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Outline    

• not covered by previous talk (Roszkowski) and next talk (Dutta) 
• relevant for collider study

(Incomplete) review of dark matter candidates 
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Outline    

๏ Dark matter and new physics

๏ WIMP: (not so) recent development

๏ WIMPless miracle

๏ superWIMP: gravitino and axino
➡ stable dark matter (RPC)
➡ metastable dark matter (RPV)
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-

DM problem provide precise, unambiguous evidence for new physics

Independent motivation for new physics in particle physics
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New physics beyond SM 
-

DM problem provide precise, unambiguous evidence for new physics

Independent motivation for new physics in particle physics

 New physics to protect electroweak scale

• new symmetry: supersymmetry
• new space dimension: extra-dimension
• little Higgs, twin Higgs, ... 
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Dark matter in new physics  
-

Dark Matter: new stable particle

in many theories, dark matter is easier to explain than no dark matter

• there are usually many new weak scale particle 
 
• constraints (proton decay, large EW corrections) 
              
                 discrete symmetry

                      stability

            good dark matter candidate
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mass and interaction strengths span many, many orders of magnitude
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 Baer and Tata (2007)
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mass and interaction strengths span many, many orders of magnitude

• appear in particle physics models 
motivated independently by attempts 
to solve EWSB

• relic density are determined by mpl 
and mweak 
− naturally around the observed value
− no need to introduce and adjust 
new energy scale 

← wimp
     less

Roskowski (2004) 
 Baer and Tata (2007)



S. Su  Dark Matters 7

WIMP freeze out
-

 Boltzmann equation

expansion χχ → ff ff → χχ
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WIMP freeze out
-

 Boltzmann equation

WIMP

expansion χχ → ff ff → χχThermal equilibrium
χχ ⇔ ff
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WIMP freeze out
-

 Boltzmann equation

expansion χχ → ff ff → χχ

WIMP

Universe cools: 
n=nEQ~e-m/T
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WIMP freeze out
-

 Boltzmann equation

expansion χχ → ff ff → χχ

WIMP

Freeze out, n/s ~ const
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WIMP freeze out
-

 Boltzmann equation

expansion χχ → ff ff → χχ
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WIMP miracle  
-

WIMP: Weak Interacting Massive Particle 

• mWIMP~ mweak

• σan ~ αweak
2 mweak

-2  

⇒ Ω h2 ~ 0.3 

naturally around the observed value
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CMSSM
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Neutralino DM and LHC connection

CMSSM
Talk by Bhaskar Dutta
“Precision Cosmology at the LHC”



S. Su  Dark Matters 9

-

Neutralino DM and LHC connection

CMSSM
Talk by Bhaskar Dutta
“Precision Cosmology at the LHC”

Also, talks by 
K. Olive, X. Tata, G. Kane.
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Sneutrino dark matter  
-

~ν

~ν

Z ν/l/q

ν/l/q

~ν

~ν

W/Z

W/Z

~f

~ν

~ν

χ

ν/l

ν/l

rapid annihilation, <σAv> large

• suppressed coupling to Z

• RH sneutrino DM: weaker than WIMP

excluded by Z invisible decay width or DM direct search

Han, Hempfling (1997); Hall, Moroi, Murayama (1997)

Asaka et al, Gopalakrishna et al,...
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UED: LKP dark matter 
-

Servant, Tait (2002)  

LKP in UED: B(1)
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Little Higgs with T-parity: LTP
-

Birkedal, Noble, Perelstein, Spray (2006)  

LTP in LH models: BH

Figure 2: The contours of constant present abundance of the heavy photon LTP, ΩLTPh2,
in the M − M̃ plane. The Higgs mass is taken to be 300 GeV (left panel) and 120 GeV
(right panel). The red and green contours correspond to the upper and lower bounds from
WMAP, Eq. (10), assuming that the LTP makes up all of dark matter. The yellow and blue
lines correspond to the LTP contributing 50% and 70%, respectively, of the measured dark
matter density. The shaded region corresponds to a charged and/or colored LTP.

• The coannihilation tail, where the heavy photon abundance is predominantly set by
coannihilation processes. Since the T-odd fermions are assumed to be degenerate, all
of them participate in the coannihilation reactions. The location and shape of this
feature are similar to the tau coannihilation tail in cMSSM.

As the Higgs mass is decreased, the pair-annihilation bands appear for lower WIMP
masses, and for light Higgs (115–150 GeV) the “low” band disappears, since the required
values of f are already ruled out by data. The “high” band persists until the Higgs mass
is close to the current experimental bound. To illustrate this, consider the right panel of
Fig. 2, where mh = 120 GeV. The band between the two red lines (90 <∼ M <∼ 100 GeV) is
allowed. Note that the behavior of the relic density as a function of M within this band is
non-trivial: The relic density first drops with increasing M due to the fact that the threshold
for the reaction BHBH → ZZ is passed. It then bottoms out at a value consistent with the
measured Ωdmh2, and begins increasing as increasing M further takes the center-of-mass
energy away from the Higgs resonance, suppressing annihilation. Clearly, this situation is
quite non-generic, and for somewhat higher mh the Z threshold becomes irrelevant and relic
density is a uniformly increasing function of M in the “high” band. The coannihilation tail

7

 mH=300 GeV  mH=120 GeV
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DM in Inert Higgs Doublet Model
-
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SU(2)L Higgs doublet

H1
±, H20=S+iAˆ ˆ

couple to gauge 
boson only
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WIMPless ?
-

Feng and Kumar (2008)

• (mX,gX) ~ (mweak, gweak), Ωh2 ~ 0.3
• only fixes one combination of dark matter mass and coupling
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UCI-TR-2008-10

The WIMPless Miracle

Jonathan L. Feng and Jason Kumar
Department of Physics and Astronomy, University of California, Irvine, CA 92697, USA

We propose that dark matter is composed of particles that naturally have the correct thermal
relic density, but have neither weak-scale masses nor weak interactions. These WIMPless models
emerge naturally from gauge-mediated supersymmetry breaking, where they elegantly solve the
dark matter problem. The framework accommodates single or multiple component dark matter,
dark matter masses from 10 MeV to 10 TeV, and interaction strengths from gravitational to strong.
These candidates enhance many direct and indirect signals relative to WIMPs and have qualitatively
new implications for dark matter searches and cosmological implications for colliders.

