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Higgs boson has been discovered!

Both the ATLAS and the CMS discovered a new boson with mass around 
125-126 GeV compatible with the SM Higgs boson!

Now the SM is being completed...
[ATLAS:Phys.Lett.B716(2012)1, CMS:Phys.Lett.B716(2012)30]
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SM is being completed
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Limits on SUSY particles...
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Supersymmetry?
No observation of superparticles so far....

Is SUSY still interesting?

“Light” weakly interacting Higgs !ts well with SUSY !

SUSY allows the vast separation between the Planck scale
and much lower energy scale.

In the MSSM, the Higgs boson mass is interrelated to the 
mass scale of not yet observed sfermion masses!

If mSUSY = O(1)TeV → SUSY discovery is around the corner!

Even if mSUSY > O(1)TeV → We need to rethink/relax “naturalness”.
                                                  Interesting phenomenology is possible

Talks by H.Murayama, G.Ross, N.Yokozaki, J. Ruderman, T. Volansky...

Talks by J.Sunghoon, K.Harigaya, J. Ruderman, T. Volansky...

We may have discovered a SUSY partner of the Higgsino : ) .
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Supersymmetry?

 V = - mhiggs2/2 h†h + λ/4 (h†h)2  

A combination of the 
SUSY breaking masses
and the Higgsino mass

λ= (g’2+g2)/2 cos22β
from gauge couplings

mhiggs = λ1/2 v  ~ mZ cos2β

The predicted Higgs boson mass is around Z-boson mass,

at the tree-level.

[tanβ = vu/vd ] 

In the MSSM, the tree-level Higgs boson mass is given by the gauge 
coupling constants.

What does 126 GeV Higgs boson mean in SUSY models?
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Supersymmetry?

Tree-level quartic term: One-loop log enhanced:

-
One-loop !nite:

[’91 Okada, Yamaguchi, Yanagida, ’91 Haber, Hemp"ing, ’91 Ellis, Ridol!, Zwirner ]

λ =
1
4
(g2

1 + g2
2) cos2 2β2

The heavier Higgs boson mass than mZ can be obtained for larger 
SUSY breaking e#ects!

The radiative corrections to the Higgs boson mass logarithmically 
depend on the stop masses!
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Supersymmetry?

In the simplest case, mhiggs ~ 126 GeV suggests the sfermion (stop) 
masses much larger than 1TeV, (O(10-1000) TeV ?) .

SUSY-FCNC/CP constraints are relaxed!

Consistent with negative results at the 
LHC experiments.
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[ ’12, MI, Matsumoto,Yanagida ( μH = O(Msusy) ) ] 

 gluino mass >1.4 TeV  for  Msusy ≫TeV

Gauginos obtain masses automatically through anomaly mediation and hig-

gsino threshold corrections, suppressed compared to the other superpartners by

factors of order 10−3−10−2 [12, 13, 14]. No new assumptions or model building

is required to obtain these masses.

There is only one potentially serious difficulty faced by this scenario: It may

be out of reach of currently planned experimental efforts. Indeed, CP violation in

K0−K̄0 mixing constrains the 1−2 elements of the left and right down squark mass

matrices as follows [6]:

√
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where m̃A = O(m3/2) is the average of the first and second generation squark masses

of type A. The naive limit on the sfermion mass scale is thus roughly a few thousand

TeV, i.e. m3/2 ! O(103)TeV. Remembering that the anomaly mediated gaugino

masses are of order 10−3−10−2m3/2, this leads to gauginos with masses which might

be expected to be larger than ∼ TeV, and detection of superpartners at the LHC will

be challenging. This issue is exacerbated by the fact that the correct thermal relic

abundance of wino dark matter is obtained for wino masses of about 2.7TeV [15].

Note that for such large wino masses, dark matter direct and indirect detection will

unfortunately be out of reach for the foreseeable future.

In spite of this somewhat pessimistic argument, there are good reasons to be

hopeful. As will be discussed in detail later in this paper, detection of the wino and

gluino at the LHC require roughly mwino "1TeV and mgluino " 2TeV respectively.

There is thus some tension here with the bounds on these masses suggested by K0−
K̄0 mixing, but this tension is clearly very mild. Even minor order 1 suppressions

of the off-diagonal down squark mass matrix elements, or mildly suppressed CP

violating phases, etc, would be sufficient to allow LHC discovery of at least one of

these superpartners.1

1It is also worth noting that if the squarks and quarks share in any flavor symmetries, then this

would also generically lead to suppressions in K0− K̄0 mixing, and lower the allowed superparticle

masses.

3

[’96 Gabbiani, Gabrielli, Masiero, Silvestrini]

(State of the art 3-loop analysis suggests that a bit smaller stop mass is OK.)
Talks by P.Kant.

Is MSUSY = O(10-1000) TeV good ?
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Supersymmetry?

How about the naturalness arguments?

mSUSY = O(10-1000)TeV requires !ne-tuning of O(10-4-10-8).

This is not satisfactory at all, but it is much better than the 
SM which requires !ne-tuning of O(10-28-10-32).

In this relaxed sense, the naturalness arguments are still meaningful 
motivation for the “low scale” SUSY even for mSUSY = O(10-1000)TeV .

→ Better than the Standard Model !
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Supersymmetry?

What !lls the gap between O(10-1000)TeV and O(100)GeV?

At this point, I do not have very convincing solutions....

Focus point mechanism ?
              → weak scale Higgs sector out of very heavy SUSY parameters. 
                                                                                                       [’99 Feng, Matchev, Moroi ]

O(10-1000)TeV SUSY could be the least $ne-tuned scenario.

( Talk by K.Harigaya : In"ation model puts a lower limit on the gravitino mass > 100TeV !  )

(  Talks by R.Gross, N.Yokozaki, P.Kant... )

Ex. ) a lower limit on the SUSY breaking scale & anthropic arguments... 

O(100)GeV Weak scale is chosen by anthropic arguments...
( Talk by J.Ruderman : dangerous boundaries may put upper limit on the weak scale)
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Supersymmetry?

SUSY-FCNC/CP problems are relaxed.
Consistent with negative results at the LHC experiments.

Fine-tuning problem between O(10-100)TeV and O(100)GeV.

In the simplest MSSM, mhiggs ~126GeV suggests the sfermion (stop) masses 
are rather high O(10-1000)TeV.
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Supersymmetry?

The sfermion masses above O(10-1000)TeV allow us to construct a very 
simple model, Pure Gravity Mediation model, consistent with cosmology!

Good DM candidate.
No gravitino problem.
No Polonyi problem.

Can be tested at the LHC (via gaugino search)!

Once we accept !ne-tuning between O(10-1000)TeV and O(100)GeV ?

Can be tested via dark matter search!

Precise coupling uni!cation.

SUSY-FCNC/CP problems are relaxed.
Consistent with negative results at the LHC experiments.

Fine-tuning problem between O(10-100)TeV and O(100)GeV.

In the simplest MSSM, mhiggs ~126GeV suggests the sfermion (stop) masses 
are rather high O(10-1000)TeV.
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MSSM sector

SUSY sector R sector

They are connected by Planck suppressed operators with each other.

Pure Gravity Mediation model

→ Pure Gravity Mediation

 The Pure Gravity Mediation provides the simplest realization of the 
minimal-SPLIT SUSY spectrum [’12 Arkani-Hamed, Gupta, Kaplan, Weiner, 
Zorowski] !

[’06 MI, Moroi, Yanagida, ‘11 MI, Yanagida, ’12 MI, Matsumoto, Yanagida]

(  “without singlet” with heavy sfermions [’99 Giudice, Luty, Murayama, Rattazzi] 
“PeV Supersymmetry”  [’04 Wells] except for the origin of the μ-term )

Pure Gravity Mediation Model
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100TeV

10TeV

1TeV

100GeV

sfermions
Heavy Higgs bosons
Higgsino

Gluino

Bino

Wino

Higgs boson

Tree-level mediation

Anomaly mediation

Anomaly mediation
+

Higgsino threshold}

Fine-tuning

[ minimal SPLIT spectrum : E. Dudas, et.al., EPJ C73 (2013), M. Bose, M. Dine and JHEP 1303 (2013),A. 
Arvanitakia, et.al., JHEP 1302 (2013),  L. Hall, et.al., JHEP 1031 (2013)... ]

MSSM sector

SUSY sector R sector

Pure Gravity Mediation model

Pure Gravity Mediation Model
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1. Origin of the sfermion masses of O(10-100)TeV ?

The simplest realization → Gravity Mediation 

K = Φ†Φ + c/MPL2 Z†Z Φ†Φ + ... 
                     →  msfermion2 = m3/22  + c m3/22  + ...

[m3/2 : gravitino mass, Z : SUSY breaking !eld, Φ : sfermion]

msfermion = O(10-100)TeV is realized for 

m3/2 = O(10-100)TeV
by the tree-level interactions in supergravity.

Pure Gravity Mediation Model
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The gravitino problem is solved for m3/2 = O(10-100)TeV.

Heavy gravitino mass is a good news in cosmology!

