z � (� �) channels
can naturally have a cross-section consistent with the
tentative Fermi-LAT signal! Finally, within the frame-
work of supersymmetry there naturally exist WIMP LSP
candidates like the Wino or the Higgsino with annihila-
tion cross-sections precisely in the required range. Since
Winos have a larger annihilation cross-section than Hig-
gsinos for the same mass, a Wino-like LSP with a small
Higgsino component is favored3.

3 For simplicity, we do not consider models beyond the MSSM.
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Table IV and Fig. 15 give the spectral line flux upper limits, cross-section upper limits, and

lifetime lower limits for various spectral line energies.

The �� annihilation cross section h�vi
��

upper limits are shown in Fig. 15. The upper

limits to h�vi
��

using the NFW profile range from ⇠ 3⇥10�29 to 5⇥10�27 cm3s�1 in the line

(WIMP mass) energy range 7–200 GeV, while those for h�vi
Z�

range from ⇠ 10�27 to 10�26
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lar, we show that the current limits from searches for
�-lines from the Milky Way [11] as well as searches for
excess di↵use �-rays from dwarf spheroidal galaxies [12]
also suggest a non-negligible contribution to DM which
is not WIMPs. Finally, in section VI, we make corre-
lated predictions for particle physics. For example, in
the particular framework which gives a Higgs mass pre-
diction [4] compatible with the recent hints at the LHC,
the Gluino and Bino masses are predicted as functions of
the gravitino mass m3/2.

II. REQUIRED CROSS-SECTION AND
IMPLICATIONS

The most interesting feature of a �-line signal is that
the energy of the line E� is very simply related to the
mass of the WIMP due to the WIMPs in the halo being
almost at rest. Since the signal is at E� ⇡ 130 GeV,
this means that if the signal is interpreted as coming
from WIMP annihilation to � �, then the WIMP mass
m� ⇡ 130 GeV. If the signal is instead interpreted as
arising from Z � final states, this would imply m� ⇡ 145
GeV.

There is considerable uncertainty in extracting the
best-fit annihilation cross-sections into �� or Z�, even
if the signal is correct. The analysis of [3] gives the re-
sults:

h�vireqd��!� � ⇡ 1.27 ± 0.32+0.18
�0.28 ⇥ 10�27cm3/s : Einasto

⇡ 2.27 ± 0.57+0.32
�0.51 ⇥ 10�27 cm3/s : NFW (1)

for the two DM profiles with ⇢sunDM being normalized to
0.4 GeV/cm3. As is known, the local DM density at the
sun’s position has an O(1) uncertainty. The presence of
DM substructures very close to the GC can also lead to
an increased �-ray flux. Furthermore, [10] claims that
scanning the Galaxy in a way such as to maximize the
130 GeV signal gives rise to a larger flux and increases the
required cross-section by a factor of few. In this work,
for concreteness we study the implications of the more
conservative analysis by [3], in which the target regions
for study were chosen beforehand and the existence of the
signal was then determined. Nevertheless, it is important
to remember that the results of this paper are only valid
within the set of caveats mentioned above.

The cross-section in (1) is large compared to naive ex-
pectations for the following reason. The standard as-
sumption which is made about WIMP DM is that it is
a thermal relic. With this assumption, the WIMP an-
nihilation cross-section at thermal freezeout is h� vtot��i =

h� vtherm�� i ⇡ 3 ⇥ 10�26 cm3/s. However, WIMPs typi-
cally annihilate to photons only via loop e↵ects. Hence,
the cross-section is suppressed by a loop factor:

h�vi��!� � . 1

16⇡2
h� vtherm�� i ⇡ 1.9 ⇥ 10�28 cm3/s, (2)

which is at least an order of magnitude smaller than the
reported signal. This is true for the minimal supersym-

metric standard model (MSSM) and many other mod-
els. On the other hand one could reconcile a thermal
cross-section with significant annihilation into photons
by considering either models in which the annihilation
to photons is somehow enhanced [13], or in which there
exist very light states giving rise to a Sommerfeld en-
hancement of the cross-section [10]. In this work, we
study a di↵erent and rather appealing mechanism which
we will show is compatible with the tentative signal as
well as all other contraints, and moreover, works for sim-
ple and well motivated models such as the MSSM: this
is the non-thermal WIMP ‘miracle’ [8] and is reviewed
below.

A. The non-thermal WIMP ‘Miracle’

Compactified string/M theory generically gives rise to
moduli fields in the e↵ective low energy description of
physics. These are the low energy manifestations of the
extra dimensions present in string/M theory and are nec-
essarily present as long as the supergravity approxima-
tion is valid. Moduli fields couple fairly universally to
matter with interactions suppressed by a large scale, such
as the GUT or Planck scale. They generically will dom-
inate the energy density of the Universe after inflation
but must decay before big-bang nucleosynthesis (BBN).
When they decay, they not only dilute the density of any
thermal relics by many orders of magnitude, but they
also produce WIMPs as decay products.

This gives rise to a WIMP number density of order :

n� ⇠ �X

h� vitot��

⇠ H(TR)

h� vitot��

(3)

where TR is the reheat temperature generated when the
modulus X decays, �X the modulus decay width and
H(T ) the Hubble scale at temperature T . By con-

trast, in the thermal case, nthermal
� ⇠ H(T

F

)
h� vitot

��

, where

TF is the WIMP freezeout temperature. This implies
that to obtain a roughly correct abundance in the non-
thermal case, h� vitot�� has to be larger compared to that

for the thermal case by a factor of T
F

T
R

. Furthermore,

with h� vitot�� larger by a factor of T
F

T
R

relative to the
thermal case, the one-loop suppressed Z � (� �) channels
can naturally have a cross-section consistent with the
tentative Fermi-LAT signal! Finally, within the frame-
work of supersymmetry there naturally exist WIMP LSP
candidates like the Wino or the Higgsino with annihila-
tion cross-sections precisely in the required range. Since
Winos have a larger annihilation cross-section than Hig-
gsinos for the same mass, a Wino-like LSP with a small
Higgsino component is favored3.

3 For simplicity, we do not consider models beyond the MSSM.

Required annihilation cross section to explain 130 GeV gamma-line

However, relic density?

A. Thermal relic density of dark matter : Tree-level annihilation of Ñ

Since the dark matter particle Ñ has large Yukawa couplings with a coupling yν ∼ O(1),

the DMs can be in the thermal equilibrium in the early Universe. Here, we consider the

case that the mass eigenstates H2 and H3 originated mostly from Hν and Hν′ are much

heavier than MÑ , then the electroweak precision measurement constraints are easily satisfied

and the annihilation into to Hν and Hν′ are kinematically forbidden. In this case, the

dominant annihilation mode relevant to determine the freeze-out in the early Universe is

the annihilation into a lepton pair, ÑÑ → f̄1f2, mediated by the heavy Hν-like Higgsinos.

When the internal field is H̃ν-like charged Higgsino (H̃±
ν ) in the t-channel f1 and f2 are

charged leptons, or when H̃ν-like neutral Higgsino (H̃0
ν ) is exchanged the final fermions are

neutrinos.

The thermal averaged annihilation cross section for this mode at the early Universe is

expressed, in partial wave expansion method, as

〈σv〉 =
∑

f

(

y4ν
16π

m2
f

(M2
Ñ
+M2

H̃ν

)2
+

y4ν
8π

M2
Ñ

(M2
Ñ
+M2

H̃ν

)2
T

MÑ

+ ...

)

, (10)

where we used 〈v2rel〉 = 6T/MDM with vrel being the relative velocity of annihilating dark

matter particles and mf is the mass of the fermion f and MH̃ν
% µ′ denotes the mass of

H̃ν-like Higgsino. For simplicity we assumed the same Yukawa coupling yν for different

flavors. Since the s-wave contribution of the first term in the right-handed side is helicity

suppressed, p-wave annihilation cross section of the second term is relevant for the dark

matter relic density at freeze-out epoch, Tf ∼ MÑ/20. The right relic density of WIMP

when it is produced from thermal freeze-out can be obtained for the thermal averaged

annihilation cross section

〈σv〉thermal % 3× 10−26 cm3 s−1 = 2.57× 10−9GeV−2. (11)

Comparing Eq. (10) and Eq. (11), we find yν = O(1) as

y4ν % 1.09

(

130GeV

MÑ

)2( MH̃ν

700GeV

)4( 〈σv〉thermal

2.57× 10−9GeV−2

)(

1/20

Tf/MÑ

)

, (12)

where Tf is the DM freeze-out temperature which is usually Tf % MDM/20 and we accounted

for the number of modes of the final states
∑

f = 2 × 32 = 18. In figure 1 we show the

contour plot of the annihilation cross section in the plane of MÑ and MH̃ν
for yν = 1.
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WIMP :  Weakly Interacting Massive Particle

Initially the particles are in the thermal equilibrium and decoupled 
when it is non-relativistic in the expanding Universe.
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3. Warm Dark Matter

Besides hot and cold dark matter, the early uni-
verse can also provide warm dark matter (WDM) can-
didates whose velocity dispersion lies between that of
hot and CDM. The presence of WDM reduces the
power at small scales due to larger free-streaming
length compared to that of a CDM (Bode et al., 2001;
Sommer-Larsen and Dolgov, 2001).