PACS numbers: 95.35.+d, 04.65.+e, 12.60.Jv

Introduction. Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand
the weak force also invariably require new states. These
typically include weakly-interacting massive particles
(WIMPs) with masses around the weak scale mweak ∼
100 GeV − 1 TeV and weak interactions with coupling
gweak # 0.65. An appealing possibility is that one of the
particles motivated by particle physics simultaneously
satisfies the needs of cosmology. This idea is motivated
not only by Ockham’s razor, but by a striking quanti-
tative fact, the “WIMP miracle”: WIMPs are naturally
produced as thermal relics of the Big Bang with the den-
sities required for dark matter. The WIMP miracle con-
nects physics at the largest and smallest length scales,
drives most of the international program of dark matter
searches, and is the leading reason to expect cosmological
insights when the Large Hadron Collider (LHC) begins
operation in the coming year.

We show here, however, that the WIMP miracle does
not necessarily imply the existence of WIMPs. More pre-
cisely, we present well-motivated particle physics mod-
els in which particles naturally have the desired ther-
mal relic density, but have neither weak-scale masses nor
weak force interactions. In these models, dark matter
may interact only gravitationally or it may couple more
strongly to known particles. The latter possibility implies
that prospects for some dark matter experiments may be
greatly enhanced relative to WIMPs, with implications
for searches that differ radically from those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

ΩX ∝
1

〈σv〉
∼

m2
X

g4
X

, (1)

where 〈σv〉 is its thermally-averaged annihilation cross
section, mX and gX are the characteristic mass scale
and coupling entering this cross section, and the last
step follows from dimensional analysis. In the mod-
els discussed here, mX will be the dark matter parti-
cle’s mass. The WIMP miracle is the statement that,
for (mX , gX) ∼ (mweak, gweak), the relic density is typi-
cally within an order of magnitude of the observed value,

ΩX ≈ 0.24. Equation (1) makes clear, however, that
the thermal relic density fixes only one combination of
the dark matter’s mass and coupling. This observation
alone might be considered adequate motivation to con-
sider other values of (mX , gX) that give the correct ΩX .
Here, however, we further show that simple models with
low-energy supersymmetry (SUSY) predict exactly the
combinations of (mX , gX) that give the correct ΩX . In
these models, mX is a free parameter. For mX (= mweak,
these models are WIMPless, but for all mX they contain
dark matter with the desired thermal relic density.

Models. The models we consider are SUSY mod-
els with gauge-mediated SUSY breaking (GMSB) [2, 3].
These models have several sectors, as shown in Fig. 1.
The MSSM sector includes the fields of the minimal su-
persymmetric standard model. The SUSY-breaking sec-
tor includes the fields that break SUSY dynamically and
mediate this breaking to the MSSM through gauge in-
teractions. There are also one or more additional sectors
which have SUSY breaking gauge-mediated to them, and
these sectors contain the dark matter particles. These
sectors may not be particularly well-hidden, depending
on the presence of connector sectors to be discussed be-
low, but we follow precedent and refer to them as “hid-
den” sectors throughout this work. For other recent in-
vestigations of hidden dark matter, see Refs. [4].

Independent of cosmology, this is a well-motivated sce-
nario for new physics. GMSB models feature many of
the well-known virtues of SUSY, while at the same time
elegantly solving the flavor problems that generically
plague proposals for new weak-scale physics. In addi-
tion, in SUSY models that attempt to unite the standard
model (SM) with quantum gravity, such as those arising
from string theory, hidden sectors are ubiquitous. From
this point of view, it is likely that such sectors are not
merely an unmotivated contrivance, but a requirement of
the consistency of quantum gravity. Moreover, in large
classes of string models, such as intersecting brane mod-
els, SUSY breaking in one sector will naturally be medi-
ated by gauge interactions to every other sector, produc-
ing exactly the framework we have described.

As a concrete example, we extend the canonical GMSB

could have mX ≠ mweak as long as the relation holds
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WIMPless miracle
-

Feng and Kumar (2008)
H. Tu’s talk

SUSY with GMSB

2

FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.

models of Ref. [3] to include one hidden sector. Our re-
sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
factors, the MSSM superpartner masses are

m ∼
g2

16π2

Fm

Mm

=
g2

16π2

F

M
, (2)

where g is the largest relevant gauge coupling. Since m
also determines the electroweak symmetry breaking scale,
m ∼ mweak. The hidden sector superpartner masses are

mX ∼
g2

X

16π2

FmX

MmX
=

g2
X

16π2

F

M
. (3)

As a result,

mX

g2
X

∼
m

g2
∼

F

16π2M
; (4)

that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and

10−3 <
∼ gX

<
∼ 3

10 MeV <
∼ mX

<
∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure

messenger mass scale    Mm=λM                               MmX=λXM

superpartner mass

2

FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.
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sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
factors, the MSSM superpartner masses are

m ∼
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, (2)
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also determines the electroweak symmetry breaking scale,
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M
. (3)

As a result,
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∼
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∼

F

16π2M
; (4)

that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and

10−3 <
∼ gX

<
∼ 3

10 MeV <
∼ mX

<
∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure
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FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.

models of Ref. [3] to include one hidden sector. Our re-
sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
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that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and
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∼ gX

<
∼ 3
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∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure
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FIG. 1: Sectors of the model. SUSY breaking is mediated by
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contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.

models of Ref. [3] to include one hidden sector. Our re-
sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
factors, the MSSM superpartner masses are
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that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and