The gravitinos are produced by particle scattering 
in thermal bath in the early universe (abundance 
proportional to TR ). [’82 Weinberg]

[’05 Kawasaki, Kohri, Moroi, Yotsuyanagi]

Figure 9: Same as Fig. 7 except for the MSSM parameters are evaluated for the Case 3.

gauginos, in particular, into the gluino when kinematically allowed. (See Fig. 4.) We
found that the gluon-gluino final state produces more hadrons (in particular, protons and
neutrons) than the quark-squark final state. Consequently, in the Case 3, upper bound on
TR becomes lower than that for the Case 2. We have also studied the case where masses
of all the squarks and sfermions are pushed to infinity by hand while keeping the gaugino
mass as low as O(100 GeV). In this case, the constraint on TR is almost the same as that
for the Case 3. In addition, in the Case 4, masses of all the superparticles are very large
(∼ a few TeV). Then, lifetime of the gravitino becomes relatively long, which makes the
upper bound less stringent for gravitinos with m3/2 ∼ a few TeV.

Although our main concern is to study the effects of the gravitino decay on the BBN,
it is also important to consider other constraints. One of the important constraints is
from the production of the LSP from the decay of the gravitino. Importantly, the LSP
is produced with the decay of the gravitino, and the present number density of the LSP
is given by the sum of two contributions; thermal relic, which is calculated with the
DarkSUSY package for each cases, and the non-thermally produced LSP from the gravitino
decay. Since one LSP is produced by the decay of one gravitino, the density parameter of

22

Y3/2 = n3/2/s ~ 10-12 x (TR /109 GeV )

[TR : Reheating temperature after in"ation]

m3/2=O(1)TeV → BBN constrains thermal 
history of cosmology...

Pure Gravity Mediation Model

The model with m3/2 = O(10-100)TeV is consistent with leptogenesis!
[Leptogenesis requires TR > 109 GeV, ’86 Fukugita,Yanagida]
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The gravitino problem is solved for m3/2 = O(10-100)TeV.

The gravitino decay rate is suppressed by the 
Planck scale ( Γ3/2 = m3/23/MPL2)

Figure 9: Same as Fig. 7 except for the MSSM parameters are evaluated for the Case 3.

gauginos, in particular, into the gluino when kinematically allowed. (See Fig. 4.) We
found that the gluon-gluino final state produces more hadrons (in particular, protons and
neutrons) than the quark-squark final state. Consequently, in the Case 3, upper bound on
TR becomes lower than that for the Case 2. We have also studied the case where masses
of all the squarks and sfermions are pushed to infinity by hand while keeping the gaugino
mass as low as O(100 GeV). In this case, the constraint on TR is almost the same as that
for the Case 3. In addition, in the Case 4, masses of all the superparticles are very large
(∼ a few TeV). Then, lifetime of the gravitino becomes relatively long, which makes the
upper bound less stringent for gravitinos with m3/2 ∼ a few TeV.

Although our main concern is to study the effects of the gravitino decay on the BBN,
it is also important to consider other constraints. One of the important constraints is
from the production of the LSP from the decay of the gravitino. Importantly, the LSP
is produced with the decay of the gravitino, and the present number density of the LSP
is given by the sum of two contributions; thermal relic, which is calculated with the
DarkSUSY package for each cases, and the non-thermally produced LSP from the gravitino
decay. Since one LSP is produced by the decay of one gravitino, the density parameter of

22

τ3/2 ~ 0.01sec x (100TeV / m3/2 )3

[ τBBN = O(1)sec ]

Pure Gravity Mediation Model

[’05 Kawasaki, Kohri, Moroi, Yotsuyanagi]

m3/2=O(1)TeV → BBN constrains thermal 
history of cosmology...

Heavy gravitino mass is a good news in cosmology!

The model with m3/2 = O(10-100)TeV is consistent with leptogenesis!
[Leptogenesis requires TR > 109 GeV, ’86 Fukugita,Yanagida]
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The gaugino masses of O(m3/2) requires singlet SUSY breaking !eld  :

W = c/MPL Z WaWa + ...                   
               →  mgaugino = c m3/2 + ...

The coe$cient “c” can be O(1) only when Z is neutral !

[ Z : SUSY breaking !eld, i.e. Z = F θ2 ]

Pure Gravity Mediation Model

2. Origin of the gaugino masses

mgaugino = O(m3/2) as in conventional mSUGRA?
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mgaugino = O(m3/2) as in conventional mSUGRA?

A complete neutral SUSY breaking !eld causes the so-called 
Polonyi problem!

Pure Gravity Mediation Model

mgaugino = O(m3/2) is realized only when the SUSY breaking 
!eld is a complete singlet = Polonyi !eld!

2. Origin of the gaugino masses

The gaugino masses of O(m3/2) requires singlet SUSY breaking !eld  :

W = c/MPL Z WaWa + ...                   
               →  mgaugino = c m3/2 + ...

[ Z : SUSY breaking !eld, i.e. Z = F θ2 ]
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Polonyi Problem I [unavoidable Moduli problem]

cf. The simplest SUSY breaking model: 

In F-term SUSY breaking model, there is a pseudo-"at direction.

K = Z†Z + Z†ZZ†Z/MPL2 + ...
W = Λ2 Z FZ = Λ2

F-term SUSY breaking

Pure Gravity Mediation Model

[’83 Coughlan, Fischler, Kolb, Rabi, Ross] 

O(MpL) O(MpL)

V = m3/22 |Z|2 
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In F-term SUSY breaking model, there is a pseudo-"at direction.

Pure Gravity Mediation Model

[’83 Coughlan, Fischler, Kolb, Rabi, Ross] 

If Z is a completely neutral !led... → No special meaning at Z = 0 !

During in"ation, Z is expected to 
be at Z = O(MPL) !

vacuum

during inflation

O(MpL) O(MpL)

V = m3/22 |Z|2 + H2 |Z - Z*|2 

( Z* = O(Mpl) )

Polonyi Problem I [unavoidable Moduli problem]

cf. The simplest SUSY breaking model: 

K = Z†Z + Z†ZZ†Z/MPL2 + ...
W = Λ2 Z FZ = Λ2

F-term SUSY breaking
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In F-term SUSY breaking model, there is a pseudo-"at direction.

Pure Gravity Mediation Model

[’83 Coughlan, Fischler, Kolb, Rabi, Ross] 

After in"ation, Z oscillates with a large amplitude ... 

oscillate around 0

O(MpL) O(MpL)

dominate energy of the universe
→ Entropy production !

Δ ~ ( MPL / m3/2 ) x (Zinf / MPL)2  

      ~ 1013 x (Zinf / MPL)2 

Polonyi Problem I [unavoidable Moduli problem]

cf. The simplest SUSY breaking model: 

K = Z†Z + Z†ZZ†Z/MPL2 + ...
W = Λ2 Z FZ = Λ2

F-term SUSY breaking

Moduli-Induced Gravitino problem is 
also serious ! [’06 Endo, Hamaguchi, Takahashi] 
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The Polonyi mass can be enhanced in dynamical SUSY breaking model:

K = Z†Z + κ2Z†ZZ†Z/Λ2 + ...
W = Λ2 Z

FZ = Λ2
F-term SUSY breaking

O(Λ)O(Λ)
The Polonyi !eld can decay much faster.

The Polonyi mass can be larger than the 
Hubble parameter during in"ation.

Pure Gravity Mediation Model

[ κ=O(1) for strong interacting model ]

Polonyi Problem II [unavoidable Moduli problem]

dynamically enhanced mass

Curvature of O(m3/22)

[’06 MI, Shinbara, Yanagida] 
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The Polonyi mass can be enhanced in dynamical SUSY breaking model:

K = Z†Z + κ2Z†ZZ†Z/Λ2 + ...
W = Λ2 Z

FZ = Λ2
F-term SUSY breaking

O(Λ)O(Λ)

Pure Gravity Mediation Model

[ κ=O(1) for strong interacting model ]

Polonyi Problem II [unavoidable Moduli problem]

Curvature of O(m3/22)

[’06 MI, Shinbara, Yanagida] 

If Z is a completely neutral !led, 
Z is again at far away from its origin 
during in"ation...

→ Polonyi Problem, 
      Polonyi induced gravitino problem

dynamically enhanced mass
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Models without Polonyi !eld !

In this case, there is no Polonyi problem but the tree-level gaugino 
masses are highly suppressed by such as O(Λ/MPL).

Radiative Gaugino mass  (anomaly mediation)

m
wino
=
g
2
2

16�2
m
3/2

m
gluino
= -
3g
3
2

16�2
m
3/2

m
bino
=
33
5

g
1
2

16�2
m
3/2

at the sfermion mass sale, i.e. m3/2.

Pure Gravity Mediation Model

[‘99 Giudice, Luty, Murayama, Rattazzi, ’99 Randall, Sundram]

2. Origin of the gaugino masses

m3/2 = O(10-1000) TeV → mgaugino = O(1) TeV

[‘99 Giudice, Luty, Murayama, Rattazzi,  ’04 Wells ]
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The Higgsino mass originates from R-symmetry breaking!

K = c HuHd + c’/MPL2 X†X HuHd + h.c. + ...

charged SUSY breaking !elds

μH = c m3/2 ,   B μH = 2 c m3/22 + c’ m3/22 .

R-charge of HuHd = 0

Pure Gravity Mediation Model

[’92 Inoue,Kawasaki,Yamaguhi,Yanagida,’93 Casas, Munoz]

3. Origin of the Higgsino mass

μ-term not from SUSY breaking sector but from R-breaking sector !