The origin of WDM can be found within ster-
ile states. For instance, the see-saw mechanism
for the active neutrino masses from the SM singlet
states (Gell-Mann and Slansky, 1980; Minkowski, 1977;
Mohapatra and Senjanovic, 1981; Yanagida, 1979) would
naturally generate masses to the active m(ν1,2,3) ∼
y2〈H〉2/MN , and sterile neutrinos m(νa) ∼ MN (a > 3)
in Eq. (152), if we take i, j = 1, · · ·n + 3. The typi-
cal mixing angles in this case are: θai ∼ y2ai〈H〉2/M2

N .
In order to explain the neutrino masses from atmo-
spheric and solar neutrino data, n = 2 is sufficient, how-
ever for pulsar kicks (Kusenko, 2006; Kusenko and Segre,
1996, 1999), supernovae explosion (Fryer and Kusenko,
2006; Hidaka and Fuller, 2006, 2007), as well as sterile
neutrino as a dark matter candidate (Abazajian et al.,
2001; Asaka et al., 2005; Dodelson and Widrow, 1994;
Dolgov and Hansen, 2002; Petraki and Kusenko, 2008;
Shi and Fuller, 1999), we require at least n = 3, so in
total 6 sterile Majorana states, for a review on all these
effects, see (Kusenko, 2009). The presence of such extra
sterile neutrinos is also supported by ν̄µ → ν̄e oscillations
observed at LSND (Aguilar et al., 2001), and the recent
results by MiniBoone (Aguilar-Arevalo et al., 2010).

A sterile neutrino with a KeV mass can be an ideal
WDM candidate which can be produced in the early
universe by oscillation/conversion of thermal active neu-
trinos, with a momentum distribution significantly sup-
pressed from a thermal spectrum (Abazajian et al., 2001;
Dodelson and Widrow, 1994). A typical free-streaming
scale is given by, see (Abazajian and Koushiappas, 2006)

λFS ≈ 840 Kpc h−1

(
1 KeV

ms

)(
< p/T >

3.15

)
, (191)

wherems is the mass of the sterile flavor eigenstate, 0.9 ≥
〈p/T 〉/3.15 ≥ 1 is the mean momentum over tempera-
ture of the neutrino distribution and ranges from 1 (for a
thermal) to ∼ 0.9 (for a non-thermal) distribution. Very
stringent bounds on the mass of WDM particles have
been obtained by different groups. Typically, the bounds
range from ms ≥ 10 − 20 KeV (95 % CL) (mWDM ≥
2− 4 KeV), see (Kusenko, 2009). It is quite plausible to
imagine a mixed dark matter scenario, where more than
one species contributed to the total dark matter abun-
dance. If there is a fraction of sterile neutrinos or WDM,
then the above bounds can even be relaxed.

B. WIMP production

1. Thermal relics

At early times it is assumed that the dark matter parti-
cle, denoted by X is in chemical and kinetic equilibrium,
i.e. in local thermodynamic equilibrium. The dark mat-
ter will be in equilibrium as long as reactions can keep
X in chemical equilibrium and the reaction rate can pro-
ceed rapidly enough as compared to the expansion rate
of the universe, H(t). When the reaction rate becomes
smaller than the expansion rate, then the particle X can
no longer be in its equilibrium, and thereafter its abun-
dance with respect to the entropy density becomes con-
stant. When this occurs the dark matter particle is said
to be “frozen out.”
The equilibrium abundance of X relative to the en-

tropy density depends upon the ratio of the mass of
the particle to the temperature. Let us define the vari-
able Y ≡ nX/s, where nX is the number density of
X with mass mX , and s = 2π2g∗T 3/45 is the en-
tropy density, where g∗ counts the number of relativistic
d.o.f. The equilibrium value of Y , YEQ ∝ exp(−x) for
x = mX/T * 1, while YEQ ∼ constant for x + 1.
The precise value of YEQ can be computed exactly

by solving the Boltzmann equation (Kolb and Turner,
1988):

ṅX + 3HnX = −〈σv〉(n2
X − (neq

X )2) , (192)

where dot denotes time derivative, σ is the total annihila-
tion cross section, v is the velocity, bracket denotes ther-
mally averaged quantities, and neq is the number density
of X in thermal equilibrium:

neq = g (mT/2π)3/2 e−mX/T , (193)

where T is the temperature. In terms of Y = nX/s and
x = mX/T , and using the conservation of entropy per
comoving volume (sa3 = constant), we rewrite Eq. (192)
as:

dY

dx
= −〈σv〉s

Hx

(
Y 2 − (Y eq)2

)
. (194)

In the case of heavyX , the cross section can be expanded
with respect to the velocity in powers of v2, 〈σv〉 = a +
b〈v2〉 + O(〈v4〉) + ... ≈ a + 6b/x, where x = mX/T and
a, b are expressed in GeV−2. Typically a ,= 0 for s-wave
annihilation, and a = 0 for p-wave annihilation. We
can rewrite Eq. (194) in terms of a new variable: ∆ =
Y − Y eq,

∆′ = −Y eq′ − f(x)∆(2Y eq +∆) , (195)

where prime denotes d/dx, and

f(x) =
πg∗
45

mXMP(a+ 6b/x)x−2 . (196)

annihilation	 cross	 section

=n/s

25

[B. W. Lee and S. Weinberg, PRL 1977]

Y 〈E〉 E =
√

m2 + |!p|2 Y # H
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WIMP :  Weakly Interacting Massive Particle

Initially the particles are in the thermal equilibrium and decoupled 
when it is non-relativistic in the expanding Universe.
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3. Warm Dark Matter

Besides hot and cold dark matter, the early uni-
verse can also provide warm dark matter (WDM) can-
didates whose velocity dispersion lies between that of
hot and CDM. The presence of WDM reduces the
power at small scales due to larger free-streaming
length compared to that of a CDM (Bode et al., 2001;
Sommer-Larsen and Dolgov, 2001).

The origin of WDM can be found within ster-
ile states. For instance, the see-saw mechanism
for the active neutrino masses from the SM singlet
states (Gell-Mann and Slansky, 1980; Minkowski, 1977;
Mohapatra and Senjanovic, 1981; Yanagida, 1979) would
naturally generate masses to the active m(ν1,2,3) ∼
y2〈H〉2/MN , and sterile neutrinos m(νa) ∼ MN (a > 3)
in Eq. (152), if we take i, j = 1, · · ·n + 3. The typi-
cal mixing angles in this case are: θai ∼ y2ai〈H〉2/M2

N .
In order to explain the neutrino masses from atmo-
spheric and solar neutrino data, n = 2 is sufficient, how-
ever for pulsar kicks (Kusenko, 2006; Kusenko and Segre,
1996, 1999), supernovae explosion (Fryer and Kusenko,
2006; Hidaka and Fuller, 2006, 2007), as well as sterile
neutrino as a dark matter candidate (Abazajian et al.,
2001; Asaka et al., 2005; Dodelson and Widrow, 1994;
Dolgov and Hansen, 2002; Petraki and Kusenko, 2008;
Shi and Fuller, 1999), we require at least n = 3, so in
total 6 sterile Majorana states, for a review on all these
effects, see (Kusenko, 2009). The presence of such extra
sterile neutrinos is also supported by ν̄µ → ν̄e oscillations
observed at LSND (Aguilar et al., 2001), and the recent
results by MiniBoone (Aguilar-Arevalo et al., 2010).