10−3 <
∼ gX

<
∼ 3

10 MeV <
∼ mX

<
∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure
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We propose that dark matter is composed of particles that naturally have the correct thermal
relic density, but have neither weak-scale masses nor weak interactions. These WIMPless models
emerge naturally from gauge-mediated supersymmetry breaking, where they elegantly solve the
dark matter problem. The framework accommodates single or multiple component dark matter,
dark matter masses from 10 MeV to 10 TeV, and interaction strengths from gravitational to strong.
These candidates enhance many direct and indirect signals relative to WIMPs and have qualitatively
new implications for dark matter searches and cosmological implications for colliders.
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Introduction. Cosmological observations require dark
matter that cannot be composed of any of the known
particles. At the same time, attempts to understand
the weak force also invariably require new states. These
typically include weakly-interacting massive particles
(WIMPs) with masses around the weak scale mweak ∼
100 GeV − 1 TeV and weak interactions with coupling
gweak # 0.65. An appealing possibility is that one of the
particles motivated by particle physics simultaneously
satisfies the needs of cosmology. This idea is motivated
not only by Ockham’s razor, but by a striking quanti-
tative fact, the “WIMP miracle”: WIMPs are naturally
produced as thermal relics of the Big Bang with the den-
sities required for dark matter. The WIMP miracle con-
nects physics at the largest and smallest length scales,
drives most of the international program of dark matter
searches, and is the leading reason to expect cosmological
insights when the Large Hadron Collider (LHC) begins
operation in the coming year.

We show here, however, that the WIMP miracle does
not necessarily imply the existence of WIMPs. More pre-
cisely, we present well-motivated particle physics mod-
els in which particles naturally have the desired ther-
mal relic density, but have neither weak-scale masses nor
weak force interactions. In these models, dark matter
may interact only gravitationally or it may couple more
strongly to known particles. The latter possibility implies
that prospects for some dark matter experiments may be
greatly enhanced relative to WIMPs, with implications
for searches that differ radically from those of WIMPs.

Quite generally, a particle’s thermal relic density is [1]

ΩX ∝
1

〈σv〉
∼

m2
X

g4
X

, (1)

where 〈σv〉 is its thermally-averaged annihilation cross
section, mX and gX are the characteristic mass scale
and coupling entering this cross section, and the last
step follows from dimensional analysis. In the mod-
els discussed here, mX will be the dark matter parti-
cle’s mass. The WIMP miracle is the statement that,
for (mX , gX) ∼ (mweak, gweak), the relic density is typi-
cally within an order of magnitude of the observed value,

ΩX ≈ 0.24. Equation (1) makes clear, however, that
the thermal relic density fixes only one combination of
the dark matter’s mass and coupling. This observation
alone might be considered adequate motivation to con-
sider other values of (mX , gX) that give the correct ΩX .
Here, however, we further show that simple models with
low-energy supersymmetry (SUSY) predict exactly the
combinations of (mX , gX) that give the correct ΩX . In
these models, mX is a free parameter. For mX (= mweak,
these models are WIMPless, but for all mX they contain
dark matter with the desired thermal relic density.

Models. The models we consider are SUSY mod-
els with gauge-mediated SUSY breaking (GMSB) [2, 3].
These models have several sectors, as shown in Fig. 1.
The MSSM sector includes the fields of the minimal su-
persymmetric standard model. The SUSY-breaking sec-
tor includes the fields that break SUSY dynamically and
mediate this breaking to the MSSM through gauge in-
teractions. There are also one or more additional sectors
which have SUSY breaking gauge-mediated to them, and
these sectors contain the dark matter particles. These
sectors may not be particularly well-hidden, depending
on the presence of connector sectors to be discussed be-
low, but we follow precedent and refer to them as “hid-
den” sectors throughout this work. For other recent in-
vestigations of hidden dark matter, see Refs. [4].

Independent of cosmology, this is a well-motivated sce-
nario for new physics. GMSB models feature many of
the well-known virtues of SUSY, while at the same time
elegantly solving the flavor problems that generically
plague proposals for new weak-scale physics. In addi-
tion, in SUSY models that attempt to unite the standard
model (SM) with quantum gravity, such as those arising
from string theory, hidden sectors are ubiquitous. From
this point of view, it is likely that such sectors are not
merely an unmotivated contrivance, but a requirement of
the consistency of quantum gravity. Moreover, in large
classes of string models, such as intersecting brane mod-
els, SUSY breaking in one sector will naturally be medi-
ated by gauge interactions to every other sector, produc-
ing exactly the framework we have described.

As a concrete example, we extend the canonical GMSB

right relic density !
(irrespective of its mass)

March-Russel et. al, 
Hooper et. al., 
McDonald et. al, 
Kim et. al., 
Krolikowski.
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FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.

models of Ref. [3] to include one hidden sector. Our re-
sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
factors, the MSSM superpartner masses are

m ∼
g2

16π2

Fm

Mm

=
g2

16π2

F

M
, (2)

where g is the largest relevant gauge coupling. Since m
also determines the electroweak symmetry breaking scale,
m ∼ mweak. The hidden sector superpartner masses are

mX ∼
g2

X

16π2

FmX

MmX
=

g2
X

16π2

F

M
. (3)

As a result,

mX

g2
X

∼
m

g2
∼

F

16π2M
; (4)

that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and

10−3 <
∼ gX

<
∼ 3

10 MeV <
∼ mX

<
∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure

unitarity boundthermal relic non-relativistic 
at freeze out

• if no direct coupling to SM: interact only through gravity
• impact on structure formation
• no direct/indirect/collider signals
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FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.

models of Ref. [3] to include one hidden sector. Our re-
sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
factors, the MSSM superpartner masses are

m ∼
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16π2

Fm

Mm
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, (2)

where g is the largest relevant gauge coupling. Since m
also determines the electroweak symmetry breaking scale,
m ∼ mweak. The hidden sector superpartner masses are

mX ∼
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X

16π2
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MmX
=
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. (3)