W = m3/2 Mpl2 + ... R-breaking constant from spontaneous
discrete R-symmetry breaking !

μH =O(10-1000) TeV ,  B = O(10-1000) TeV
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4.1 Soft Parameters in Gauge Mediation Model

In this section, we present the soft parameters which are generated through loop dia-
grams in which messenger particles circulate. Here, we consider the messenger sector
which consists of pairs of (Φi, Φ̄i) which transform as vector-like representations of
the MSSM gauge group. Then, the supersymmetry breaking is transmitted to the
messenger sector through the coupling with spurions Xi as in Eq. (4.2),3

Xi = Mi + Fiθ
2, (4.3)

W = XiΦiΦ̄i. (4.4)

This implies that the fermionic components of messengers have Dirac masses equal to
Mi. On the contrary, the mass squared matrices of the messenger scalars are given by

(
|Mi|2 Fi

F ∗
i |Mi|2

)

, (4.5)

which eigenvalues are given by |Mi|2 ± |F i|. Then, through the ordinary gauge inter-
actions, the supersymmetry breaking in this spectrum is communicated to the MSSM
sector.

λλ

φ φ φ φ φ φ φ φ

φ φφ φφ φφ φ

Φ

Φ

Φ

Φ

Φ
Φ

Φ

Φ Φ Φ

Figure 4.1: Contributions to the gaugino masses and the scalar masses squared in
gauge mediated supersymmetry breaking models. Here λ (wavy and sold line) denotes
gauginos, φ (dashed line) sfermions or higgs bosons, and Φ (solid or dashed line) the
messenger particles, respectively. Ordinary gauge bosons are denoted by wavy lines.

3In general, we can consider more complicated couplings XijΦiΦ̄j which can not be always diago-
nalized. In such cases, the following results may be changed [73].
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~ Gauge Mediation!

L = O(m3/2) for tanβ = O(1),  μH , B , mA = O(m3/2)

These contributions a#ect the SUSY search at the LHC!

Pure Gravity Mediation Model

[‘99 Giudice, Luty, Murayama, Rattazzi, ’99 Gherghetta, Giudice, Wells]   
4. Origin of the gaugino masses II
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(1) Sfermion masses : tree-level interactions to the SUSY breaking sector    

(2) Higgsino masses : tree-level interactions to the R-breaking sector.

mhiggs ~ 126GeV ⇔ m3/2 = O(10-1000)TeV

μH , B = O(m3/2),   tanβ = O(1) 

(3) Gaugino masses :  anomaly mediation and Higgsino e#ects.

m3/2 = O(10-1000)TeV → mgaugino = O(1) TeV

msfermion = O(m3/2)

MSSM sector

SUSY sector R sector
No singlets! (discrete R)

Pure Gravity Mediation Model
Pure Gravity Mediation model 

[’06 MI, Moroi, Yanagida, ‘11 MI, Yanagida, ’12 MI, Matsumoto, Yanagida]
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Fine-tuning condition:

V = (mHu2+ |μH|2) |Hu|2 + (mHd2+ |μH|2) |Hd|2 
        + BμH HuHd + h.c.

We need a “light” Higgs doublet boson which plays a role of the SM 
Higgs boson.

 (mHu2+ |μH|2)(mHd2+ |μH|2) - (BμH)2 = O(mhiggs2m3/22)

Fine-tuning of O(mhiggs2/m3/22) = O(10-(4-6)).

tanβ is predicted to be O(1).

sin2�=
2B�

H

m
A
2

(mA2 = mHu2+mHd2 +2|μH|2)

For μH , B, mA = O(m3/2) → tanβ = O(1).

Predictions of the PGM
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tanb=3
tanb=10
tanb=30

0.0 0.5 1.0 1.5 2.0»Lêm3ê2»

Typical size of the Higgsino threshold parameter L :
Ar

bi
tra

ry
 u

ni
t

We distributed  μH ,  BH roughly in [ m3/2 / 3 ,  m3/2 x 3 ] .

Then, we allow only when | mHu,Hd2/m3/22 | < 5.

→ required values mHu2 and mHu2 for !ne-tuning for a given tanβ :
( mHu2 ≃ - | μH| 2 + BH μH cotβ , mHd2 ≃ - | μH| 2 + BH μH tanβ )

The ratios of the areas of each 
histogram roughly represent the 
relative consistency of the value of 
tanβ in the pure gravity mediation.

tanβ = O(1) L = O(m3/2)

[’12 MI, Matsumoto, Yanagida]

Pure gravity mediation :

Predictions of the PGM
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Figure 3: (Left) The ratios of the wino and bino masses with and without the Higgsino

contributions for given values of L. We have used a phase convention that m
3/2 is real

and positive. The red lines show the |L| dependences for given phases of L, while the blue

lines show the arg[L] dependences for given values of |L|. (The dashed blue lines show the

values of |L| in between the ones for the two solid lines.). In the gray shaded region for

|L/m
3/2| & 3, the wino is no more the LSP. (Right) The L dependences of the gaugino

masses for m
3/2 = M

SUSY

= 50TeV for L > 0 (arg[L] = 0) and L < 0 (arg[L] = ⇡).

Higgsino contributions for given values of L (left panel). The figure shows that the

wino mass can be about twice as heavy as the anomaly mediated contribution for

|L/m
3/2| ' 1 which is expected in the pure gravity mediation model. It should be

noted that the wino becomes no more the LSP where the Higgsino threshold contri-

bution dominates. In such cases, the relic density of dark matter easily exceed the

observed one due to the highly suppressed annihilation cross section of the bino for

O(100)GeV. Fortunately, however, the figure shows that the bino becomes LSP only

for |L/m
3/2| > 3 which is less likely in the pure gravity mediation model. Therefore,

in the pure gravity mediation model, the LSP is mostly wino-like, although the wino

mass obtains a comparable contribution from the Higgsino threshold e↵ects.7

In Fig. 4, we show the contour plot of the wino mass. In the figure, the blue shaded

region shows the current experimental constraints on the wino mass m
wino

� 88GeV

7 In general, a relative phase between L and m3/2 is a free parameter, and hence, the three

gauginos have di↵erent phases. Such gaugino phases, however, do not cause serious CP-problems,

since the Higgsinos as well as the sfermions are expected to be very heavy in the pure gravity

mediation model. Interestingly, the relative phase of O(1) may lead to the visible electron electric

dipole moment of de/e ⇠ 10�30 cm [22] for the µ-term in the tens to hundreds TeV range, which

can be reached in future experiments [26].

7

AM
SB

mwino>mbino

mwino>mgluino

Lêm 3
ê2=

1

Lêm 3ê2
=
2

Lêm 3ê2=
3

200 400 600 800 1000
500

1000

1500

2000

2500

3000

mwinoêGeV

m
gl
ui
no
êGe

V

Gaugino Masses:

Gluino
Bino

Wino

L/m3/2

mgluino = 2.5x10-2m3/2

mwino = 3.0x10-3( m3/2 + L )

mbino = 9.6x10-3( m3/2 + L/11 )

for m3/2 =O(100)TeV.

The wino is the LSP in the most 
parameter space.

The gluino can be lighter than the 
prediction in AMSB for L/m3/2 = O(1).

[’12, MI, Matsumoto,Yanagida (μH=O(Msusy) )] 

Purely AM
SB

Predictions of the PGM

( L>0 )
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Phenomenology of PGM
The model can be tested at the LHC!

The neutral and charged winos are degenerated due to an 
approximate custodial symmetry.

Δmwino = mchargino - mneutralino = 160-170 MeV

The dominant mass splitting comes from gauge boson loop contributions

Main decay mode :  χ± → χ0 + π±

τwino = O(10-10) sec.

The charged wino produced at the LHC 
travels O(1-10)cm before it decays. 

Neutralino
missing Et

Chargino
track

slow
pion

[’06 MI, Moroi,  Yanagida]

[’99 Feng, Moroi, Randall, Strassler]
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Phenomenology of PGM

Wino mass di#erence at two-loop level [’12 MI, Matsumoto, Sato]
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Figure 5: The wino mass splitting δm as a function of mχ̃0 . The dark green

band shows δm at the one-loop level which is evaluated by Eq. (10) with uncertainty

induced by Q dependence, and the red band shows δm at two-loop which is evaluated

by Eq. (5) in MS scheme. The light green band shows the uncertainty for one-loop

result evaluated by Eq. (16). The uncertainties for the two-loop result induced by

the SM input parameters and the non-logarithmic corrections are negligible (see

Tab. 1). An arrow shows the result of Ref. [29], which is given by δm = 164.4 MeV

for mh = 125 GeV and mt = 163.3 GeV.

12

W̃+ W̃ 0

W+

W̃+ W̃+

γ/Z

W̃ 0 W̃±

W∓

Figure 1: One-loop diagrams contributing to the functions Σ(1)
M,K in Eq. (5).

scheme in the SM at the Z-boson mass scale, mW,Z the physical W and Z boson

masses, mχ̃0 the physical neutral wino mass. It should be noted that the one-loop

relations are precise enough for the two-loop estimation of the wino mass splitting,

since the leading mass splitting starts at the one-loop level.

The top quark and the Higgs boson appear only at the two-loop calculation of

the mass splitting. Thus, the MS variables m̂t and m̂h may be replaced with their

physical masses mt and mh at this level of precision. As for the top quark mass,

however, we use the MS top mass at the one-loop level for m̂t.4 As we will see, the

Q dependence of the mass splitting at the two-loop level comes mainly from those

of the top mass m̂t. We set, on the other hand, m̂h = mh since the running of the

Higgs mass does not cause significant effects on the splitting.