A sterile neutrino with a KeV mass can be an ideal
WDM candidate which can be produced in the early
universe by oscillation/conversion of thermal active neu-
trinos, with a momentum distribution significantly sup-
pressed from a thermal spectrum (Abazajian et al., 2001;
Dodelson and Widrow, 1994). A typical free-streaming
scale is given by, see (Abazajian and Koushiappas, 2006)

λFS ≈ 840 Kpc h−1

(
1 KeV

ms

)(
< p/T >

3.15

)
, (191)

wherems is the mass of the sterile flavor eigenstate, 0.9 ≥
〈p/T 〉/3.15 ≥ 1 is the mean momentum over tempera-
ture of the neutrino distribution and ranges from 1 (for a
thermal) to ∼ 0.9 (for a non-thermal) distribution. Very
stringent bounds on the mass of WDM particles have
been obtained by different groups. Typically, the bounds
range from ms ≥ 10 − 20 KeV (95 % CL) (mWDM ≥
2− 4 KeV), see (Kusenko, 2009). It is quite plausible to
imagine a mixed dark matter scenario, where more than
one species contributed to the total dark matter abun-
dance. If there is a fraction of sterile neutrinos or WDM,
then the above bounds can even be relaxed.

B. WIMP production

1. Thermal relics

At early times it is assumed that the dark matter parti-
cle, denoted by X is in chemical and kinetic equilibrium,
i.e. in local thermodynamic equilibrium. The dark mat-
ter will be in equilibrium as long as reactions can keep
X in chemical equilibrium and the reaction rate can pro-
ceed rapidly enough as compared to the expansion rate
of the universe, H(t). When the reaction rate becomes
smaller than the expansion rate, then the particle X can
no longer be in its equilibrium, and thereafter its abun-
dance with respect to the entropy density becomes con-
stant. When this occurs the dark matter particle is said
to be “frozen out.”
The equilibrium abundance of X relative to the en-

tropy density depends upon the ratio of the mass of
the particle to the temperature. Let us define the vari-
able Y ≡ nX/s, where nX is the number density of
X with mass mX , and s = 2π2g∗T 3/45 is the en-
tropy density, where g∗ counts the number of relativistic
d.o.f. The equilibrium value of Y , YEQ ∝ exp(−x) for
x = mX/T * 1, while YEQ ∼ constant for x + 1.
The precise value of YEQ can be computed exactly

by solving the Boltzmann equation (Kolb and Turner,
1988):

ṅX + 3HnX = −〈σv〉(n2
X − (neq

X )2) , (192)

where dot denotes time derivative, σ is the total annihila-
tion cross section, v is the velocity, bracket denotes ther-
mally averaged quantities, and neq is the number density
of X in thermal equilibrium:

neq = g (mT/2π)3/2 e−mX/T , (193)

where T is the temperature. In terms of Y = nX/s and
x = mX/T , and using the conservation of entropy per
comoving volume (sa3 = constant), we rewrite Eq. (192)
as:

dY

dx
= −〈σv〉s

Hx

(
Y 2 − (Y eq)2

)
. (194)

In the case of heavyX , the cross section can be expanded
with respect to the velocity in powers of v2, 〈σv〉 = a +
b〈v2〉 + O(〈v4〉) + ... ≈ a + 6b/x, where x = mX/T and
a, b are expressed in GeV−2. Typically a ,= 0 for s-wave
annihilation, and a = 0 for p-wave annihilation. We
can rewrite Eq. (194) in terms of a new variable: ∆ =
Y − Y eq,

∆′ = −Y eq′ − f(x)∆(2Y eq +∆) , (195)

where prime denotes d/dx, and

f(x) =
πg∗
45

mXMP(a+ 6b/x)x−2 . (196)

annihilation	 cross	 section
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Ẏ = 〈σv〉neq

s

(10)

mG ) Mg σn ∼
(

Mg

mG

)2 T 3

M2
p

H # g1/2∗ T 2 Tf ∼ Mp

(

mG

Mg

)2

(11)

mG & Mg σn ∼ T 3

M2
p

H # g1/2∗ T 2 Tf ∼ Mp (12)

ds2 = (1 + 2φ)dt2 − a2[(1− 2ψ)δij − hij ]dx
idxj (13)

mn −mp # 1.29 MeV (14)

mG > 50 TeV 〈σannv〉 # 10−9 GeV−2 (15)

2

related to the symmetry. The interactions of new particles can be made weak or
weaker than that. The most non-trivial thing is to explain the relic density. The
dark matter was produced in the early Universe within the expanding history
and the abundance is connected to the interactions and the mass, both are
usually determined in the theory. The coldness of Dark is deeply connected to
the production mechanism of dark matter.

Maybe to explain the relic density is the most non-trivial problem in dark
matter. The present relic density of dark matter can be estimated with the
number density and the average energy in the phase distribution. Here Y is
the abundance, the ratio of number density to the entropy density, which is
constant after DM is decoupled from the thermal equilibrium. The average
energy can be the mass when DM is non-relativistic. The observed relic density
of DM Ωh2 ∼ 0.1 implies the relation between number density Y and the average
energy of DM at present, inversely proportional to each other. For heavy non-
relativistic DM, with the mass 100 GeV, the abundance is around 10−11 or for
the light DM with average energy is around 100 eV then the abundance must
be around 0.01. To be dark matter it must be located on around this red line

One of the famous is the WIMP. It was initially in the thermal equilibrium
and but becomes non-relativistic due to its heavy mass and the number density
is Boltzmann suppressed, which makes the decoupling happen much earlier than
the temperature of MeV for the light weakly interacting particles. So the Y is
really suppressed than 1. For light weakly interacting particles, they decouple
still they are in the relativistic, so Y is around order of 1. For this weakly
interacting particles, we could draw the plot of Y and the mass. For light
particles less than MeV, Y is constant and changes for the mass above MeV and
decreases inversely proportional to cubic of the mass. The line of relic density
Omega 1 is this red line. Above it is overproduced and ruled out. For heavy
neutrino case, the mass must be larger than around 2 GeV, and this is called
Lee-Weinberg bound. For GeV particles with weak interaction, the relic density
can be of the order of 1 for dark matter, it is the WIMP. Yes there is another
cross of red and blue lines with around keV mass range. That is called warm
dark matter.

The light gravitinos or sterile neutrinos with keV mass can be the good can-
didate for this. However at scales smaller than the free-streaming, cosmological
perturbations are erased and gravitational clustering is significantly suppressed.

m " 100 eV 100 GeV logm H # 〈σv〉nX (1)

ΩWDMh2 "
( m

1 keV

)

(

106.75

g∗

)

1040 (2)

m ! 10 keV 10−6 eV 10−19 eV 1 keV 100GeV eV ∼ 100GeV 1013GeV
(3)
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A. Thermal relic density of dark matter : Tree-level annihilation of Ñ

Since the dark matter particle Ñ has large Yukawa couplings with a coupling yν ∼ O(1),

the DMs can be in the thermal equilibrium in the early Universe. Here, we consider the

case that the mass eigenstates H2 and H3 originated mostly from Hν and Hν′ are much

heavier than MÑ , then the electroweak precision measurement constraints are easily satisfied

and the annihilation into to Hν and Hν′ are kinematically forbidden. In this case, the

dominant annihilation mode relevant to determine the freeze-out in the early Universe is

the annihilation into a lepton pair, ÑÑ → f̄1f2, mediated by the heavy Hν-like Higgsinos.

When the internal field is H̃ν-like charged Higgsino (H̃±
ν ) in the t-channel f1 and f2 are

charged leptons, or when H̃ν-like neutral Higgsino (H̃0
ν ) is exchanged the final fermions are

neutrinos.

The thermal averaged annihilation cross section for this mode at the early Universe is

expressed, in partial wave expansion method, as

〈σv〉 =
∑

f

(

y4ν
16π

m2
f

(M2
Ñ
+M2

H̃ν

)2
+

y4ν
8π

M2
Ñ

(M2
Ñ
+M2

H̃ν

)2
T

MÑ

+ ...