As a result,
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∼
m

g2
∼
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; (4)

that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and

10−3 <
∼ gX

<
∼ 3

10 MeV <
∼ mX

<
∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure
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FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.

models of Ref. [3] to include one hidden sector. Our re-
sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
factors, the MSSM superpartner masses are

m ∼
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where g is the largest relevant gauge coupling. Since m
also determines the electroweak symmetry breaking scale,
m ∼ mweak. The hidden sector superpartner masses are
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MmX
=
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. (3)

As a result,
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∼

F

16π2M
; (4)

that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and

10−3 <
∼ gX

<
∼ 3

10 MeV <
∼ mX

<
∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure
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FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.

models of Ref. [3] to include one hidden sector. Our re-
sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
factors, the MSSM superpartner masses are
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where g is the largest relevant gauge coupling. Since m
also determines the electroweak symmetry breaking scale,
m ∼ mweak. The hidden sector superpartner masses are
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As a result,
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; (4)

that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and

10−3 <
∼ gX

<
∼ 3

10 MeV <
∼ mX

<
∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure

 mY ~ max (mweak, mX)
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FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.

models of Ref. [3] to include one hidden sector. Our re-
sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
factors, the MSSM superpartner masses are
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where g is the largest relevant gauge coupling. Since m
also determines the electroweak symmetry breaking scale,
m ∼ mweak. The hidden sector superpartner masses are
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=
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As a result,
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∼
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∼
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; (4)

that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and

10−3 <
∼ gX

<
∼ 3

10 MeV <
∼ mX

<
∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure

 mY ~ max (mweak, mX)  interaction λ XYf
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FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.

models of Ref. [3] to include one hidden sector. Our re-
sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
factors, the MSSM superpartner masses are
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where g is the largest relevant gauge coupling. Since m
also determines the electroweak symmetry breaking scale,
m ∼ mweak. The hidden sector superpartner masses are
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As a result,
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∼
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; (4)

that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and

10−3 <
∼ gX

<
∼ 3

10 MeV <
∼ mX

<
∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure

 mY ~ max (mweak, mX)  interaction λ XYf
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FIG. 1: Sectors of the model. SUSY breaking is mediated by
gauge interactions to the MSSM and the hidden sector, which
contains the dark matter particle X. An optional connector
sector contains fields Y , charged under both MSSM and hid-
den sector gauge groups, which induce signals in direct and
indirect searches and at colliders. There may also be other
hidden sectors with their own dark matter particles, leading
to multi-component dark matter.

models of Ref. [3] to include one hidden sector. Our re-
sults will not depend on hidden sector details, but to
aid in drawing intuition from well-known results, we as-
sume that the hidden sector has the same matter and
gauge groups as the MSSM, but with different gauge and
Yukawa couplings, as discussed below. SUSY breaking
gives vacuum expectation values to a chiral field S, with
〈S〉 = M + θ2F . We couple S to MSSM messenger fields
Φ and Φ̄ and hidden sector messenger fields ΦX and Φ̄X

through the superpotential W = λΦ̄SΦ + λXΦ̄XSΦX .
These couplings generate messenger F -terms Fm = λF
and FmX = λXF and induce SUSY-breaking masses in
the MSSM and hidden sectors at the messenger mass
scales Mm = λM and MmX = λXM , respectively.

Relic Density. Neglecting subleading effects and O(1)
factors, the MSSM superpartner masses are
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where g is the largest relevant gauge coupling. Since m
also determines the electroweak symmetry breaking scale,
m ∼ mweak. The hidden sector superpartner masses are
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As a result,
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∼
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; (4)

that is, mX/g2
X is determined solely by the SUSY-

breaking sector. As this is exactly the combination of
parameters that determines the thermal relic density of
Eq. (1), the hidden sector automatically includes a dark
matter candidate that has the desired thermal relic den-
sity, irrespective of its mass. (In this example, the su-
perpartner masses are independent of λ and λX ; this

will not hold generally. However, given typical couplings
λ ∼ λX ∼ O(1), one expects the messenger F -terms and
masses to be approximately the same as those appearing
in 〈S〉, and Eq. (4) remains valid.)

This analysis assumes that these thermal relics are sta-
ble. Of course, this is not the case in the MSSM sector,
where thermal relics decay to gravitinos. This is a major
drawback for GMSB, especially because its classic dark
matter candidate, the thermal gravitino [5], is now too
hot to be compatible with standard cosmology [6]. So-
lutions to the dark matter problem in GMSB include
messenger sneutrinos [7], late entropy production [8], de-
caying singlets [9], and gravitino production in late de-
cays [10], but all of these bring complications, and only
the last one makes use of the WIMP miracle.

The problem exists in the MSSM, however, only be-
cause of an accident: the stable particles of the MSSM (p,
e, ν, γ, G̃) have masses which are not set by the SUSY-
breaking scale. Indeed, in the cases of the proton and
electron, this accident results from extremely suppressed
Yukawa couplings, which remain unexplained. There is
no reason for the hidden sector to suffer from this unfor-
tunate malady. Very generally, since mX is the only mass
scale in the hidden sector, we expect all hidden particles
to have mass ∼ mX or be essentially massless, if en-
forced by a symmetry. We assume that the thermal relic
has mass around mX , and that discrete or global sym-
metries make this particle stable. At the same time, the
particles that are essentially massless at freeze out pro-
vide the thermal bath required for the validity of Eq. (1).
An example of a viable hidden sector is one with MSSM-
like particle content, but with different gauge couplings,
3rd generation quark flavor conserved by a discrete or
global symmetry, and hidden t, b, t̃, and b̃ masses all
∼ mX . The lightest of these hidden particles will be
stable. They will combine with other particles to form
neutral bound states, properly seed structure formation,
and, in the absence of constraints on anomalous isotopes
in hidden sea water, be excellent dark matter candidates.

