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| present the axion possibility, which is anyway needed
for a
AXxino is accompanied with SUSY extension.
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The most awaited information in the universe now is what is the DM of
the universe. One plausible candidate is the WIMP (eWIMP) and the
other attractive candidate is a very light axion. We try to discuss these
aspects from scarce and comment on in
a SUSY framework.

Axion is a Goldstone boson arising when the PQ global symmetry is
spontaneously broken. The simple form dictates that its interaction is
only through the anomaly term. The axion models have the spontaneous
symmetry breaking scale F and the axion decay constant F_ which are
related by F=Np, F..

WIMP was first discussed by B. W. Lee and S. Weinberg in 1977. They
considered a heavy neutrino, which implies that the usage “weak” is
involved. The LSP interaction is “weak” if interaction mediators (SUSY
particles) are in the 100 GeV range as the W boson. That’s the reason we
talk about WIMP. Now to many WIMP almost means the LSP.
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Neutrinos Axions

Recently, taking the researches of last 20 years, it is reviewed in
Kim-Carosi (RMP, 09) arXiv:0807.3125 with references.
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A rough sketch of masses
and cross sections.
Bosonic DM with
collective motion is
always CDM.
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wimpelh

[Roszkowski, modified]
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Turner (86), Grin et al (07),

Giudice-Kolb-Riotto (08),

Bae-Huh-K, JCAP 0809, 005 (08):
recalculated including the
anharmonic term carefully
with the new data
on light quark masses.

It is the basis of using the anthropic
argument for a large F,.

4.x10%  6.x10%  8.x10?

"Axino and DDM" , Corfu, Greece, 4 Sep. 2009




L = quugH,+q diH, -V (H ,H )+

B=a achieves
the same thing
as the m=0 case.

[Peccei, 1978].
[KSVZ axion]

[DFSZ].
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In 2008. PAMELA renorted the excess pnositrons but no
y rJVI WL\ \A LUl I W N\ I J \ 4 ICEIVIIW NUU 11V

XC POS
excess antiprotons in CR spectrum at 10-80 GeV. In the
MSSM, it is difficult to explain this. The binolike LSP y
IS its own antiparticle, and y + y annihilation is forbidden at
the same point due to the Pauli exclusion principle. The
additional DM component is needed.

Introduced
N at 100 GeV order. But the ATIC data raised the DM
Scale to the TeV region. This affair introduced the
decaying DM at the TeV scale. Now, we reformulate
the N theory for DDM. This is the simplest extension of the
MSSM.
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Profumo(SUSY 09): measurement of a hard (~E-3) CR e* implies

with et excess.
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Image Credit: F. Paige / Fermilab Webpage . .
We look for this possibility
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What is needed for DDM?
1) It must be at a TeV scale.
2) The lifetime is of order 10%’ s.
(3) Its interaction is suppressed by Mg 2.
Even if it is suppressed by the Planck mass, the one power
suppression gives the lifetime at 1 s, and the two power
suppression gives the lifetime at 1049 s. So, the two power

GUT scale suppression is compelling.

Therefore, it is of utmost importance to forbid

One expects with the symmetries of MSSM, the

superpotential of the form,
W=NWyssm
where W,,sqy IS the MSSM superpotential. But this leads to dimension-5
N decay interactions and must be forbidden. Additional symmetries are
needed.
So, we introduce the PQ symmetry and axino.
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Given SUSY and other symmetries, we have rules to
estimate the suppression factor. For the propagator,
(1) The one direction arrow is

(2) The colliding arrow is

im m
k2_m2 ) N\ (7

The case (2) is the familiar Majorana mass suppression
with the violation of a global symmetry. The following is
4 external lines but suppressed by M2.
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One exercise is

It describes the decay of N:

And id expressible in terms of a superpotential,

But, one cannot express any interaction in terms of a superpotential.
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We will study
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GUT motivation: 15 chiral fields SU(5) : No N available
16 chiral fields SO(10) : There are but at

high energy scale
So we need more GUT singlets N beyond 15 or 16.