Once we obtain the input parameters, α̂, m̂W , and m̂Z from Eqs. (6)-(8), we

can calculate ĝ, ĝ′ using tree-level relations. In deriving the one-loop relations in

Eqs. (6)-(9), we also obtain the counter-terms to subtract ultra-violet (UV) diver-

gences. These counter-terms play important roles to calculate Σ(2)
K,M , as will be

discussed later.

2.1.3 The mass splitting at one-loop level

The one-loop result of the mass splitting between neural and charged winos is well

known [25]–[27] and used in the earlier literature. The loop diagrams of the winos

and gauge bosons shown in Fig. 1 lead to the functions Σ(1)
K,M . With the use of the

formula in Eq. (5) and the self-energies Σ(1)
K,M given in the appendixB, the mass

splitting δm = mχ̃± −mχ̃0 at the one-loop level is given by

δm = −M̂2Σ
(1)
K,±(M̂

2
2 )− Σ(1)

M,±(M̂
2
2 ) + M̂2Σ

(1)
K,0(M̂

2
2 ) + Σ(1)

M,0(M̂
2
2 )

= (ĝ2M̂2/8π
2)[f(m̂2

W/M̂2
2 )− ĉ2W f(m̂2

Z/M̂
2
2 )], (10)

4The finite renormalization effect connecting between m̂t (MS mass) and mt (pole mass) is the

same as those in the SM, because the scalar top quarks are heavy and decoupled.

5

q, !

(a)

W̃

(b) (c)

(d) (e) (f)

(g) (h) (i)

(j)
(k)

Figure 2: Two-loop diagrams contributing to the functions Σ(2)
M,K in Eq. (5). Diagram (a)

includes the SM fermion loops, while (b) includes the wino loop. Diagram (c) includes the

Faddeev-Popov ghost loop, and (d–f) includes the SM Higgs loop.

(a) (b)

(c) (d)

Figure 3: Diagrams including counter-terms which contribute to the function Σ(2)
M,K in

Eq. (5). The counter-terms are determined to renormalize one-loop divergences.
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Uncertainty at the one-loop : ~ ± 5MeV
Uncertainty at the two-loop : ~ ± 0.5MeV

Wino width is sensitive to the mass di#erence 

The next lowest-dimensional operator which contributes to the mass splitting is

the dimension-seven operator

L7 =
M

Λ4
(χ̃aχ̃b)(H†τaH)(H†τ bH) , (20)

where M denote the insertion of the gaugino mass.7 For Λ = O(10–100)TeV, the

contribution from this operator to the mass splitting is again negligibly small.

3 The charged wino decay

As we have seen in the previous section, the charged and the neutral winos are

highly degenerated in mass. Therefore, the decay width of the charged wino is highly

suppressed by the phase space integral, and hence, the charged wino is long-lived

and has the decay length about cτ = O(1–10) cm. With such a rather long decay

length, it is possible to detect the charged wino production at the LHC experiment

by looking for disappearing tracks. In this section, we estimate the lifetime of the

charged wino and compare with the constraint from the disappearing track search

by the ATLAS collaboration [28].

With the small mass splitting δm ∼ 160MeV, the charged wino dominantly

decays into a neutral wino and a soft charged pion. At the leading order, the decay

width of the charged wino can be expressed in terms of the decay width of the

charged pion,

Γ(χ̃± → χ̃0π±) = Γ(π± → µ±νµ)×
16δm3

mπm2
µ

(
1−

m2
π

δm2

)1/2(
1−

m2
µ

m2
π

)−2

, (21)

where mπ and mµ denote the masses of the charged pion and the muon, respectively.8

The decay width of the sub-leading leptonic decay mode into a pair of the electron

and the neutrino [44] is given by

Γ(χ̃± → χ̃0e±νe) %
2G2

F

15π3
δm5. (22)

We consider the above two decay modes.

7 This operator can be obtained from, for instance, a dimension-eight operator

(qLχaH)†(qLχaH)/Λ4 which is generated by integrating out the squarks (especially stops) at the

tree-level. By integrating the quark-loop and inserting the gaugino mass, we obtain the dimension-

seven operator in Eq. (20).
8 At the next-to-leading order, Eq. (21) receives radiative corrections from the QED and the

electroweak interactions which are expected to be around (α/π) log(mχ̃/mπ) % 2%. In this Letter,

we neglect these corrections to the total decay width and leave the detailed analysis of the decay

width for future study [43].
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Phenomenology of PGM
Direct Wino Production
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Figure 5: The wino mass splitting δm as a function of mχ̃0 . The dark green

band shows δm at the one-loop level which is evaluated by Eq. (10) with uncertainty

induced by Q dependence, and the red band shows δm at two-loop which is evaluated

by Eq. (5) in MS scheme. The light green band shows the uncertainty for one-loop

result evaluated by Eq. (16). The uncertainties for the two-loop result induced by

the SM input parameters and the non-logarithmic corrections are negligible (see

Tab. 1). An arrow shows the result of Ref. [29], which is given by δm = 164.4 MeV

for mh = 125 GeV and mt = 163.3 GeV.
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Limits (disappearing track search): 

mwino > 130GeV (7TeV&5fb-1) using TRT

mwino > 270GeV (8TeV&20fb-1) using SCT & TRT

→ In future, the LHC will reach up to 500GeV wino via disappearing track search

Main decay mode :  χ± → χ0 + π± : τwino = O(10-10) sec.

[ATLAS-CONF-2013-069]

[arxiv:1210.2852]

Wednesday, December 4, 13



Phenomenology of PGM
Current limits via gluino production

Pixel SCT TRT LAr/Tile

high-pT charged particle 
interacting with TRT material

reconstructed track
true particle track

(a) High-pT interacting hadron track

Pixel SCT TRT LAr/Tile

low-pT charged particle scattered
in materials resulting in badly 
measured track pT

(b) Bad track

Figure 2: Illustration of background tracks.

5 Background estimation

With all the selection criteria described in the previous section, there are two main background
sources that contribute to the events containing such high-pT disappearing tracks:

1. Interacting hadron track
When charged hadrons interact with the material of the TRT detector, the tracks fulfill the
track selection requirements except that they give smaller numbers of Nouter

TRT . These tracks
dominate the background and predominantly originate from charged hadrons in jets and
hadronic τ decays.

2. Badly reconstructed track
Low-pT charged particles could be badly measured in pT due to scattering in the inner
detector material. These tracks are most likely seeded from low-pT charged particles due
to a wrong combination of SCT space-points, therefore, they have small numbers of Nouter

TRT .

The two categories are labelled as “high-pT interacting hadron track” and “bad track” back-
grounds, respectively. Other contributions such as electrons having low pT, classified as candi-
date tracks due to bremsstrahlung, are found to be small, and are neglected.

A fully data-driven technique is used to estimate the background track pT spectrum, which
uses control samples enriched in the two background categories. Fig. 2(a) and Fig. 2(b) show
schematically the origins of background tracks. The control samples are selected to be or-
thogonal to the signal search samples using the number of pixel hits and Nouter

TRT . In addition,
a requirement on calorimeter activity C ≡ ∑∆R<0.1 Eclus

T /ptrack
T ( the sum of calorimeter cluster

transverse energies in a cone of ∆R = 0.1 around the track divided by the pT of the track) is
used to further purify the samples and make the selections for each background orthogonal to
the other.

High-pT interacting hadron tracks The main contribution to the high-pT interacting hadron
background originates from charged hadrons in jets and τ hadronic decays. In the pT range
above 10 GeV, where inelastic interactions dominate, the interaction rate has nearly no pT-
dependence [26]. Therefore, the pT spectrum of interacting hadron tracks is obtained from that
of non-interacting hadron tracks. By adopting the same kinematic selection criteria as those for

5

Disappearing track at TRT.
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mgluino > 1.3TeV or mwino > 300GeV

For gluino→tt+wino or bb+wino, the 
constraints get a little more stringent. 

Disappearing track search via gluino decay

mgluino > 0.9TeV or mwino > 100GeV

This is weaker than the conventional analysis, 
since the TRT(50-100cm) are used to !nd a 
track.

[@2σ: ATLAS-CONF-2012-034]

[@2σ: ATLAS-CONF-2013-047]
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mgluino > 1TeV or mwino > 500GeV
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Phenomenology of PGM
Future reach at the LHC via gluino production
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[‘12, Bhattacherjee, Feldstein, MI, Matsumoto, Yanagida]

Disappearing track search

mgluino < 2.5TeV for mwino < 1TeV

Pixel and SCT are assumed to be used.
We assumed background rejection rate by 
charged track selection between 0.1-0.01.

AM
SB

For O(100)TeV collider : talk by S.Jung
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Phenomenology of PGM
Wino Dark Matter
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Figure 3: The required reheating temperature of universe as a function of the wino mass for the
consistent dark matter density. We have used the thermal relic density given in Refs. [14, 15].
The color bands correspond to the 1� error of the observed dark matter density, ⌦h2 = 0.1126±
0.0036 [29]. For a detailed discussion see also Ref. [10].

the gravitino number density which is proportional to the reheating temperature TR after

inflation,

⌦(NT )h2(M
2

, TR) ' 0.16⇥
✓

M
2

300GeV

◆✓
TR

1010 GeV

◆
. (12)

The total relic density is given by,

⌦h2 = ⌦(TH)(M
2

) + ⌦(NT )h2(M
2

, TR) . (13)

Therefore, the wino which is lighter than 2.7TeV can be the dominant component of the

dark matter for an appropriate reheating temperature.