To summarize so far: GMSB models with hidden sec-
tors provide dark matter candidates that are not WIMPs
but nevertheless naturally have the correct thermal relic
density. These candidates have masses and gauge cou-
plings satisfying mX/g2

X ∼ mweak/g2
weak, and

10−3 <
∼ gX

<
∼ 3

10 MeV <
∼ mX

<
∼ 10 TeV , (5)

where the upper limits from perturbativity nearly satu-
rate the unitarity bound [11], and the lower limits are
rough estimates from requiring the thermal relic to be
non-relativistic at freeze out so that Eq. (1) is valid.

Detection. If the hidden sector is not directly coupled
to the SM, then the corresponding dark matter candidate
interacts with the known particles only through gravity.
These candidates are cold dark matter, and their prop-
erties could be probed through their impact on structure

 mY ~ max (mweak, mX)  interaction λ XYf
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formation, but they would not appear at colliders or in
direct and indirect search experiments.

A more exciting (and more well-motivated) possibility
is that dark matter interactions are enhanced by connec-
tor sectors containing particles Y that are charged under
both MSSM and hidden sector gauge groups, as shown in
Fig. 1. Indeed, in intersecting brane model realizations
of this GMSB scenario, such sectors are generic. They
arise from strings that live at the topological intersection
of MSSM and hidden sector brane stacks and transform
in the bifundamental representation of the two sectors.

SUSY breaking is transmitted to the connector sectors
in the same way it is transmitted to the other sectors.
Y superpartner masses receive contributions from both
MSSM and hidden sector gauge groups, and so we expect
mY ∼ max(mweak, mX). Connectors interact through
λXY f , where λ is a Yukawa coupling and f is a SM
particle. X remains stable, as long as mX < mY + mf ,
but these interactions mediate new annihilation processes
XX̄ → f f̄ , Y Ȳ and scattering processes Xf → Xf . The
new annihilation channels do not affect the thermal relic
density estimates given above, provided λ <

∼ gweak.
Connector particles create many new possibilities for

dark matter detection (and the connectors themselves are
amenable to collider searches, since they have SM inter-
actions). For example, in WIMPless models, the dark
matter may be light, with mX # mweak. This motivates
direct searches probing masses far below those typically
expected for WIMPs. Also, because the number density
must compensate for the low mass, indirect detection sig-
nals are enhanced by m2

weak/m2
X over WIMP signals.

To quantify this, we consider a simple connector sector
with chiral fermions YfL and YfR and interactions

L = λfXȲfLfL + λfXȲfRfR + mYf
ȲfLYfR , (6)

where the fermions fL and fR are SM SU(2) doublets and
singlets, respectively. The Yf particles get mass from
SM electroweak symmetry breaking. For simplicity in
what follows, we will couple the connectors to only one
SM particle f at a time, but, of course, one Y can have
multiple couplings or there can be many Y fields.

We begin with direct detection, and assume the in-
teractions of Eq. (6) with f = u. These mediate
spin-independent scattering through XuL,R → YL,R →
XuL,R with cross section (normalized to a nucleon)

σSI =
λ4

u

2π

m2
N

(mN + mX)2
[ZBp

u + (A − Z)Bn
u ]2

A2(mX − mY )2
, (7)

where A (Z) is the atomic mass (number) of nucleus N ,
Bp

u = 〈p|ūu|p〉 ' 5.1, and Bn
u = 〈n|ūu|n〉 ' 4.3 [12].

In Fig. 2, we present Xenon scattering cross sections as
functions of mX for various λu and mYu = 400 GeV. Yu

receives mass from SM electroweak symmetry breaking.
This Yu mass is small enough that the Yu Yukawa cou-
pling is perturbative, but heavy enough to satisfy current
Tevatron bounds on 4th generation quarks.

FIG. 2: Direct detection cross sections for spin-independent
X-nucleon scattering as a function of dark matter mass mX .
The solid curves are the predictions for WIMPless dark mat-
ter with connector mass mYu = 400 GeV and the Yukawa
couplings λu indicated. The shaded region is excluded by
CRESST [13], CDMS (Si) [14], DAMA [15], XENON [16],
and CDMS (Ge) [17].

Figure 2 has several interesting properties. First, the
cross section is enhanced by s-channel resonance when
mX ≈ mY . Second, the cross sections are naturally
much larger than for neutralinos and many other stan-
dard WIMPs, such as B1 Kaluza-Klein dark matter [18].
Third, the framework accommodates dark matter at the
GeV or TeV scale. These ranges are considered unnatu-
ral for WIMPs, but can be probed by experiments and
may even resolve current anomalies, such as the apparent
conflict between DAMA and other experiments [19].

We now turn to indirect detection and consider the in-
teractions of Eq. (6) with f = τ . These produce no direct
detection signals, but still mediate annihilation to SM
particles, leading, for example, to excess photon fluxes
from the galactic center. The integrated flux is [20]

Φγ =
5.6 × 10−10

cm2 s
Nγ

σSMv

pb

[

100 GeV

mX

]2

J̄∆Ω , (8)

where the cross section for annihilation to SM products,
XX̄ → τ+τ−, summed over all τ chiralities, is

σSMv =
λ4

τ

4π

m2
Y

(m2
X + m2

Y )2
, (9)

J̄ is a constant parameterizing the cuspiness of our
galaxy’s dark matter halo, ∆Ω is the experiment’s solid
angle, and Nγ =

∫ mX

Ethr
dE dNγ

dE is the average number of
photons above threshold produced in each τ decay.

In Fig. 3, we evaluate the discovery prospects for
GLAST [21]. We take ∆Ω = 0.001, Nγ = 1, a rea-
sonable, if rough, estimate for mX above a few GeV and
Ethr = 1 GeV, and requiring Φγ > 10−10 cm−2 s−1 for
discovery. The minimum values of J̄ for discovery for var-
ious λτ as a function of mX are given in Fig. 3. Because

resonance enhancement

f=u
f=τ

4

FIG. 3: Indirect detection prospects for WIMPless dark mat-
ter as a function of dark matter mass mX . For values of J̄

above the contours, the annihilation process XX̄ → τ τ̄ yields
an observable photon signal at GLAST. We assume connector
mass mYτ = 200 GeV and the Yukawa couplings λτ indicated.

the annihilation signal is proportional to number density
squared, and this is greatly enhanced for light dark mat-
ter, we find excellent discovery prospects. For λτ = 0.3
and mX

<
∼ 20 GeV, GLAST will see WIMPless signals

for J̄ ∼ 1, corresponding to smooth halo profiles that are
completely inaccessible in standard WIMP models.