It is decoupled at the MSSM level, but couples to the
MSSM particles with a suppressed mass M.

At the minimum level, we need E* to couple N to MSSM.

E* is possible in the flipped SU(5):

SU(5) x U(1)y
10 (X=1) 5% (X=-3) 1 (X=5)
X=+5 singlets are Q=+1 singlets
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If there is only one Majorana fermion DM (here called LNX),
the Fermi-Dirac statistics implies that s-wave amplitude
needs anti-parallel helicities of two incoming LNX, i.e. J=0.
Since we have v is of order 10-3, J=0 initially.

If the final state is f f-bar, where f is much lighter than
LNX, it must have J=0. If electron-positron pair is directly
produced (not by decays of heavy patrticles), it is
suppressed. One may consider the unsuppressed diagram
(a), but it is Yukawa suppressed, or (b) at higher order of the
e.m. coupling.

FIG. 1 (color online). The binolike neutralino annihilation.
(a) The bullet carries an SU(2)y quantum number. (b) Here,
the bullet can carry angular momentum 1. The helicities of
electrons and positrons are shown by thick arrow lines.

"Axino and DDM" , Corfu, Greece, 4 Sep. 2009




So we need at least two components for WIMP DMs.

Now our simplest extension of the MSSM will be
(i) Keep the most features of the MSSM.
(i) Add one more two component neutral DM N.
(iii) Include extra particles such that N-LNX does not
have the Fermi-Dirac suppression for e*e- production.

One must include additional particles such that the
needed interaction is present.

The simplest extension is,
Introducing N(neutral)and

E(charged). The production
diagram is
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ecis an SU(D) singlet. We can introduce heavy E and E°
just below the GUT scale in flipped SU(5).
And DM N

Now, these singlets can have the interaction

fNE e

For O(100 GeV) E has been studied in view of the PAMELA

data has been considered by
Huh-K-Kyae, PRD79, 063529 (2009), arXiv: 0809.2601
Bae-Huh-K-Kyae-Viollier, NPB817, 58, arXiv: 0812.3511

Then, ATIC raised the scale to TeV and Fermi LAT has been
reported.
Note 1: For DM, N at a TeV scale is needed
Note 2: E may not be at the TeV scale.
Note 3: In most DDM models, its number density is
not calculated.
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Both N and y are produced by the decay of a heavy particle.
This particle dominates the mass density of the universe. This
possibility is studied in terms of axino. Anyway, the strong CP
must be solved and axion and hence axino also are needed.
Covi-H.B.Kim-K-Roszkowski, JHEP0105, 033 (2001)
Choi-K-Lee-Seto, PRD77, 123501 [arXiv: 0801.0491]

f,=4x1011GeV

EXCLUDED
(QIFR? > 1)

108
10—6 10— 102 0 o
ms [GeV] m, (GeV)

With F_=107? GeV, the purple region is outside.
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Axino can decay by the Lagrangian

1
| dzg(mNNXX ; «/_iz ggwgng, 3

For a sufficiently large F,, > 4x10'! GeV, the axino decay
time is after the temperature is below the LSP decoupling
temperature. By that time, axino could have dominated

the mass density of the universe if the reheating
temperature is high enough. Then, the ratio of mass

Aancitince AfF Nl AanA .

aensites O1 iIN CIIIU/( ID

Number of N
Number of

M" at Mgt Is possible.
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Model to suppress all N decay operators up to dim-5:

0,—1,—1 1,1,1
+oh+ b+

E is separated from the TeV scale, but by the f coupling
the TeV sector feels the presence of GUT scale E,
through the couplings suppressed by M2. We investigate
the consequence.
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Profumo (SUSY 2009):

Pulsars can seed e+e- direct pair production with the rotating strong
magnetosphere.