Fig. 3 shows the required reheating temperature of universe as a function of the wino

mass for the consistent dark matter density. The color bands correspond to the 1� error

of the observed dark matter density, ⌦h2 = 0.1126± 0.0036 [29]. It is remarkable that the

required reheating temperature is consistent with the lower bound on TR for the successful

thermal leptogenesis, TR & 109.5GeV [12].

Now, let us interrelate the wino dark matter density and the lightest Higgs boson mass.

As we have discussed, the lightest Higgs boson mass is determined for given M
SUSY

=

O(m
3/2) and tan �. The wino mass is, on the other hand, is given by,

M
2

' 3⇥ 10�3 m
3/2 , (14)

10

ΩDMh2 ~0.1

The wino has a large annihilation cross section into W-boson pairs.  
DM abundance from thermal relic → mwino ~ 3 TeV.

Too heavy to be searched for at the LHC...

[’07 Hisano, Matsumoto, Nagai, Saito, Senarmi] [’11 MI, Yanagida]

Lo
g 1

0 
[T

R/
Ge

V]

mwino/GeV

This is the most simplest possibility.

non-thermal DM 
from the gravitino decay 0.6

 0.8

 1

2 4 6 8 1  10  10  10  10
m/T

m = 2.8 TeV

Y/YTree

 0

 0.1

 0.2

 0.3

 1  2  3
m (TeV)

Non−perturbativePertu
rbative

WMAP

Thermal relic abundance, ΩDMh2

Figure 2: Ratio of yield with the non-perturbative effect to that in the perturbative cal-

culation (left figure). Wino-like neutralino mass is fixed 2.8 TeV. Thermal relic abundance

of the dark matter in the current universe as a function of wino-like neutralino mass (right

figure). Allowed regions by the WMAP at 1(2) σ levels are also shown as the dark (light)

shaded area.

and 2 σ are also shown as shaded areas in this figure. We found that the mass in the

wino-like neutralino dark matter consistent with the observation is shifted by 600

GeV due to the non-perturbative effect and the wino-like neutralino mass consistent

with WMAP results turns out to be 2.7 TeV ! m ! 3.0 TeV.

4 Summary and discussion

In this letter, we have pointed out the thermal relic abundance of dark matter, which

is SU(2)L non-singlet and has a much larger mass than that of the weak gauge bosons,

can be strongly reduced by the non-perturbative effect. We have investigated the

non-perturbative effect on the relic abundance of wino-like neutralino as an example.

Compared with the perturbative result, this effect reduces the abundance by about

50% and increases the mass of the wino-like neutralino dark matter consistent with

the observation by about 600 GeV. As a result, the thermal relic abundance of

the wino-like neutralino dark matter is consistent with observed abundances when

2.7 TeV ! m ! 3.0 TeV.

The non-perturbative effect can change relic abundances of other dark matter

candidates with SU(2)L charge and heavy mass, such as higgsino-like neutralino. The

non-perturbative effect on the thermal relic abundance of higgsino-like neutralino is

expected to be roughly 10%, since winos are triplet under the SU(2)L gauge group,

7

Thermal Wino Dark Matter Non-Thermal Wino Dark Matter

Ω
h2

Thermal Wino Dark Matter
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Phenomenology of PGM
Wino Dark Matter
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Figure 3: The required reheating temperature of universe as a function of the wino mass for the
consistent dark matter density. We have used the thermal relic density given in Refs. [14, 15].
The color bands correspond to the 1� error of the observed dark matter density, ⌦h2 = 0.1126±
0.0036 [29]. For a detailed discussion see also Ref. [10].

the gravitino number density which is proportional to the reheating temperature TR after

inflation,

⌦(NT )h2(M
2

, TR) ' 0.16⇥
✓
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. (12)

The total relic density is given by,

⌦h2 = ⌦(TH)(M
2

) + ⌦(NT )h2(M
2

, TR) . (13)

Therefore, the wino which is lighter than 2.7TeV can be the dominant component of the

dark matter for an appropriate reheating temperature.

Fig. 3 shows the required reheating temperature of universe as a function of the wino

mass for the consistent dark matter density. The color bands correspond to the 1� error

of the observed dark matter density, ⌦h2 = 0.1126± 0.0036 [29]. It is remarkable that the

required reheating temperature is consistent with the lower bound on TR for the successful

thermal leptogenesis, TR & 109.5GeV [12].

Now, let us interrelate the wino dark matter density and the lightest Higgs boson mass.

As we have discussed, the lightest Higgs boson mass is determined for given M
SUSY

=

O(m
3/2) and tan �. The wino mass is, on the other hand, is given by,

M
2

' 3⇥ 10�3 m
3/2 , (14)
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culation (left figure). Wino-like neutralino mass is fixed 2.8 TeV. Thermal relic abundance

of the dark matter in the current universe as a function of wino-like neutralino mass (right

figure). Allowed regions by the WMAP at 1(2) σ levels are also shown as the dark (light)

shaded area.

and 2 σ are also shown as shaded areas in this figure. We found that the mass in the

wino-like neutralino dark matter consistent with the observation is shifted by 600

GeV due to the non-perturbative effect and the wino-like neutralino mass consistent

with WMAP results turns out to be 2.7 TeV ! m ! 3.0 TeV.

4 Summary and discussion

In this letter, we have pointed out the thermal relic abundance of dark matter, which

is SU(2)L non-singlet and has a much larger mass than that of the weak gauge bosons,

can be strongly reduced by the non-perturbative effect. We have investigated the

non-perturbative effect on the relic abundance of wino-like neutralino as an example.

Compared with the perturbative result, this effect reduces the abundance by about

50% and increases the mass of the wino-like neutralino dark matter consistent with

the observation by about 600 GeV. As a result, the thermal relic abundance of

the wino-like neutralino dark matter is consistent with observed abundances when

2.7 TeV ! m ! 3.0 TeV.

The non-perturbative effect can change relic abundances of other dark matter

candidates with SU(2)L charge and heavy mass, such as higgsino-like neutralino. The

non-perturbative effect on the thermal relic abundance of higgsino-like neutralino is

expected to be roughly 10%, since winos are triplet under the SU(2)L gauge group,
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[’99 Gherghetta, Giudice, Wells, ’99 Moroi, Randall ]

Non-Thermal Wino Dark Matter 
The decay of the gravitino provides additional wino DM :
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Phenomenology of PGM
Wino Dark Matter Search (direct detections, χN→χN )

Coupling to H and Z are highly suppressed 
for μH =O(10-100) TeV at the tree-level.

Wino-Nucleon @ higher loop level 
                       σp-N = (10-47)cm2  
( much smaller than the current reach...)
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XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Figure 1: One-loop contributions to effective interactions of Wino LSP and light quarks.
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Figure 2: Two-loop contributions to interactions of Wino LSP and gluon. Here, Q and q
represent heavy and light quarks, respectively.
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√
x

6
. (18)

Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

〈N |mQQ̄Q|N〉 = −
αs

12π
〈N |Ga

µνG
aµν |N〉 . (19)
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discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

〈N |mQQ̄Q|N〉 = −
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6

One-loop diagrams which contribute
to the Wino-nucleon scatterings.

Darwin (multi-ton Argon/Xe detector) 
will reach down to 10-47cm2 for WIMP 
mass below 300GeV.

The irreducible background from 
atmospheric neutrinos at about 10-48cm2.   
[arxiv:1003.5530][’10 Hisano, Ishiwata, Nagata]

[’10 Hisano, Ishiwata, Nagata]

DM mass : 100GeV 1000GeV
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Phenomenology of PGM
Wino Dark Matter Search (indirect detections, χχ→WW,...)

Detecting Gamma-Ray (line/continuum spectrum)

continuum spectrum → Milky Way Satellite Galaxy (dSphs)
line spectrum → Galactic Center Region 

→ FERMI-LAT, H.E.S.S.