Conclusions. In GMSB models with hidden sectors,
we have found that, remarkably, any stable hidden sec-
tor particle will naturally have a thermal relic density
that approximately matches that observed for dark mat-
ter. Indeed, it is merely an accident that the MSSM
itself has no stable particle with the right relic density in
GMSB, and it is an accident that need not occur in hid-
den sectors. These candidates possess all the key virtues
of conventional WIMPs, but they generalize the WIMP
paradigm to a broad range of masses and gauge cou-
plings. This generalization opens up new possibilities for
large dark matter signals. We have illustrated this with
two examples, but many other signals are possible.

As shown in Fig. 1, this scenario also naturally accom-
modates multi-component dark matter if there is more
than one hidden sector. This is highly motivated — in
fact, in intersecting brane models, one generally expects
multiple hidden sectors in addition to the MSSM. In this
framework, it is completely natural for dark matter par-
ticles with varying masses and couplings to each be a
significant component of dark matter.

Finally, WIMPless dark matter introduces new possi-
bilities for the interplay between colliders and dark mat-
ter searches. For example, LHC evidence for GMSB
would exclude neutralino dark matter, but favor WIMP-
less (and other) scenarios. Further evidence from direct
and indirect searches, coupled with Tevatron or LHC dis-
coveries of “4th generation” quarks or leptons, could dis-

favor or establish the existence of WIMPless dark matter
and the accompanying connector sectors.
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DM interaction << Weak interaction. Possible? 

   CDM requirements

 • Gravitational 
   interacting
   (much weaker
 than electroweak)

• Stable
• Non-baryonic
• Neutral
• Cold (massive)
 • Correct density



ΩDM ∝ 1/〈σv〉 ∝ m2/g4 

for super-weak coupling
  

●〈σv〉 too small

● ΩDM too big

  overclose the Universe
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if the Universe is never hot enough, low TR
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Non-thermal process: 
WIMP decay out of equilibrium

SuperWIMP / Extremely WIMP

gravitino DM G axino DM a

spin 3/2 superpartner of graviton spin 1/2 superpartner of axion

mass GeV - TeV eV - GeV

interaction ∝ mpl-1, mpl ~ 1019 GeV ∝ fa-1, fa ≥ 5 x 109 GeV

~ ~

Talk by L. Roszkowski
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Bolz, Brandenburg and buchmuller (2001)

Covi, Kim, Kim and Roszkowski (2001); Brandenburg and Steffen (2004)

ΩThermal
G̃

≈ 0.2
(

100 GeV
m3/2

) ( mg̃

1 TeV

)2
(

TR

1010 GeV

)

ΩThermal
ã ≈ 0.6

( mã

0.1 GeV

) (
1011 GeV

fa

)2 (
TR

104 GeV

)

• Ω ⇒ upper bound on TR

• Leptogenesis: TR>109 GeV ⇒ m3/2 > 10 GeV

Gravitino dark matter

The gravitino is present in any theory with local supersymmetry. When the

gravitino is the lightest supersymmetric particle, it constitutes a very

interesting (and promising!) candidate for the dark matter of the Universe.

Gravitinos are thermally produced in the early Universe by QCD

processes. For example:
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Also produced by non-thermal processes (inflaton decay, NLSP decay)

The existence of relic gravitinos is unavoidable. Whether they constitute
the dark matter or not is just a quantitative question.

Alejandro Ibarra (DESY) Gravitino Dark Matter – p.5/34

Thermal production

Gravitino

Axino

m3/2 min ~ TR mgluino2
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Non-thermal production: WIMP decay
-

WIMP → superWIMP + SM particles

Kim, Masiero, Nanopoulos (1984)
Covi, Kim, Roszkowski (1999)
Feng, Rajaraman, Takayama (2003);
Bi, Li, Zhang (2003);
Ellis, Olive, Santoso, Spanos (2003);
Wang, Yang (2004);
Feng, Su, Takayama (2004);
Buchmuller, hamaguchi, Ratz, Yanagida (2004);
Roszkowski, Ruiz de Austri, Choi (2004);
Brandeburg, Covi, hamaguchi, Roszkowski, Steffen (2005);
...
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Non-thermal production: WIMP decay
-

superWIMP

e.g.  Gravitino LSP
       LKK graviton

 axino

WIMP
• neutral
• charged

WIMP → superWIMP + SM particles
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superWIMP DM
-

gravitino DM axino DM

lifetime 104 sec - 15 years for m3/2: 1 
GeV - 50 GeV

O(0.01 sec)-O(10 h) for f: 
5x109 - 5x 1012 GeV

BBN constraints severe mild

Pospelov (2005), Kohri and Takayama 
(2006), Cyburt et al (2006), Jedamzik 
(2007), ... 

BBN bounds on NLSP decay

Neutral relics Charged relics

[Kohri, Kawasaki & Moroi 04]
[Pospelov 05, Kohri & Takayama 06,

Cyburt at al 06, Jedamzik 07,...]

Big problem for gravitino LSP, not so much for the axino...