Strong rotationally induced electric fields in the magnetoshpere
accelerate and extract e- from stellar surface, which radiate gamma
rays; gammas cascade produce e+e- pairs, escaping the
magnetosphere from the polar cap regions)

© Mark A. Garlick / space-art.co.uk

Y—rays

acceleration

“®_ e*

SN remnant & pulsar
wind nebulae
shock acceleration
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Profumo(SUSY 09): measurement of a hard (~E-3) CR e* implies

with et excess.

Low-energy photons Positrons

Quarks e~ o
—
Medium-energy Electrons

gamma rays

% Neutrinos

Antiprotons

) ©
WWWVVW\/\IWWM

Decoy process n—)

Pul
disars Dark Matter

Image Credit: F. Paige / Fermilab Webpage . .
We look for this possibility

"Axino and DDM" , Corfu, Greece, 4 Sep. 2009 18/30
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Example of fit to both Fermi LAT
and PAMELA data with known

(ATNF catalogue) nearby,
mature pulsars, and with a single,
nominal choice for the e+/e-
injection parameters.

For the PAMELA data, two narby
pulsars with the parameters,

T'=1.7 E.. = 1100 GeV.

At = 6 x 10* yr.

et = ii}‘}{
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DDM must dominate the mass density: It is achieved by
the heavy axino domination.
DDM N must decay with the lifetime of O(10%7 s).

From the previous coupling, we study the following diagram:
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5(1 X+y-28)°(1- 5)\/

(e o)
X = M3 /mN,y m; /mN, & =(LF2)(L—X+Y)

—2n)*(n—X)\n* =X

(l+ X —2n)°
Thax = (1/2)(1+ )? e y)
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N°(=N)—>e/+e  for m:>myV =0

e Aznﬁ M ~2.8x10%(m, /TeV) GeV All these mass scales,
76877°M together with the

axino decay case, fall

in the GUT scale.

But the scales we

obtain are not

AT e R necessarily the scale

(1OOGer (10Tevj (Tevj | of the GUT gauge

A’m;

=N __ M=28x10"(m,/TeV) GeV
15367°M* (My )

M
M ~7.4x10°(m,V /TeV ?)"2GeV bosons.

IF= 2% 102381(

10%GeV '
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Injection spectrum y, from
supernovae may fit just the low
energy or the high energy
spectrum, but not both.
PAMELA’s positrons are hard

to be fitted together with
Fermi LAT.

' 102
e™ energy [(_1'(_"\ ]

Two possibilities:
(1) Astrophysical origin: pulsars
(2) Dark matter origin—Here we study this case.
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There have been numerous supernova explosions—
Injection of electrons and positrons in the galaxy —
Homogeneous background of e* —

Injection spectrum Y, from supernovae needed

This background is coded in the GALPROP package.
Moskalenko-Strong, Adv. Space Res. 27, 767 (2001)
http://galprop.stanford.edu

In principle, different SNs can have different injection spectra, but we
study using the same injection spectrum y,,.

Then, we add e* obtained from the decay of N whose density given
by the DM profiles of isothermal, NFW, Via Lactea |l simulations. The
decay of N produces e*.

PYTHIA calculation of cascading down to e* is used.
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Comments:

. Astrophysical sources may explain the PAMELA e*.
The pulsar parameters can be determined in principle.
The pulsar point-like sources can show directions since
the needed pulsars must be nearby.

2. DDM sources of e* is homogeneous.

—> Measurement of the directionality of high energy
gamma rays and e* can distinguish the point-like
and homogeneous sources, and will give a hint for or
against the heavy DDM.
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We studied the possibility of DDM in view of the PAMELA
and Fermi LAT data.

1. We introduced the DDM minimally, above the MSSM
scales. N is a two-component Majorana spinor.

2. We discussed the suppression factor M2. It must fall
in the GUT scale region.

3. The GUT scale is provided by the heavy E and E€ and

the coupling, Ne EC€. This simplest extension is possible
In the flipped SU(5).

4. The heavy axino decay can produce the needed DMs.

5. Indeed, it is possible to fit both the PAMELA and
Fermi LAT data with the DDM N with a few TeV mass.
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