[’04 Hisano, Matsumoto, Nojiri]

Wino Dark Matter has a large annihilation cross section!
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Ϩʔγϣϯɺ҉ࠇ࣭ΛཻࢠʹΑͬͯද͠ݱɺॏྗଟମܥͷൃؒ࣌లΛ͢ࢉܭΔͷͰ͋Δɻ͜

ΕʹΑΓɺӉॳ͔ظΒࡏݱʹ͍ͨΔ҉ࠇ࣭ͷߏͷൃؒ࣌లΛγϛϡϨʔτ͠ɺ҉ࠇ࣭ϋϩʔͷੑ

࣭ΛௐΔ͜ͱ͕Ͱ͖Δɻ

1996ɺNମγϛϡϨʔγϣϯͷ݁Ռ͔ΒɺNavarroɺFrenk ͓Αͼ White ɺ҉ࠇ࣭ϋϩʔͷີ

ɺӉͷॳظ݅ϋϩʔͷ࣭ྔʹΑΒͣڞ௨ͨ͠ಛ (universal profile)Λͭ࣋ͱओு͠ɺҎԼͷີ

ΛఏҊͨ͠ [36]ɻ
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)−2
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͜͜Ͱɺrs ɺ҉ࠇ࣭ͷεέʔϧΛද͢ύϥϝʔλͰ͋Δɻ(5.13)ࣜͷີ NFWϓϩϑΝ

ΠϧͱݺΕΔɻͦͷޙɺ҉ࠇ࣭ϋϩʔͷີΑΓߴਫ਼ͷγϛϡϨʔγϣϯʹΑΓ͞ࢼΕɺ1999
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λԽΛ༻͍ͨԼࣜͷϓϩϑΝΠϧʹରͯ͠ɺύϥϝʔλͷϑΟοτ͕ͳ͞ΕΔΑ͏ʹͳͬͨɻ

ρDM(r) = ρs

(
r

rs

)−γ [
1 +

(
r

rs

)α] γ−β
α

(5.15)

͜ͷ generalised (α,β, γ) Hernquist profile ͱݺশ͞ΕΔɻNFWϓϩϑΝΠϧ (α,β, γ) = (1, 3, 1)

ɺMoore ΒʹΑΔϓϩϑΝΠϧ (α,β, γ) = (1.5, 3, 1.5) ͷ߹ʹ૬͢Δɻ

generalised (α,β, γ) Hernquist profile ɺத৺ۙ r ! rs ʹ͓͍ͯ ρDM(r) ∝ r−γɺ֎ଆ r # rs ʹ

͓͍ͯ ρDM(r) ∝ r−β ͱͳΔಛΛͭ࣋ɻγ > 0 Ͱ͋ΔີϓϩϑΝΠϧத৺ʹ͓͍ͯϐʔΫΛͭͷ
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Phenomenology of PGM
Wino Dark Matter Search (indirect detections, χχ→WW,...)

from the putative signal source by fixing the parameters of all other bins and finding the

value of the energy flux where the log-likelihood has decreased by 2.71/2 from its maximum

(the “delta-log-likelihood technique”) [32, 33]. Figure 2 illustrates the detailed bin-by-bin

LAT likelihood result for the Draco dwarf spheroidal galaxy.

In Figure 3, we compare the observed bin-by-bin flux upper limits for all 25 dwarf

spheroidal galaxies to those derived for 2000 realistic background-only simulations. These

simulations are generated with the LAT simulation tool gtobssim using the in-flight point-

ing history and instrument response of the LAT and including both di↵use and point-like

background sources. We find that the observed limits are consistent with simulations of the

null hypothesis. We emphasize that these bin-by-bin limits are useful because they make no

assumptions about the annihilation channel or mass of the dark matter particle.

While the bin-by-bin likelihood function is essentially independent of spectral assump-

tions, it does depend on the spatial model of the target source. The dark matter distributions

of some dwarf galaxies may be spatially resolvable by the LAT [34]. Thus, for dwarf galaxies

for which stellar kinematic data sets exist, we model the �-ray intensity from the line-of-

sight integral through the best-fit dark matter distribution as derived in Section IV B. Dwarf

galaxies that lack stellar kinematic data sets are modeled as point-like �-ray sources. Possi-

ble systematic uncertainty associated with the analytic form and spatial extent of the dark

matter profile are discussed in Section IV B and Section VI.

IV. DARK MATTER ANNIHILATION

The integrated �-ray signal flux at the LAT, �s ( ph cm�2 s�1), expected from dark matter

annihilation in a density distribution, ⇢(r), is given by

�s(�⌦) =
1

4⇡

h�vi
2m2

DM

Z E
max

E
min

dN�

dE�
dE�

| {z }

�
PP

·
Z

�⌦

n

Z

l.o.s.

⇢2(r)dl
o

d⌦0

| {z }

J-factor

. (6)

Here, the �PP term is strictly dependent on the particle physics properties – i.e., the

thermally-averaged annihilation cross section, h�vi, the particle mass, mDM, and the dif-

ferential �-ray yield per annihilation, dN�/dE�, integrated over the experimental energy

11

Continuum gamma ray from dSph

Fermi-LAT 4year data (15-dSph)

cf. Ursa-Minor (distance : 76kpc)
J(NFW) = 1018.8 ± 0.19 GeV2/cm-5 sr
J(Burkert) = 1018.7 ± 0.2 GeV2/cm-5 sr  [Fermi-LAT:1310.0828 ( Translated by K.Ichikawa )]

Current J-factor uncertainties:
δ Log10 J = 0.2 - 0.3 

If we reduce the J-factor uncertainties 
δ Log10 J < 0.1 

GAMMA 400 experiment covers full Wino DM mass region.

103GeV Wino mass102GeV

10-24

10-22

10-23

Annihilation cross section (cm3/s)

[ Bhattacherjee(a), MI, Ichikawa, Matsumoto, Nishiyama in preparation]

2200GeV <mwino < 2500GeV 
mwino < 400GeV 

Wednesday, December 4, 13



Annihilation
NFW
BUR

1 2 5 10 20 50 90 180

1

10

100

1000

0.2 kpc 0.5 kpc 1 kpc 2 kpc 4 kpc 8 kpc

{ @°D

J a
nn

Figure 7. The “prompt” emission factor from DM annihilation as a function of the Galactic longitude, for the
best fit Burkert (black continuous) and NFW (blue dashed) models, with their 2� regions (95.45% C.L.). Note
that for gamma rays in for instance the Fermi detector, below < 0.1–1� the point-spread function would smear
the observed profile, making it e↵ectively cored for any DM profile.

6 Indirect DM search: annihilation

The flux from DM annihilation is conveniently expressed in terms of the “prompt” emission factor

Jann(`) =
1
⇢̄2
�R̄�

Z

l.o.s.
⇢2

H(x) dx , (6.1)

which we normalize by using ⇢̄� = 0.4 GeV and R̄� = 8.3 kpc. The factor Jann, as a function of the
longitude ` from the galactic center, traces directly the angular profile of the dominant observed flux
from annihilation into gamma rays. For annihilation into other (charged) particles, which are then
subject to bremsstrahlung, scattering with ISR, and nontrivial galactic di↵usion, see [11].

In fig 7 we plot Jann for the URC Burkert + baryons and for the NFW + baryons models. We see
that for each mass model the uncertainties in the galactic parameters lead to variations of the expected
flux of a factor of ⇠ 5, in the innermost region. On the other hand, in direction of about 40–60� from
the galactic center the flux is predicted within a factor of 2 only, and independently of the profile
chosen.

In fact, the di↵erences between the two di↵erent mass models emerge only at ` < 15�, and with
a clear discriminating power only below ` < 10�, corresponding to r < 1.5kpc, i.e. inside the bulge
region. One should thus bear in mind that this plot extrapolates the DM density profile in the very
central region where observations can not constrain it. Indeed, the DM density in the bulge region
or at shorter scales may well deviate from purely cored or NFW profile, still without modifying the
present global fits.

For instance, if one is willing to consider the scenario in which a DM core results from baryon
feedback (mainly supernovae explosions) which erases the density cusp during galaxy formation,
the same mechanism may well leave a ‘mini-cusp’ in the central region, which would give a small
contribution to the total mass inside the solar circle, but depending on the very inner density slope,
may contribute to an evident annihilation signal from the inner zone, with a very localized source
region of at most few degrees in angular size.

– 14 –

Phenomenology of PGM
Wino Dark Matter Search (indirect detections, χχ→WW)

Line gamma ray from GC

The constraints depend on the DM density 
pro!le (i.e. the J-factor) ...

 [Figure by S.Matsumoto]

A stringent constraint is obtained by assuming the 
NFW (cuspy) DM pro"e [’13 Fan, Reece]. 

The line gamma ray search from GC by H.E.S.S. 
(1301.1173) has excluded the wino mass in

2200GeV <mwino < 2500GeV 
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that for gamma rays in for instance the Fermi detector, below < 0.1–1� the point-spread function would smear
the observed profile, making it e↵ectively cored for any DM profile.
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The flux from DM annihilation is conveniently expressed in terms of the “prompt” emission factor

Jann(`) =
1
⇢̄2
�R̄�
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H(x) dx , (6.1)

which we normalize by using ⇢̄� = 0.4 GeV and R̄� = 8.3 kpc. The factor Jann, as a function of the
longitude ` from the galactic center, traces directly the angular profile of the dominant observed flux
from annihilation into gamma rays. For annihilation into other (charged) particles, which are then
subject to bremsstrahlung, scattering with ISR, and nontrivial galactic di↵usion, see [11].

In fig 7 we plot Jann for the URC Burkert + baryons and for the NFW + baryons models. We see
that for each mass model the uncertainties in the galactic parameters lead to variations of the expected
flux of a factor of ⇠ 5, in the innermost region. On the other hand, in direction of about 40–60� from
the galactic center the flux is predicted within a factor of 2 only, and independently of the profile
chosen.

In fact, the di↵erences between the two di↵erent mass models emerge only at ` < 15�, and with
a clear discriminating power only below ` < 10�, corresponding to r < 1.5kpc, i.e. inside the bulge
region. One should thus bear in mind that this plot extrapolates the DM density profile in the very
central region where observations can not constrain it. Indeed, the DM density in the bulge region
or at shorter scales may well deviate from purely cored or NFW profile, still without modifying the
present global fits.