Need short lifetime & 
low abundance for NLSP 

Charged NLSP

Figure 38: Upper bounds on mXYX at 95% C.L. for Bh = 1 and mX = 100 GeV. The
horizontal axis is the lifetime of X. Here, the lines with “D/H (low)” and “D/H (high)”
are for the constraints (2.1) and (2.2), respectively. The straight dashed line is the upper
bound by the deviation from the Planck distribution of the CMB.

where x̄th
i and x̄obs

i are the center values of xi determined from the theoretical calculation
and observations, while σth

i and σobs
i are their errors, respectively. In our analysis, (σth

i )2

is calculated by the Monte Carlo analysis. Notice that the χ2 depends on the model
parameters through xth

i and σth
i . For xi = r3,2 (n6Li/nH) and log10[(n7Li/nH)] we only use

the upper bound. In this case case, we define χ2
i as

χ2
i =



















(x̄th
i − x̄obs

i )2

(σth
i )2 + (σobs

i )2
: x̄th

i < x̄obs
i

0 : otherwise

for xi = r3,2, (n6Li/nH) and log10[(n7Li/nH)]. (9.7)

Notice that, contrary to the case of SBBN, we do not use the lower bound on (n7Li/nH).
This is because we do not include the non-thermal 7Li production processes through α-α
collisions. All the observational constraints on primordial abundances of the light elements
have been summarized in Section 2.

In Figs. 38, 39 and 40, we plot the results of the χ2 analysis at 95 % C.L. (i.e., χ2
i = 3.84

for xi = (nD/nH) and Y ; χ2
i = 2.71 for xi = r3,2, (n6Li/nH) and log10[(n7Li/nH)]) on the

τX vs. EvisYX plane for mX = 100 GeV, 1 TeV, and 10 TeV, respectively. Here, the
hadronic branching ratio is unity, and X decays into two hadronic jets with the energy
2Ejet = mX . As mentioned in Section 2, the constraint with use of the highest observed
value of D/H (Eq. (2.2)) is shown together with that obtained by taking our standard
value (Eq. (2.1)). One can see that the constraint from D/H changes by a factor 2− 3 by

60

Kohri, Kawasaki, Moroi (2004)
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BBN constraints
-

• harmless NLSP: sneutrino
• dilute with entropy production
• NLSP decay earlier ⇒ RPV scenario

 charged NLSP (stau) neutralino NLSP sneutrino NLSP
EM, had BBN EM, had BBN Brhad < 10-3

τ ≤ 103 ~ 104 sec
m3/2 < 1 GeV

τ ≤ 102 sec 
smaller mass

longer lifetime
larger m3/2 

 strongly constrained  strongly constrained viable

Pospelov, Cyburt et. al., Kohri 
et. al., Kaplinghat et. al., 
Kawasaki et. al., Feng et. al., 
Steffen...

Kawasaki et. al., Feng et. al., 
Steffen

Kawasaki et. al., Feng et. al., 
Steffen

Buchmuller et. al. (2006)

⇒ RPC scenario
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How to trap charged slepton? 

• Probes gravity in a particle 
physics experiments!

• Precise test of supergravity 
or Peccei-Quinn scale

Hamaguchi, kuno, Nakaya, Nojiri, (2004)
Feng and Smith, (2004)
De Roeck et. al.,  (2005)
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decays

Feng and Smith (2004)
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Charged slepton trapping
-

Slepton could live for a year, so 
can be trapped then moved to a 
quiet environment to observe 
decays

• LHC: 106 slepton/yr possible, but 
most are fast.   
Catch 100/yr in 1 kton water

• LC: tune beam energy to produce 
slow sleptons, 
can catch 1000/yr in 1 kton water

Feng and Smith (2004)
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Microscopic determination of Mpl, fa
- Buchmuller, Hamaguchi, 

Ratz and Yanagida (2004)where mτ = 1.78 GeV is the τ mass, mτ̃ is the τ̃ mass, and m3/2 is the gravitino mass.

Neglecting mτ , we arrive at

Γ2−body
τ̃ =

m5
τ̃

48π m2
3/2 M2

P

×

(

1 −
m2

3/2

m2
τ̃

)4

. (4)

For instance, mτ̃ = 150 GeV would imply a lifetime of Γ−1
τ̃ # 78 s or Γ−1

τ̃ # 4.4 y for a

gravitino mass of m3/2 = 0.1 GeV or m3/2 = 75 GeV, respectively. The crucial point is

that the decay rate is completely determined by the masses mτ̃ and m3/2, independently

of other SUSY parameters, gauge and Yukawa couplings. The mass mτ̃ of the NSP will be

measured in the process of accumulation. Although the outgoing gravitino is not directly

measurable, its mass can also be inferred kinematically unless it is too small,

m2
3/2 = m2

τ̃ + m2
τ − 2mτ̃Eτ . (5)

Therefore, the gravitino mass can be determined with the same accuracy as Eτ and mτ̃ ,

i.e. with an uncertainty of a few GeV.

Comparing the decay rate (3), using the kinematically determined m3/2, with the

observed decay rate, it is possible to test an important supergravity prediction. In other

words, one can determine the ‘supergravity Planck scale’ from the NSP decay rate which

yields, up to O(α) corrections,

M2
P(supergravity) =

(
m2

τ̃ − m2
3/2 − m2

τ

)4

48π m2
3/2 m3

τ̃ Γτ̃




1 −

4m2
3/2 m2

τ
(
m2

τ̃ − m2
3/2 − m2

τ

)2






3/2

. (6)

The result can be compared with the Planck scale of Einstein gravity, i.e. Newton’s

constant determined by macroscopic measurements, GN = 6.707(10) · 10−39 GeV−2 [13],

M2
P(gravity) = (8π GN)−1 = (2.436(2) · 1018 GeV)2 . (7)

The consistency of the microscopic and macroscopic determinations of the Planck scale

is a crucial test of supergravity.

Furthermore, the measurement of the gravitino mass yields another important quan-

tity in supergravity, namely the mass scale of spontaneous supersymmetry breaking,

MSUSY =
√√

3MP m3/2 . (8)

This is the analogue of the Higgs vacuum expectation value v in the electroweak theory,

where v =
√

2mW /g = (2
√

2GF)−1/2.