)

, (10)

where we used 〈v2rel〉 = 6T/MDM with vrel being the relative velocity of annihilating dark

matter particles and mf is the mass of the fermion f and MH̃ν
% µ′ denotes the mass of

H̃ν-like Higgsino. For simplicity we assumed the same Yukawa coupling yν for different

flavors. Since the s-wave contribution of the first term in the right-handed side is helicity

suppressed, p-wave annihilation cross section of the second term is relevant for the dark

matter relic density at freeze-out epoch, Tf ∼ MÑ/20. The right relic density of WIMP

when it is produced from thermal freeze-out can be obtained for the thermal averaged

annihilation cross section

〈σv〉thermal % 3× 10−26 cm3 s−1 = 2.57× 10−9GeV−2. (11)

Comparing Eq. (10) and Eq. (11), we find yν = O(1) as

y4ν % 1.09

(

130GeV

MÑ

)2( MH̃ν

700GeV

)4( 〈σv〉thermal

2.57× 10−9GeV−2

)(

1/20

Tf/MÑ

)

, (12)

where Tf is the DM freeze-out temperature which is usually Tf % MDM/20 and we accounted

for the number of modes of the final states
∑

f = 2 × 32 = 18. In figure 1 we show the

contour plot of the annihilation cross section in the plane of MÑ and MH̃ν
for yν = 1.
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1 Formulae

flux / n2 ⇥ (annihilation) (1)

y⌫L ·H⌫N (2)

y⌫ ⇠ 10�12 hHui ⇠ 100GeV y⌫ ⇠ O(1) hH⌫i ⇠ 0.1 eV (3)

M
DM

< MF (4)

h�vi = a+ bv2 hv2i ⇠ 0.3 v ⇠ 10�3 (5)

� (6)

h�vi
FERMI

' 10�27 cm3/ sec (7)

n(t) / 1

a3(t)
P (t) / 1

a(t)
(8)

E�/Ee ⇠ (0.3)2 (9)

⇣ =
�T

T
,

�⇢

⇢
, ��, · · · (10)

H = �� ⇣ ' ⇣r (11)

T ⇠ 100MeV (12)
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My name is Ki Young Choi from APCTP located in Korea. I want to thank
organiser for inviting me to this nice city. I was asked to give a talk on the
alternative dark matter candidates than wimps. There are countless dark matter
candidates and in this conference I could find many talks already on di↵erent
dark matter candidates. So in my talk I try to summarise the dark matter by
how they are produced in the early universe. and some recent works on the
gravitino and axino dark matter.

The present Universe is dominated by unknown dark component and a bary-
onic matter with small portion of photons and neutrinos. 13.7 billion years ago,
at the age of Universe around 380,000 years old, dark matter was 63 % of the
Universe. At this time the photons decoupled and became the cosmic microwave

1
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Dark Matter Annihilation

A. Thermal relic density of dark matter : Tree-level annihilation of Ñ

Since the dark matter particle Ñ has large Yukawa couplings with a coupling yν ∼ O(1),

the DMs can be in the thermal equilibrium in the early Universe. Here, we consider the

case that the mass eigenstates H2 and H3 originated mostly from Hν and Hν′ are much

heavier than MÑ , then the electroweak precision measurement constraints are easily satisfied

and the annihilation into to Hν and Hν′ are kinematically forbidden. In this case, the

dominant annihilation mode relevant to determine the freeze-out in the early Universe is

the annihilation into a lepton pair, ÑÑ → f̄1f2, mediated by the heavy Hν-like Higgsinos.

When the internal field is H̃ν-like charged Higgsino (H̃±
ν ) in the t-channel f1 and f2 are

charged leptons, or when H̃ν-like neutral Higgsino (H̃0
ν ) is exchanged the final fermions are

neutrinos.

The thermal averaged annihilation cross section for this mode at the early Universe is

expressed, in partial wave expansion method, as
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Ñ
+M2

H̃ν

)2
T

MÑ
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where we used 〈v2rel〉 = 6T/MDM with vrel being the relative velocity of annihilating dark

matter particles and mf is the mass of the fermion f and MH̃ν
% µ′ denotes the mass of

H̃ν-like Higgsino. For simplicity we assumed the same Yukawa coupling yν for different

flavors. Since the s-wave contribution of the first term in the right-handed side is helicity

suppressed, p-wave annihilation cross section of the second term is relevant for the dark

matter relic density at freeze-out epoch, Tf ∼ MÑ/20. The right relic density of WIMP

when it is produced from thermal freeze-out can be obtained for the thermal averaged

annihilation cross section

〈σv〉thermal % 3× 10−26 cm3 s−1 = 2.57× 10−9GeV−2. (11)

Comparing Eq. (10) and Eq. (11), we find yν = O(1) as
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where Tf is the DM freeze-out temperature which is usually Tf % MDM/20 and we accounted

for the number of modes of the final states
∑

f = 2 × 32 = 18. In figure 1 we show the

contour plot of the annihilation cross section in the plane of MÑ and MH̃ν
for yν = 1.
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In general, the annihilation to photons are suppressed by a loop factor and 
gauge coupling.

2

lar, we show that the current limits from searches for
�-lines from the Milky Way [11] as well as searches for
excess di↵use �-rays from dwarf spheroidal galaxies [12]
also suggest a non-negligible contribution to DM which
is not WIMPs. Finally, in section VI, we make corre-
lated predictions for particle physics. For example, in
the particular framework which gives a Higgs mass pre-
diction [4] compatible with the recent hints at the LHC,
the Gluino and Bino masses are predicted as functions of
the gravitino mass m3/2.

II. REQUIRED CROSS-SECTION AND
IMPLICATIONS

The most interesting feature of a �-line signal is that
the energy of the line E� is very simply related to the
mass of the WIMP due to the WIMPs in the halo being
almost at rest. Since the signal is at E� ⇡ 130 GeV,
this means that if the signal is interpreted as coming
from WIMP annihilation to � �, then the WIMP mass
m� ⇡ 130 GeV. If the signal is instead interpreted as
arising from Z � final states, this would imply m� ⇡ 145
GeV.

There is considerable uncertainty in extracting the
best-fit annihilation cross-sections into �� or Z�, even
if the signal is correct. The analysis of [3] gives the re-
sults:

h�vireqd��!� � ⇡ 1.27 ± 0.32+0.18
�0.28 ⇥ 10�27cm3/s : Einasto

⇡ 2.27 ± 0.57+0.32
�0.51 ⇥ 10�27 cm3/s : NFW (1)

for the two DM profiles with ⇢sunDM being normalized to
0.4 GeV/cm3. As is known, the local DM density at the
sun’s position has an O(1) uncertainty. The presence of
DM substructures very close to the GC can also lead to
an increased �-ray flux. Furthermore, [10] claims that
scanning the Galaxy in a way such as to maximize the
130 GeV signal gives rise to a larger flux and increases the
required cross-section by a factor of few. In this work,
for concreteness we study the implications of the more
conservative analysis by [3], in which the target regions
for study were chosen beforehand and the existence of the
signal was then determined. Nevertheless, it is important
to remember that the results of this paper are only valid
within the set of caveats mentioned above.

The cross-section in (1) is large compared to naive ex-
pectations for the following reason. The standard as-
sumption which is made about WIMP DM is that it is
a thermal relic. With this assumption, the WIMP an-
nihilation cross-section at thermal freezeout is h� vtot��i =

h� vtherm�� i ⇡ 3 ⇥ 10�26 cm3/s. However, WIMPs typi-
cally annihilate to photons only via loop e↵ects. Hence,
the cross-section is suppressed by a loop factor:

h�vi��!� � . 1

16⇡2
h� vtherm�� i ⇡ 1.9 ⇥ 10�28 cm3/s, (2)

which is at least an order of magnitude smaller than the
reported signal. This is true for the minimal supersym-

metric standard model (MSSM) and many other mod-
els. On the other hand one could reconcile a thermal
cross-section with significant annihilation into photons
by considering either models in which the annihilation
to photons is somehow enhanced [13], or in which there
exist very light states giving rise to a Sommerfeld en-
hancement of the cross-section [10]. In this work, we
study a di↵erent and rather appealing mechanism which
we will show is compatible with the tentative signal as
well as all other contraints, and moreover, works for sim-
ple and well motivated models such as the MSSM: this
is the non-thermal WIMP ‘miracle’ [8] and is reviewed
below.

A. The non-thermal WIMP ‘Miracle’

Compactified string/M theory generically gives rise to
moduli fields in the e↵ective low energy description of
physics. These are the low energy manifestations of the
extra dimensions present in string/M theory and are nec-
essarily present as long as the supergravity approxima-
tion is valid. Moduli fields couple fairly universally to
matter with interactions suppressed by a large scale, such
as the GUT or Planck scale. They generically will dom-
inate the energy density of the Universe after inflation
but must decay before big-bang nucleosynthesis (BBN).
When they decay, they not only dilute the density of any
thermal relics by many orders of magnitude, but they
also produce WIMPs as decay products.

This gives rise to a WIMP number density of order :

n� ⇠ �X

h� vitot��

⇠ H(TR)

h� vitot��

(3)

where TR is the reheat temperature generated when the
modulus X decays, �X the modulus decay width and
H(T ) the Hubble scale at temperature T . By con-

trast, in the thermal case, nthermal
� ⇠ H(T

F

)
h� vitot

��

, where

TF is the WIMP freezeout temperature. This implies
that to obtain a roughly correct abundance in the non-
thermal case, h� vitot�� has to be larger compared to that

for the thermal case by a factor of T
F

T
R

. Furthermore,

with h� vitot�� larger by a factor of T
F

T
R

relative to the
thermal case, the one-loop suppressed Z � (� �) channels
can naturally have a cross-section consistent with the
tentative Fermi-LAT signal! Finally, within the frame-
work of supersymmetry there naturally exist WIMP LSP
candidates like the Wino or the Higgsino with annihila-
tion cross-sections precisely in the required range. Since
Winos have a larger annihilation cross-section than Hig-
gsinos for the same mass, a Wino-like LSP with a small
Higgsino component is favored3.