For instance, if one is willing to consider the scenario in which a DM core results from baryon
feedback (mainly supernovae explosions) which erases the density cusp during galaxy formation,
the same mechanism may well leave a ‘mini-cusp’ in the central region, which would give a small
contribution to the total mass inside the solar circle, but depending on the very inner density slope,
may contribute to an evident annihilation signal from the inner zone, with a very localized source
region of at most few degrees in angular size.

– 14 –

[’13 Nesti, Salucci]

assuming the Burkert (cored) pro!le.

wino mass
<σ

v>

NFW[’13 H.E.S.S]

(rescaled to Burket)

→ still CTA has a lot of chance to !nd the wino DM!
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Figure 4: Feynman diagrams contributing to the fermion EDM in Split Supersymmetry.
To better illustrate the structure of the interactions, we consider current eigenstates with
insertions of M2, µ, and 〈H〉 denoted by crosses. Two other diagrams with reversed directions
of chargino arrows are not shown.

= (2 − ln x) x +
(5

3
− ln x

) x2

6
+ O(x3). (123)

Here KQED is the leading-logarithm QED correction in the running from the scale of the

heavy particles to mf (or mn for the neutron EDM) [39]

KQED = 1 −
4α

π
ln

mH

mf
. (124)

We work in a general basis in which g̃u, g̃d, M2, and µ are all complex. The matrices U and

V are defined such that U∗Mχ+V † is diagonal with real and positive entries, where Mχ+ is

the chargino mass matrix

Mχ+ =
(

M2

√
2MW g̃u/g√

2MW g̃d/g µ

)

. (125)

We can explicitly write the matrices U and V as

U =
(

cReiφ1 sRei(φ1−δR)

−sReiφ2 cRei(φ2−δR)

)

V =
(

cL sLe−iδL

−sL cLe−iδL

)

(126)

tan 2θL,R =
2|XL,R|

1 + |XR,L|2 − |XL,R|2
, eiδL,R =

XL,R

|XL,R|
, (127)

XL =

√
2MW (g̃∗

uM2 + g̃dµ∗)

g(|M2|2 − |µ|2)
, XR =

√
2MW (g̃∗

dM2 + g̃uµ∗)

g(|M2|2 − |µ|2)
, (128)

where sL,R ≡ sin θL,R and cL,R ≡ cos θL,R. The phases φ1 and φ2 are chosen such that mχ+
i

are real and positive. Using the diagonalization properties of the matrices U and V , we
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Physical CP-violation is suppressed by O(m3/2).

EDM via one-loop slepton diagrams is suppressed by mslepton-2 .
EDM are dominated by two-loop diagrams in which the light Higgs boson 
is circulating (suppressed by μH-1sin2β)

CP-phases

The current limits de/e < 8.7 x10-29cm is reaching to μH of O(104) TeV !

[’04 Arkani-hamed,Dimopoulos,Giudice, Rommanio]

[1310.7534 ACME : ThO]
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FCNC

Gauginos obtain masses automatically through anomaly mediation and hig-

gsino threshold corrections, suppressed compared to the other superpartners by

factors of order 10−3−10−2 [12, 13, 14]. No new assumptions or model building

is required to obtain these masses.

There is only one potentially serious difficulty faced by this scenario: It may

be out of reach of currently planned experimental efforts. Indeed, CP violation in

K0−K̄0 mixing constrains the 1−2 elements of the left and right down squark mass

matrices as follows [6]:

√
m̃LLm̃RR ! 4000TeV×

√√√√
∣∣∣∣∣Im

(
md 2

12,LL

m̃2
LL

md 2
12,RR

m̃2
RR

)∣∣∣∣∣ , (1)

m̃LL ! 700TeV ×

√√√√√

∣∣∣∣∣∣
Im

(
md 2

12,LL

m̃2
LL

)2
∣∣∣∣∣∣
, (2)

where m̃A = O(m3/2) is the average of the first and second generation squark masses

of type A. The naive limit on the sfermion mass scale is thus roughly a few thousand

TeV, i.e. m3/2 ! O(103)TeV. Remembering that the anomaly mediated gaugino

masses are of order 10−3−10−2m3/2, this leads to gauginos with masses which might

be expected to be larger than ∼ TeV, and detection of superpartners at the LHC will

be challenging. This issue is exacerbated by the fact that the correct thermal relic

abundance of wino dark matter is obtained for wino masses of about 2.7TeV [15].

Note that for such large wino masses, dark matter direct and indirect detection will

unfortunately be out of reach for the foreseeable future.

In spite of this somewhat pessimistic argument, there are good reasons to be

hopeful. As will be discussed in detail later in this paper, detection of the wino and

gluino at the LHC require roughly mwino "1TeV and mgluino " 2TeV respectively.

There is thus some tension here with the bounds on these masses suggested by K0−
K̄0 mixing, but this tension is clearly very mild. Even minor order 1 suppressions

of the off-diagonal down squark mass matrix elements, or mildly suppressed CP

violating phases, etc, would be sufficient to allow LHC discovery of at least one of

these superpartners.1

1It is also worth noting that if the squarks and quarks share in any flavor symmetries, then this

would also generically lead to suppressions in K0− K̄0 mixing, and lower the allowed superparticle

masses.

3

CP-violation in K-K mixing strongly constraints the 1-2 elements of 
the left and the right down quark mass matrices:

If we have generic mass matrices with O(1) phases, K-K mixing 
requires m3/2 of O(103-104)TeV or !ne-tuning!

[’96 Gabbiani, Gabrielli, Masiero, Silvestrini]

→ O(103) TeV gravitino leads to 3TeV wino which is consistent with 
the thermal Wino scenario. (No hope at LHC...)
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Phenomenology of PGM
Is wino DM really cold?
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The wino DM lighter than 2.7TeV is mainly produced by the decay of 
the gravitino non-thermally.

Tdecay = 4MeV (m3/2 / 100TeV)3/2

Wino production:

gravitino → W,Z + wino
gravitino → g + gluino →q+q + wino 

gravitino → γ,Z + bino  →W, h + wino 
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Figure 2: The energy distribution of the wino produced by the cascade decay of the

gravitino for given mw̃ and L. We have taken mw̃ = 500 GeV, L = 0 (left) and L = 3m3/2

(right), arg[mw̃/mg̃] = π and arg[mb̃/mg̃] = π.

+
1

12

{

1

Γb̃→w̃

dΓb̃→w̃

dEw̃

}

+
3

12
δ(Ew̃ − m3/2/2) . (16)

Here, Γ’s and Br’s denote the decay rates and the branching ratios of the gauginos

which are given in the appendix A. The first and the third terms are the spectra from

the cascade decays of G̃ → g̃ → w̃ and G̃ → b̃ → w̃ respectively, and the second

term the spectrum from a cascade decay of G̃ → g̃ → b̃ → w̃.

In Fig. 2, we show the energy distribution of the wino produced by the cascade

decay of the gravitino for given mw̃ and L. In the figure, we have taken mw̃ =

500 GeV and L = 0 (left) and L = 3m3/2 (right). Here, we have taken arg[mw̃/mg̃] =

π and arg[mb̃/mg̃] = π although the effects of the relative phase to our estimation of

possible imprints on the small-scale structure of the non-thermally produced wino

dark matter is negligible (see the following discussions). The figure shows that the

peak of the wino energy distribution can be much smaller than the m3/2/2 and has

a low energy tail.

Notice that the peak position is higher for L = 3m3/2 for a given gravitino mass.

This is because the wino mass is closer to the gluino mass for L = 3m3/2 than in

the case of L = 0, and hence, the wino carries away most of the gluino energy. For

a given wino mass, on the contrary, the energy of the wino is softer for L = 3m3/2

than the one for L = 0, since the gravitino mass is smaller for a larger L.

3.2 Scattering processes with the thermal background

The energetic winos produced by the decay of the gravitinos loose their energy

through interactions with the thermal background, which consists of the electrons

8

Wino is much more energetic than the thermal background!

How does it lose its energy?
Wino DM can be warmer!

[‘12, MI, Kamada, Matsumoto]
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Phenomenology of PGM
Fate of charged wino

Charginos lose its energy by Coulomb scattering with 
the background electrons/positrons.

chargino chargino

e e

dE/dt ~ - α2T2

Due to its long lifetime O(10-10) sec, charginos lose 
most of its energy before they decay!

ΔE/E ~ 100(T/MeV)2 (100GeV/mwino)

chargino neutralino

soft pion

The charginos decay into neutralinos emitting soft 
pions after they are stopped by thermal bath!

The wino DM via chargino decay is very slow 
and cold!
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Phenomenology of PGM
Fate of neutral wino

The elastic scattering of the neutralino with thermal 
background is highly suppressed at tree-level.

e e

W W

neutralinoneutralino

One-loop process is dominant →negligible. 

elastic scattering

inelastic scattering

W

neutralino chargino

e ν

Suppressed by Boltzmann factor due to the mass 
di#erence chargino-neutralino.

Once neutralino gets excited to the chargino, it’s 
easily stopped and the wino DM is again cold!
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Phenomenology of PGM
Fate of neutral wino
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Figure 3: The reaction rates of the neutral wino normalized by Hubble parameters as

functions of the cosmic temperature. Here, we plot the reaction rates of the inelastic

scattering (solid lines) and the elastic scattering (dashed lines), taking mw̃ = 500 GeV and

∆mw̃ = 170 MeV for both Ew̃ = 1 TeV (left panel) and Ew̃ = 5 TeV (right panel).