3 For simplicity, we do not consider models beyond the MSSM.

B. Monochromatic gamma-ray lines from
right-handed sneutrino annihilation

Since we are considering the massive DM, which
is nonrelativistic at present, the tree-level p-wave con-
tribution to the annihilation of DM in Eq. (10) is also
suppressed. Therefore, in this model the dominant contri-
bution to the annihilation of DM in the galaxy at present
universe comes from the loop diagrams.

The emission of a vector boson through the virtual
internal bremsstrahlung can enhance the s-wave contribu-
tion, in particular, when the mass splitting between
DM and the t-channel mediator, H! in our case, is
small. However since we are considering heavy Higgs,
MH!

! M ~N , the bremsstrahlung is suppressed. Therefore
we do not expect the line spectrum of gamma ray from
internal bremsstrahlung, which is different from that in [2].

The charged components of the H! scalar doublet and
charged scalar fermions make the triangle or box loop-
diagram shown in Figs. 3 and 4, and the two photons can be
emitted from the internal charged particles. In this case, the
photons have line spectrum with energy

E2" ¼ M ~N: (13)

In the triangle diagrams, H! and ~l are in the loop and the
charged lepton or charged Higgs have a quartic coupling
with photons. In this analysis we neglect those fermion loop
processes because the triangle diagrams with fermions are
helicity suppressed and its leading terms are dimension-six
operators. For the box diagrams, the charged HiggsH#

! and
charged sleptons in the loop emit two photons. Thus the
amplitude is the sum of all the contributions:

M 2" ¼ MTringle
2" þMBox

2" : (14)

SinceDM is nonrelativisticwe can ignore themomentumof
DM. AssumingMH!

,M~l ! M ~N , we obtain the annihilation
cross section to two photons via one loop as

h#vi2" ¼
jMj22"
32$M2

~N

’ %2
em

8$3

y4!ðA2
! þ&02Þ2
M4

~l

4

M2
~N

(15)

in the limit ofMH!
¼ MH0

!
¼ M~l for simplicity.

The gamma-ray line spectrum can also be produced
from the DMs annihilation into Z" through box one-
loop. The energy of the photons produced in this process is

E1" ’ M ~N

!
1' M2

Z

4M2
~N

"
: (16)

The annihilation cross section is approximately given by

h#vi1" ’ %2
em

8$3cos2'w

y4!ðA2
! þ&02Þ2
M4

~l

4

M2
~N

!
1' M2

Z

4M2
~N

"
;

(17)

where 'w is Weinberg mixing angle and we used
MH!

¼ MH0
!
¼ M~l.

Recently a tentative indication of gamma-ray line
using Fermi-LAT data was reported in Refs. [2,3].
When it is interpreted in terms of DM particles annihilat-
ing into a photon pair, the observation implies a DM mass
of [3]

m( ¼ 129:8# 2:4þ7
'13 GeV; (18)

and a partial annihilation cross section of

h#vi((!"" ¼ ð1:27# 0:32þ0:18
'0:28Þ ( 10'27 cm3 s'1 (19)

when using the Einasto DM profile.
The right-handed scalar neutrino DM in this model can

explain this observation perfectly with mass M ~N ¼
130 GeV. The gamma-ray line signal in the Fermi-LAT
can be explained when

h#við ~N ~N)!""Þ ¼ h#viFermi-LAT
ð((!""Þ : (20)

This corresponds to the coupling:

y4!ðA2
! þ&02Þ2 ’ 1:8M4

~l
; (21)

where we usedM ~N ¼ 130 GeV and%em ¼ 1=127. For this
mass of DM, we have another gamma-ray line at E" ¼
114 GeV but the flux is reduced by half that of the two
gamma line at 130 GeV.

C. Another constraint

Here we note the constraint from direct DM searches.
The relevant processes for sneutrino DM direct searches
are Z boson and Higgs boson exchange. However, as we
note in Eq. (9), due to extremely small left-right mixing of
sneutrinos, the couplings are considerably suppressed by

FIG. 3. Triangle loop diagrams for the annihilation of right-
handed sneutrinos.

FIG. 4. Box loop diagrams for the annihilation of right-handed sneutrinos.
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photons, so the structure of baryons could not grow until they decoupled from
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coupled with photons and started the structure formation much earlier than
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Large production of photons without changing the total annihilation cross 
section for the relic density?

This can be done by the heavy charged particles in the loop 
which are coupled to the dark matter. Then the tree-level 
annihilation is not allowed.

B. Monochromatic gamma-ray lines from
right-handed sneutrino annihilation

Since we are considering the massive DM, which
is nonrelativistic at present, the tree-level p-wave con-
tribution to the annihilation of DM in Eq. (10) is also
suppressed. Therefore, in this model the dominant contri-
bution to the annihilation of DM in the galaxy at present
universe comes from the loop diagrams.

The emission of a vector boson through the virtual
internal bremsstrahlung can enhance the s-wave contribu-
tion, in particular, when the mass splitting between
DM and the t-channel mediator, H! in our case, is
small. However since we are considering heavy Higgs,
MH!

! M ~N , the bremsstrahlung is suppressed. Therefore
we do not expect the line spectrum of gamma ray from
internal bremsstrahlung, which is different from that in [2].

The charged components of the H! scalar doublet and
charged scalar fermions make the triangle or box loop-
diagram shown in Figs. 3 and 4, and the two photons can be
emitted from the internal charged particles. In this case, the
photons have line spectrum with energy

E2" ¼ M ~N: (13)

In the triangle diagrams, H! and ~l are in the loop and the
charged lepton or charged Higgs have a quartic coupling
with photons. In this analysis we neglect those fermion loop
processes because the triangle diagrams with fermions are
helicity suppressed and its leading terms are dimension-six
operators. For the box diagrams, the charged HiggsH#

! and
charged sleptons in the loop emit two photons. Thus the
amplitude is the sum of all the contributions:

M 2" ¼ MTringle
2" þMBox

2" : (14)

SinceDM is nonrelativisticwe can ignore themomentumof
DM. AssumingMH!

,M~l ! M ~N , we obtain the annihilation
cross section to two photons via one loop as

h#vi2" ¼
jMj22"
32$M2

~N

’ %2
em

8$3

y4!ðA2
! þ&02Þ2
M4

~l

4

M2
~N

(15)

in the limit ofMH!
¼ MH0

!
¼ M~l for simplicity.

The gamma-ray line spectrum can also be produced
from the DMs annihilation into Z" through box one-
loop. The energy of the photons produced in this process is

E1" ’ M ~N

!
1' M2

Z

4M2
~N

"
: (16)

The annihilation cross section is approximately given by

h#vi1" ’ %2
em

8$3cos2'w

y4!ðA2
! þ&02Þ2
M4

~l

4

M2
~N

!
1' M2

Z

4M2
~N

"
;

(17)

where 'w is Weinberg mixing angle and we used
MH!

¼ MH0
!
¼ M~l.

Recently a tentative indication of gamma-ray line
using Fermi-LAT data was reported in Refs. [2,3].
When it is interpreted in terms of DM particles annihilat-
ing into a photon pair, the observation implies a DM mass
of [3]

m( ¼ 129:8# 2:4þ7
'13 GeV; (18)

and a partial annihilation cross section of

h#vi((!"" ¼ ð1:27# 0:32þ0:18
'0:28Þ ( 10'27 cm3 s'1 (19)

when using the Einasto DM profile.
The right-handed scalar neutrino DM in this model can

explain this observation perfectly with mass M ~N ¼
130 GeV. The gamma-ray line signal in the Fermi-LAT
can be explained when

h#við ~N ~N)!""Þ ¼ h#viFermi-LAT
ð((!""Þ : (20)

This corresponds to the coupling:

y4!ðA2
! þ&02Þ2 ’ 1:8M4

~l
; (21)

where we usedM ~N ¼ 130 GeV and%em ¼ 1=127. For this
mass of DM, we have another gamma-ray line at E" ¼
114 GeV but the flux is reduced by half that of the two
gamma line at 130 GeV.

C. Another constraint

Here we note the constraint from direct DM searches.
The relevant processes for sneutrino DM direct searches
are Z boson and Higgs boson exchange. However, as we
note in Eq. (9), due to extremely small left-right mixing of
sneutrinos, the couplings are considerably suppressed by

FIG. 3. Triangle loop diagrams for the annihilation of right-
handed sneutrinos.

FIG. 4. Box loop diagrams for the annihilation of right-handed sneutrinos.
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alternative dark matter candidates than wimps. There are countless dark matter
candidates and in this conference I could find many talks already on di↵erent
dark matter candidates. So in my talk I try to summarise the dark matter by
how they are produced in the early universe. and some recent works on the
gravitino and axino dark matter.

The present Universe is dominated by unknown dark component and a bary-
onic matter with small portion of photons and neutrinos. 13.7 billion years ago,
at the age of Universe around 380,000 years old, dark matter was 63 % of the
Universe. At this time the photons decoupled and became the cosmic microwave
background radiation today we observe from every directions with almost same
magnitude. Before this last scattering the baryons were tightly coupled to the
photons, so the structure of baryons could not grow until they decoupled from
the photons. However this period between last decoupling and today is not
enough to make present structures. We need extra material which does not
coupled with photons and started the structure formation much earlier than
baryons. That is dark matter.

The dark matter was first discovered by F. Zwicky in 1933 in the rotational
curve of COMA cluster and since then now we have more evidences. The rota-
tional curves in the Galaxy scales, in the cosmological scales from the distribu-
tion of velocities of galaxies, weak gravitational lensing etc. In the cosmological
scales from the large scale structure formation, and inthe horizon scales from
the acoustic peaks of CMB .
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A new two Higgs doublet model[Gabriel, Nandi, 2007]
Split Two-Higgs-Doublet Model and Neutrino Condensation[Wang, Wang, Yang, 2006]

Dirac neutrinos from a second Higgs doublet[Davidson, Logan, 2009]

B. Production from decay of thermal particles

The LSP right-handed snturtirno Ñ
0

can be produced from the decay process of the

particles which are in the thermal equilibrium. The relevant processes are [1]

H̃0 ! Ñ ⌫̄,

H̃+ ! Ñ l̃+,

⌫̃ ! Ñ h,

⌫̃ ! Ñ Z,

l̃ ! Ñ W�,

B̃ ! Ñ ⌫̃,

W̃ 0 ! Ñ ⌫̃,

W̃+ ! Ñ l̃+,

(15)

When the temperature of the early Universe was much higher than the decaying particles,

the abundance of Ñ
0

from the decay can be well approximated by [5]

Ydecay '
X

i

3⇣(5)ḡMP gi�i

4⇡m2

i

, (16)

where �i is the decay rate of a particle i with mass mi and d.o.f. gi in the rest frame and

ḡ = 135
p
10/(2⇡3g

3/2
⇤ ).

We will not consider the finite temperature dependence of VEV and mass since the

production of right-handed neutrino becomes e↵ective at relatively low temperature and the

production does not changes much whether it is included.

C. Production from out of decay

Constraints from LHC and BBN : reduces the parameter space for stay and neutralino

m⌫ = (17)

8

Small Yukawa with large VEV or large Yukawa with small VEV

Neutrinophilic Higgs model

Dirac neutrino

with

1 Formulae

y⌫ ⇠ 10�13 hHui ⇠ 100GeV (1)

M
DM

< MF (2)

h�vi = a+ bv2 hv2i ⇠ 0.3 v ⇠ 10�3 (3)

� (4)

h�vi
FERMI

' 10�27 cm3/ sec (5)

n(t) / 1

a3(t)
P (t) / 1

a(t)
(6)

E�/Ee ⇠ (0.3)2 (7)

⇣ =
�T

T
,

�⇢

⇢
, ��, · · · (8)

H = �� ⇣ ' ⇣r (9)

T ⇠ 100MeV (10)
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fields Z
2

-parity lepton number

MSSM Higgs doublets, Hu, Hd + 0

new Higgs doublets, H⌫ , H⌫0 � 0

right-handed neutrinos, N � 1

TABLE I: The assignment of Z
2

parity and lepton number.

the discrete symmetry, the superpotential is given by
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where we omit generation indexes and dot represents SU(2) anti-symmetric product. The

Z
2

-parity plays a crucial role of suppressing tree-level flavor changing neutral currents (FC-

NCs), and is assumed to be softly broken by tiny parameters of ⇢ and ⇢0(⌧ µ, µ0).

The scalar potential relevantly for Higgs fields and sneutrinos is given by

V = V
SUSY

+ V
soft

, (2)

with

V
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V
soft

= m2

Hu
|Hu|2 +m2

Hd
|Hd|2 +m2

H⌫
|H⌫ |2 +m2

H⌫0
|H⌫0 |2 +m2

˜L
|L̃|2 +m2

˜N
|Ñ |2

+(ylAlL̃ ·HdẼR + y⌫A⌫L̃ ·H⌫Ñ

+BµHu ·Hd +B0µ0H⌫ ·H⌫0 +B⇢⇢Hu ·H⌫0 +B⇢0⇢
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+|µHd + ⇢H⌫0 |2 + |ylL̃ẼR + µHu + ⇢0H⌫ |2 + |µ0H⌫ + ⇢Hu|2 +D� terms, (3)

V
soft

= m2

Hu
|Hu|2 +m2

Hd
|Hd|2 +m2

H⌫
|H⌫ |2 +m2

H⌫0
|H⌫0 |2 +m2

˜L
|L̃|2 +m2

˜N
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= |ylHdẼR + y⌫H⌫Ñ |2 + |y⌫L̃Ñ � µ0H⌫0 + ⇢0Hd|2 + |y⌫L̃ ·H⌫ |2 + |ylL̃ ·Hd|2

+|µHd + ⇢H⌫0 |2 + |ylL̃ẼR + µHu + ⇢0H⌫ |2 + |µ0H⌫ + ⇢Hu|2 +D� terms, (3)

V
soft

= m2

Hu
|Hu|2 +m2

Hd
|Hd|2 +m2

H⌫
|H⌫ |2 +m2

H⌫0
|H⌫0 |2 +m2

˜L
|L̃|2 +m2

˜N
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Introduce a pair of neutrinophilic Higgs doublet, 

gamma-ray flux from their annihilation processes 1.

In this paper, we show that a Dirac sneutrino WIMP dark matter could produce gamma-

ray line flux which is significantly larger than in other supersymmetric models. Another

right-handed Dirac sneutrino dark matter has been proposed in the MSSM with right-

handed neutrino superfields [18], but that is not a WIMP as thermal freeze out relic. The

essential ingredient for our Dirac sneutrino to be a WIMP is the extended Higgs sector

including a neutrinophilic Higgs field, which is a Higgs field interacting with other matters

only through neutrino Yukawa couplings [19–22]. The concept of neutrinophilic Higgs model

is an approach that the smallness of neutrino mass might come from not a small Yukawa

coupling but a small vacuum expectation value (VEV) of the neutrinophilic Higgs field

H⌫ . Recently various aspects of neutrinophilic Higgs models have been studied [23–30].

The consequence of neutrinophilic Higgs model is that neutrino Yukawa couplings are not

necessarily small because the smallness of neutrino masses are explained by the small H⌫

VEV. Actually neutrino Yukawa couplings can be as large as of the order of unity. Hence,

by taking this advantage, as we will show, right-handed Dirac sneutrino can have a large

enough annihilation cross section to be WIMP as well as to produce an observable line

gamma-ray flux.

The paper is organized as follows. In the section II, we briefly describe a supersymmetric

neutrinophilic Higgs model where the VEV of H⌫ is small and neutrino Yukawa coupling can

be large. We examine the Dirac right-handed sneutrino dark matter candidate by estimating

its thermal relic density and show how large monochromatic gamma-ray line signal can be

produced, in the section III. We summarize our results in the section IV.