The rates of these processes are given by,

Γw̃0, elastic =
135

π3
ζ(5)g2

loop

(

m2
W

m2
w̃

)

G4
F T 5m4

W

E2
w̃0

m2
w̃

(

1 +
p2

w̃0

E2
w̃0

)

, (19)

Γw̃0, inelastic =
8

π3
G2

F T 5 (Ew̃0 + pw̃0w)4

m2
w̃Ew̃0pw̃0

(

6 + 2
mw̃

Ew̃ + pw̃

∆mw̃

T

)

× exp

(

− mw̃

Ew̃ + pw̃

∆mw̃

T

)

(20)

with the Riemann zeta function ζ(x), the Fermi constant GF and the mass of the

weak boson mW . Here, Ew̃0 and pw̃0 are the physical energy and the physical momen-

tum of the neutral wino respectively. The function gloop(x) is given in appendix B.

Notice that the last factor of the inelastic scattering rate in the above expression rep-

resents the Boltzmann suppression. In Fig. 3, we plot the reaction rates normalized

by the Hubble parameter. we can find that the inelastic scattering become inefficient

quickly at low temperature by the Boltzmann suppression, but in the relevant re-

gion of the cosmic temperature with Γ/H # 1, the inelastic scattering dominates the

elastic scattering. The inelastic scattering rate is higher for more energetic neutral

wino since the inelastic scattering originates from the higher dimensional operator,

and moreover, more energetic neutral wino can overcome the mass splitting between

the charged and the neutral wino more easily.

In summary of this subsection, the energetic neutral winos produced by the decay

of the gravitinos can become the “warm” component of dark matter only if they are

directly produced by the decay of the gravitinos and they don’t undergo the inelastic

scattering since then. We call such neutral wino and other neutral wino the “warm”

10

inelastic

elastic

Ew! "1 TeV
mw! "500 GeV
#mw! "170 MeV

0.5 1 10 100
0.01

1

100

104

106

108

1010

T !MeV"

$#H
inelastic

elastic

Ew! "5 TeV
mw! "500 GeV
#mw! "170 MeV

0.5 1 10 100
0.01

1

100

104

106

108

1010

T !MeV"

$#H

Figure 3: The reaction rates of the neutral wino normalized by Hubble parameters as

functions of the cosmic temperature. Here, we plot the reaction rates of the inelastic

scattering (solid lines) and the elastic scattering (dashed lines), taking mw̃ = 500 GeV and

∆mw̃ = 170 MeV for both Ew̃ = 1 TeV (left panel) and Ew̃ = 5 TeV (right panel).

The rates of these processes are given by,

Γw̃0, elastic =
135

π3
ζ(5)g2

loop

(

m2
W

m2
w̃

)

G4
F T 5m4

W

E2
w̃0

m2
w̃

(

1 +
p2

w̃0

E2
w̃0

)

, (19)

Γw̃0, inelastic =
8

π3
G2

F T 5 (Ew̃0 + pw̃0w)4

m2
w̃Ew̃0pw̃0

(

6 + 2
mw̃

Ew̃ + pw̃

∆mw̃

T

)

× exp

(

− mw̃

Ew̃ + pw̃

∆mw̃

T

)

(20)

with the Riemann zeta function ζ(x), the Fermi constant GF and the mass of the

weak boson mW . Here, Ew̃0 and pw̃0 are the physical energy and the physical momen-

tum of the neutral wino respectively. The function gloop(x) is given in appendix B.

Notice that the last factor of the inelastic scattering rate in the above expression rep-

resents the Boltzmann suppression. In Fig. 3, we plot the reaction rates normalized

by the Hubble parameter. we can find that the inelastic scattering become inefficient

quickly at low temperature by the Boltzmann suppression, but in the relevant re-

gion of the cosmic temperature with Γ/H # 1, the inelastic scattering dominates the

elastic scattering. The inelastic scattering rate is higher for more energetic neutral

wino since the inelastic scattering originates from the higher dimensional operator,

and moreover, more energetic neutral wino can overcome the mass splitting between

the charged and the neutral wino more easily.

In summary of this subsection, the energetic neutral winos produced by the decay

of the gravitinos can become the “warm” component of dark matter only if they are

directly produced by the decay of the gravitinos and they don’t undergo the inelastic

scattering since then. We call such neutral wino and other neutral wino the “warm”

10

For the wino energy below O(1) TeV, the inelastic scattering is freeze-out 
when the gravitino decays at O(1) MeV!

gravitino (10-100TeV)  →
Wino DM (E>>1TeV)      →  Charged  Wino   → Stopped→   Cold!

Wino DM (E<O(1)TeV)        → never interact with thermal bath

→    Warm!

The low energy tail of the non-thermal wino spectrum can be warm DM!
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Phenomenology of PGM

Warm component of wino DM

Table 1: The ratio of the “warm” neutral wino to the whole wino dark matter rwarm and

the free-streaming scale of the wino dark matter kfs, for mw̃ = 500 GeV and L = 0 and

L = 3m3/2 as in Fig. 2. We also show the results for Γw̃0, inelastic = 0 in the parentheses.

parameters rwarm kfs [Mpc−1]

mw̃ = 500 GeV, m3/2 = 170 TeV, L = 0 1.5 × 10−7 (0.33) 4.5 × 107 (2.7 × 103)

mw̃ = 500 GeV, m3/2 = 44 TeV, L = 3m3/2 0.016 (0.33) 7.5 × 103 (1.2 × 103)

L!0

L!m3!2
L!2m3!2

L!3m3!2

200 400 600 800 1000
0.001

0.01

0.1

1

mw" "GeV#

r w
ar

m

L!0
L!m3!2

L!2m3!2
L!3m3!2

200 400 600 800 1000102

103

104

105

mw" "GeV#
k f

s
"Mpc

#
1 #

Figure 5: The ratio of the “warm” neutral wino to the whole wino dark matter rwarm

and the free-streaming scale of the wino dark matter kfs as functions of the mw̃ for L =

0, m3/2, 2m3/2, 3m3/2. The regions shown int the dashed lines are not favored by the

collider and the indirect detection.

table, we also show the results obtained when we ignore the inelastic scattering of

the neutral wino, Γw̃0, inelastic = 0, in the parentheses. We can confirm the ratio of the

“warm” neutral winos to the whole wino dark matter is one-third when we ignore

the inelastic scattering as mentioned above. Since for heavier gravitino the value of

pw, typical(tnow) is smaller and the value of Γw̃0, inelastic is larger, for the lager gravitino

mass the value of rwarm is smaller and the value of kfs is larger to indicate the wino

dark matter with larger gravitino mass is “colder”.

In order to discuss the imprints on the matter fluctuation power spectrum in

the present scenario, we plot the values of rwarm and kfs as functions of the mw̃ for

L = 0, m3/2, 2m3/2, 3m3/2 in Fig. 5. Since larger value of L means smaller gravitino

mass (see Eq. 4), the wino dark matter with larger value of L become “warmer” as

we can see in this figure.

In the above discussion of this section, we have fixed the values of arg[mw̃/mg̃] =

14

fraction of warm component free-streaming wave number

The wino DM has warm component with a fraction of O(0.1-1)%
for mwino < 500GeV.
The free-streaming length is of O(1-10) kpc.

If we can observe warm component, we can check the non-thermal 
scenario! ( 21cm line survey? )
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Summary

O(10-100)TeV gravitino mass allows us a very simple model the pure 
gravity mediation model.

The PGM with m3/2 = O(100)TeV is also successful to explain DM 
abundance by the wino DM.

The Higgs boson mass, mhiggs ~126GeV, indicates the sfermion (stop) 
masses are rather high...

SUSY model should be !ne-tuned to obtain O(100)GeV out of 
O(10-100)TeV...

Sfermion: Tree-level SUSY breaking 
Higgsino : Tree-level R-breaking  
Gaugino: AMSB+Higgsino threshold e#ects

Thermal wino DM → mwino ~ 3 TeV.           

Non-thermal wino DM → mwino << 3 TeV.           
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Summary

Thermal DM → mwino ~ 3TeV.           

No LHC signal...

The DM direct search is challenging (<σv> = O(10-47)cm2.).

The DM indirect search is interesting!

Low reheating temperature is required ⇔ Thermal leptogenesis

Line gamma-ray search from the GC by ATC such as CTA.

Anti-proton "ux by AMS-02 (if the propagation is well understood.)
Continuous gamma-ray search from dSph by FERMI, GAMMA400...

The FCNC problem is solve.
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Summary

LHC limits will reach to mgluino >2.5TeV or mwino > 1TeV (14TeV&300fb-1).

LHC put limits : mgluino >1.4TeV or mwino > 300GeV (8TeV&20fb-1).

The DM indirect search is promising for mwino < TeV.

The DM direct search is challenging <σv> = O(10-47)cm2..

Non-thermal wino DM → mwino << 3TeV.           

Line gamma-ray search from the GC by ATC such as CTA!
Continuous gamma-ray search from dSph by FERMI, GAMMA400...

Gluino pair production

Anti-proton "ux by AMS-02...

Direct wino production

LHC puts limits : mwino >270TeV by searching for disagreeing tracks.
LHC limits will reach to mwino >500 TeV in future.
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