II. MODEL

The supersymmetric neutrinophilic Higgs model has a pair of neutrinophilic Higgs dou-

blets H⌫ and H⌫0 in addition to up- and down-type two Higgs doublets Hu and Hd in the

minimal supersymmetric standard model (MSSM) [27]. A discrete Z
2

-parity to discriminate

Hu(Hd) from H⌫(H⌫0) is also introduced, and charges are assigned as in the table I. Under

1 For the continuous spectrum, a possible significant Breit-Wigner enhancement in s-channel processes has

been pointed out [17].
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A discrete      -parity, which is broken softly,
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2

-parity lepton number

MSSM Higgs doublets, Hu, Hd + 0

new Higgs doublets, H⌫ , H⌫0 � 0

right-handed neutrinos, N � 1

TABLE I: The assignment of Z
2

parity and lepton number.
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TABLE I: The assignment of Z
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The hierarchy of ⇢/µ0 ⌧ 1 leads to a small v⌫ and the smallness of ⇢ compared to µ0 is

natural in ’tHooft sense because ⇢ is a soft breaking parameter of the Z
2

parity. It is easy

to see that neutrino Yukawa couplings y⌫ can be large for small v⌫ from the Dirac neutrino

mass m⌫ = y⌫v⌫ . For v⌫ ⇠ 0.1 eV, y⌫ ⇠ 1.
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parameters as well as µ and µ0. The former, Hu,d, almost constitute Higgs bosons in the
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The mixing between LH and RH sneutrino is roughly estimated as
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We find that DM-DM-(SM-like Higgs boson) and DM-DM-(Z boson) couplings are sup-

pressed by sin2 ✓⌫̃ ⇠ (m⌫/MSUSY

)2.
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In this section we will investigate the thermal relic abundance of the right-handed sneu-

trino dark matter Ñ and its indirect signature in the gamma ray observation.
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= |ylHdẼR + y⌫H⌫Ñ |2 + |y⌫L̃Ñ � µ0H⌫0 + ⇢0Hd|2 + |y⌫L̃ ·H⌫ |2 + |ylL̃ ·Hd|2
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In this section we will investigate the thermal relic abundance of the right-handed sneu-

trino dark matter Ñ and its indirect signature in the gamma ray observation.
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to give a small VEV for 

gamma-ray flux from their annihilation processes 1.

In this paper, we show that a Dirac sneutrino WIMP dark matter could produce gamma-

ray line flux which is significantly larger than in other supersymmetric models. Another

right-handed Dirac sneutrino dark matter has been proposed in the MSSM with right-

handed neutrino superfields [18], but that is not a WIMP as thermal freeze out relic. The

essential ingredient for our Dirac sneutrino to be a WIMP is the extended Higgs sector

including a neutrinophilic Higgs field, which is a Higgs field interacting with other matters

only through neutrino Yukawa couplings [19–22]. The concept of neutrinophilic Higgs model

is an approach that the smallness of neutrino mass might come from not a small Yukawa

coupling but a small vacuum expectation value (VEV) of the neutrinophilic Higgs field

H⌫ . Recently various aspects of neutrinophilic Higgs models have been studied [23–30].

The consequence of neutrinophilic Higgs model is that neutrino Yukawa couplings are not

necessarily small because the smallness of neutrino masses are explained by the small H⌫

VEV. Actually neutrino Yukawa couplings can be as large as of the order of unity. Hence,

by taking this advantage, as we will show, right-handed Dirac sneutrino can have a large

enough annihilation cross section to be WIMP as well as to produce an observable line

gamma-ray flux.

The paper is organized as follows. In the section II, we briefly describe a supersymmetric

neutrinophilic Higgs model where the VEV of H⌫ is small and neutrino Yukawa coupling can

be large. We examine the Dirac right-handed sneutrino dark matter candidate by estimating

its thermal relic density and show how large monochromatic gamma-ray line signal can be

produced, in the section III. We summarize our results in the section IV.

II. MODEL

The supersymmetric neutrinophilic Higgs model has a pair of neutrinophilic Higgs dou-

blets H⌫ and H⌫0 in addition to up- and down-type two Higgs doublets Hu and Hd in the

minimal supersymmetric standard model (MSSM) [27]. A discrete Z
2

-parity to discriminate

Hu(Hd) from H⌫(H⌫0) is also introduced, and charges are assigned as in the table I. Under

1 For the continuous spectrum, a possible significant Breit-Wigner enhancement in s-channel processes has

been pointed out [17].
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•  Dark matter relic density 
    : RH sneutrino as Dark Matter with large Yukawa coupling

A. Thermal relic density of dark matter : Tree-level annihilation of Ñ

Since the dark matter particle Ñ has large Yukawa couplings with a coupling yν ∼ O(1),

the DMs can be in the thermal equilibrium in the early Universe. Here, we consider the

case that the mass eigenstates H2 and H3 originated mostly from Hν and Hν′ are much

heavier than MÑ , then the electroweak precision measurement constraints are easily satisfied

and the annihilation into to Hν and Hν′ are kinematically forbidden. In this case, the

dominant annihilation mode relevant to determine the freeze-out in the early Universe is

the annihilation into a lepton pair, ÑÑ → f̄1f2, mediated by the heavy Hν-like Higgsinos.

When the internal field is H̃ν-like charged Higgsino (H̃±
ν ) in the t-channel f1 and f2 are

charged leptons, or when H̃ν-like neutral Higgsino (H̃0
ν ) is exchanged the final fermions are

neutrinos.

The thermal averaged annihilation cross section for this mode at the early Universe is

expressed, in partial wave expansion method, as

〈σv〉 =
∑

f

(

y4ν
16π

m2
f

(M2
Ñ
+M2

H̃ν

)2
+

y4ν
8π

M2
Ñ

(M2
Ñ
+M2

H̃ν

)2
T

MÑ

+ ...

)

, (10)

where we used 〈v2rel〉 = 6T/MDM with vrel being the relative velocity of annihilating dark

matter particles and mf is the mass of the fermion f and MH̃ν
% µ′ denotes the mass of

H̃ν-like Higgsino. For simplicity we assumed the same Yukawa coupling yν for different

flavors. Since the s-wave contribution of the first term in the right-handed side is helicity

suppressed, p-wave annihilation cross section of the second term is relevant for the dark

matter relic density at freeze-out epoch, Tf ∼ MÑ/20. The right relic density of WIMP

when it is produced from thermal freeze-out can be obtained for the thermal averaged

annihilation cross section

〈σv〉thermal % 3× 10−26 cm3 s−1 = 2.57× 10−9GeV−2. (11)

Comparing Eq. (10) and Eq. (11), we find yν = O(1) as

y4ν % 1.09

(

130GeV

MÑ

)2( MH̃ν

700GeV

)4( 〈σv〉thermal

2.57× 10−9GeV−2

)(

1/20

Tf/MÑ

)

, (12)

where Tf is the DM freeze-out temperature which is usually Tf % MDM/20 and we accounted

for the number of modes of the final states
∑

f = 2 × 32 = 18. In figure 1 we show the

contour plot of the annihilation cross section in the plane of MÑ and MH̃ν
for yν = 1.
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FIG. 1: Tree-level diagram for the annihilation of right-handed sneutrinos.

III. RIGHT-HANDED SCALAR NEUTRINO AS DARK MATTER

In this section we will investigate the thermal relic abundance of the right-handed sneu-

trino dark matter Ñ and its indirect signature in the gamma ray observation.

A. Thermal relic density of dark matter : Tree-level annihilation of Ñ
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the DMs can be in the thermal equilibrium in the early Universe through this large Yukawa
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2

and H
3

originated

mostly from H⌫ and H⌫0 are much heavier than M
˜N , then the electroweak precision measure-

ment constraints are easily satisfied and the annihilation into H⌫ and H⌫0 are kinematically

forbidden. In this case, the dominant annihilation mode of Ñ in the early Universe is the

annihilation into a lepton pair, ÑÑ⇤ ! f̄
1

f
2

, mediated by the heavy H⌫-like Higgsinos as

described in Fig. 1. The final states f
1

and f
2

are charged leptons for the t-channel H̃⌫-like

charged Higgsino (H̃±
⌫ ) exchange, while those are neutrinos for the t-channel H̃⌫-like neutral

Higgsino (H̃0

⌫ ) exchange.

The thermal averaged annihilation cross section for this mode in the early Universe is

expressed, in partial wave expansion method, as [33]

h�vi =
X

f

 
y4⌫
16⇡

m2

f

(M2

˜N
+M2

˜H⌫
)2

+
y4⌫
8⇡

M2

˜N

(M2

˜N
+M2

˜H⌫
)2

T

M
˜N

+ ...

!
, (10)

where we used hv2
rel

i = 6T/MDM with v
rel

being the relative velocity of annihilating dark

matter particles and mf is the mass of the fermion f and M
˜H⌫

' µ0 denotes the mass of

H̃⌫-like Higgsino. For simplicity we have assumed that Yukawa couplings are universal for

each flavor.
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(s-wave) : RH sneutrino DM couples to only leptons, thus s-wave 
annihilation cross section is always subdominant

(p-wave) :  the dominant annihilation at freeze-out
 and give the correct relic density with large Yukawa coupling

A. Thermal relic density of dark matter : Tree-level annihilation of Ñ

Since the dark matter particle Ñ has large Yukawa couplings with a coupling yν ∼ O(1),

the DMs can be in the thermal equilibrium in the early Universe. Here, we consider the

case that the mass eigenstates H2 and H3 originated mostly from Hν and Hν′ are much

heavier than MÑ , then the electroweak precision measurement constraints are easily satisfied

and the annihilation into to Hν and Hν′ are kinematically forbidden. In this case, the

dominant annihilation mode relevant to determine the freeze-out in the early Universe is

the annihilation into a lepton pair, ÑÑ → f̄1f2, mediated by the heavy Hν-like Higgsinos.

When the internal field is H̃ν-like charged Higgsino (H̃±
ν ) in the t-channel f1 and f2 are

charged leptons, or when H̃ν-like neutral Higgsino (H̃0
ν ) is exchanged the final fermions are

neutrinos.

The thermal averaged annihilation cross section for this mode at the early Universe is

expressed, in partial wave expansion method, as

〈σv〉 =
∑

f

(

y4ν
16π

m2
f

(M2
Ñ
+M2

H̃ν

)2
+

y4ν
8π

M2
Ñ

(M2
Ñ
+M2

H̃ν

)2
T

MÑ

+ ...

)

, (10)

where we used 〈v2rel〉 = 6T/MDM with vrel being the relative velocity of annihilating dark

matter particles and mf is the mass of the fermion f and MH̃ν
% µ′ denotes the mass of

H̃ν-like Higgsino. For simplicity we assumed the same Yukawa coupling yν for different

flavors. Since the s-wave contribution of the first term in the right-handed side is helicity

suppressed, p-wave annihilation cross section of the second term is relevant for the dark

matter relic density at freeze-out epoch, Tf ∼ MÑ/20. The right relic density of WIMP

when it is produced from thermal freeze-out can be obtained for the thermal averaged

annihilation cross section

〈σv〉thermal % 3× 10−26 cm3 s−1 = 2.57× 10−9GeV−2. (11)

Comparing Eq. (10) and Eq. (11), we find yν = O(1) as

y4ν % 1.09

(

130GeV

MÑ

)2( MH̃ν

700GeV

)4( 〈σv〉thermal

2.57× 10−9GeV−2

)(

1/20

Tf/MÑ

)

, (12)

where Tf is the DM freeze-out temperature which is usually Tf % MDM/20 and we accounted

for the number of modes of the final states
∑

f = 2 × 32 = 18. In figure 1 we show the

contour plot of the annihilation cross section in the plane of MÑ and MH̃ν
for yν = 1.
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Today, it is very suppressed by v~10^-3,  thus subdominant.
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•  Monochromatic gamma ray lines

At present the tree-level annihilation is suppressed by the lepton mass or 
velocity in the halo. Therefore the dominant annihilation of DM in the 
galaxy at present comes with heavy charged particle in the one-loop.
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Ñ

Ñ∗
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when using the Einasto dark matter profile.

The right-handed scalar neutrino dark matter in this model can explain this observation

perfectly with mass MÑ = 130GeV. The gamma ray line signal in the Fermi-LAT can be

explained when

〈σv〉(ÑÑ→γγ) = 〈σv〉 Fermi-LAT
(ÑÑ→γγ)

. (20)

This corresponds to the coupling

y4ν(A
2
ν + µ′2)2 # 0.018M4

l̃
, (21)

where we used MÑ = 130GeV and αem = 1/127. For this mass of DM, we have another

gamma ray line at Eγ = 114GeV but the flux is reduced by half than two gamma line at

130GeV.

C. Another constraints

Here we note the constraint from direct dark matter searches. The relevant processes

for sneutrino DM direct searches are Z-boson and Higgs boson exchange. However, as we

note in Eq. (9), due to extremely small left-right mixing of sneutrinos, the coupling are

considerably suppressed by O((mν/MSUSY)2). Thus, the expected cross section with nuclei

is far below than the projected sensitivity of present direct search experiments.

IV. CONCLUSION

We have shown that a Dirac right-handed sneutrino with neutronophilic Higgs doublet

fields is weakly interacting massive particle and a viable dark matter candidate. This is

because neutrino Yukawa couplings can be as large as of the order of unity in models with

neutrinophilic Higgs where the smallness of neutrino masses are explained by the small Hν

VEV. The promising signature of this sneutrino comes from the indirect detection of dark

matter, especially, gammas. One-loop annihilation cross section into γγ can be larger than

the cross section of the helicity suppressed annihilation into fermions. Hence, expected

gamma-ray line signal is large and, for instance, signals which might have been observed in

the Fermi-LAT is also able to be explained by its annihilation.
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130 GeV gamma-line from public Fermi-LAT data

Dark Matter signature?

If yes, then RH sneutrino DM in leptophilic Higgs model can explain.

with the parameters given by

In this case the photons have line spectrum with energy

E2γ = MÑ . (13)

In the triangle diagrams, Hν and l̃ are in the loop and the charged lepton or charged

Higgs have a quartic coupling with photons. In this analysis we neglect those fermion loop

processes, because the triangle diagrams with fermions are helicity suppressed and its leading

terms are dimension six operators. For the box diagrams, the charged Higgs H±
ν and charged

sleptons in the loop emit two photons. Thus the annihilation cross section is the sum of all

the contributions

〈σv〉2γ = 〈σv〉Tringle2γ + 〈σv〉Box
2γ . (14)

Since DM is non-relativistic we can ignore the momentum of DM. Assuming MHν
,Ml̃ # MÑ

we obtain the annihilation cross section to two photons via one-loop as

〈σv〉2γ $
4α2

em

π2

y4ν(A
2
ν + µ′2)2

M4
l̃

4

M2
Ñ

, (15)

in the MHν
= MH′

ν
= Ml̃ limit for simplicity. The gamma-ray line spectrum can be produced

also from the dark matters annihilation into Zγ through box one-loop. The energy of the

photons produced in this process is

E1γ $ MÑ

(

1−
M2

Z

4M2
Ñ

)

. (16)

The annihilation cross section for this is approximately

〈σv〉1γ $
4α2

em

π2 cos2 θw

y4ν(A
2
ν + µ′2)2

M4
l̃

4

M2
Ñ

(

1−
M2

Z

4M2
Ñ

)

, (17)

where θw is Weinberg mixing angle and we used MHν
= MH′

ν
= Ml̃.

Recently a tentative indication of gamma ray line using Fermi-LAT data was reported

in [2, 3]. When it is interpreted in terms of dark matter particles annihilating into a photon

pair, the observation imply a dark matter mass of [3]

mχ = 129.8± 2.4+7
−13 GeV, (18)

and a partial annihilation cross-section of

〈σv〉χχ→γγ = (1.27± 0.32+0.18
−0.28)× 10−27 cm3s−1, (19)

8

B. Production from decay of thermal particles

The LSP right-handed snturtirno Ñ
0

can be produced from the decay process of the

particles which are in the thermal equilibrium. The relevant processes are [1]

H̃0 ! Ñ ⌫̄,

H̃+ ! Ñ l̃+,

⌫̃ ! Ñ h,

⌫̃ ! Ñ Z,

l̃ ! Ñ W�,

B̃ ! Ñ ⌫̃,

W̃ 0 ! Ñ ⌫̃,

W̃+ ! Ñ l̃+,

(14)

When the temperature of the early Universe was much higher than the decaying particles,

the abundance of Ñ
0

from the decay can be well approximated by [5]

Ydecay '
X

i

3⇣(5)ḡMP gi�i

4⇡m2

i

, (15)

where �i is the decay rate of a particle i with mass mi and d.o.f. gi in the rest frame and

ḡ = 135
p
10/(2⇡3g

3/2
⇤ ).

We will not consider the finite temperature dependence of VEV and mass since the

production of right-handed neutrino becomes e↵ective at relatively low temperature and the

production does not changes much whether it is included.

C. Production from out of decay

Constraints from LHC and BBN : reduces the parameter space for stay and neutralino

Ñ + Ñ ! � + �

Ñ + Ñ ! Z + �
(16)

8
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Second line signal at 114 GeV

In this case the photons have line spectrum with energy

E2γ = MÑ . (13)
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0

from the decay can be well approximated by [5]

Ydecay '
X

i
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Ñ

(

1−
M2

Z

4M2
Ñ
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Discussion

1. Dark matters are around us and can be detected in the observation of 
gamma ray or cosmic rays.

2. Gamma-ray signal at Fermi-LAT may be the signature of dark matter.

3. The line signal can be explained with RH sneutrino dark matter 
in the neutrinophilic Higgs model.
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