4

γ, Z

ã

τ

τ

˜B

ã

τ

˜B γ, Z

τ̃R

τ̃R τ̃R

FIG. 1: The dominant contributions to the two-body NLSP decay τ̃R → τ + ã.

decay rate:1

Γ(τ̃R → τ ã) =
9 α4 C2

aYY

512π5 cos8 θW

m2
B̃

f 2
a

(m2
τ̃
− m2

ã
)2

m3
τ̃

ξ2 log2

(
fa

m

)

(2)

# ξ2 (25 sec)−1C2
aYY

(

1 −
m2

ã

m2
τ̃

) (
mτ̃

100 GeV

) (
1011 GeV

fa

)2 (
mB̃

100 GeV

)2

, (3)

where m
B̃

is the mass of the bino and mτ̃ is the mass of the stau NLSP, i.e. mã < mτ̃ < m
B̃
.

As explained below, there is an uncertainty associated with the method used to derive the

decay rate (2). We absorb this uncertainty into the mass scale m # mτ̃ ,B̃ # O(100 GeV)

and into the factor ξ # O(1) in the first line. We used log (fa/m) # 20.7 to get from the

first to the second line.

Here a technical comment on the loop integral is in order. If one naively integrates

over the internal momentum in the diagrams with the effective vertex — see Fig. 1 — one

encounters logarithmic divergencies. This is because the effective vertex (1) is applicable

only if the momentum is smaller than the heavy (s)quark masses, whereas the momentum

in the loop goes beyond that scale. In a rigorous treatment, one has to specify the origin

of the effective vertex, i.e. the Peccei–Quinn sector, and to calculate the two-loop integrals

with heavy (s)quarks in the additional loop. Such a two-loop computation leads to a finite

result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].
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in the loop goes beyond that scale. In a rigorous treatment, one has to specify the origin

of the effective vertex, i.e. the Peccei–Quinn sector, and to calculate the two-loop integrals

with heavy (s)quarks in the additional loop. Such a two-loop computation leads to a finite

result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].
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For instance, mτ̃ = 150 GeV would imply a lifetime of Γ−1
τ̃ # 78 s or Γ−1

τ̃ # 4.4 y for a

gravitino mass of m3/2 = 0.1 GeV or m3/2 = 75 GeV, respectively. The crucial point is

that the decay rate is completely determined by the masses mτ̃ and m3/2, independently

of other SUSY parameters, gauge and Yukawa couplings. The mass mτ̃ of the NSP will be

measured in the process of accumulation. Although the outgoing gravitino is not directly

measurable, its mass can also be inferred kinematically unless it is too small,

m2
3/2 = m2

τ̃ + m2
τ − 2mτ̃Eτ . (5)

Therefore, the gravitino mass can be determined with the same accuracy as Eτ and mτ̃ ,

i.e. with an uncertainty of a few GeV.

Comparing the decay rate (3), using the kinematically determined m3/2, with the

observed decay rate, it is possible to test an important supergravity prediction. In other

words, one can determine the ‘supergravity Planck scale’ from the NSP decay rate which

yields, up to O(α) corrections,
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The result can be compared with the Planck scale of Einstein gravity, i.e. Newton’s

constant determined by macroscopic measurements, GN = 6.707(10) · 10−39 GeV−2 [13],

M2
P(gravity) = (8π GN)−1 = (2.436(2) · 1018 GeV)2 . (7)

The consistency of the microscopic and macroscopic determinations of the Planck scale

is a crucial test of supergravity.

Furthermore, the measurement of the gravitino mass yields another important quan-

tity in supergravity, namely the mass scale of spontaneous supersymmetry breaking,

MSUSY =
√√

3MP m3/2 . (8)

This is the analogue of the Higgs vacuum expectation value v in the electroweak theory,

where v =
√

2mW /g = (2
√

2GF)−1/2.

4

accumulation process
γ, Z

ã
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where m
B̃

is the mass of the bino and mτ̃ is the mass of the stau NLSP, i.e. mã < mτ̃ < m
B̃
.

As explained below, there is an uncertainty associated with the method used to derive the

decay rate (2). We absorb this uncertainty into the mass scale m # mτ̃ ,B̃ # O(100 GeV)

and into the factor ξ # O(1) in the first line. We used log (fa/m) # 20.7 to get from the

first to the second line.

Here a technical comment on the loop integral is in order. If one naively integrates

over the internal momentum in the diagrams with the effective vertex — see Fig. 1 — one

encounters logarithmic divergencies. This is because the effective vertex (1) is applicable

only if the momentum is smaller than the heavy (s)quark masses, whereas the momentum

in the loop goes beyond that scale. In a rigorous treatment, one has to specify the origin

of the effective vertex, i.e. the Peccei–Quinn sector, and to calculate the two-loop integrals

with heavy (s)quarks in the additional loop. Such a two-loop computation leads to a finite

result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].
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For instance, mτ̃ = 150 GeV would imply a lifetime of Γ−1
τ̃ # 78 s or Γ−1

τ̃ # 4.4 y for a

gravitino mass of m3/2 = 0.1 GeV or m3/2 = 75 GeV, respectively. The crucial point is

that the decay rate is completely determined by the masses mτ̃ and m3/2, independently

of other SUSY parameters, gauge and Yukawa couplings. The mass mτ̃ of the NSP will be

measured in the process of accumulation. Although the outgoing gravitino is not directly

measurable, its mass can also be inferred kinematically unless it is too small,

m2
3/2 = m2

τ̃ + m2
τ − 2mτ̃Eτ . (5)

Therefore, the gravitino mass can be determined with the same accuracy as Eτ and mτ̃ ,

i.e. with an uncertainty of a few GeV.

Comparing the decay rate (3), using the kinematically determined m3/2, with the

observed decay rate, it is possible to test an important supergravity prediction. In other

words, one can determine the ‘supergravity Planck scale’ from the NSP decay rate which
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The result can be compared with the Planck scale of Einstein gravity, i.e. Newton’s

constant determined by macroscopic measurements, GN = 6.707(10) · 10−39 GeV−2 [13],

M2
P(gravity) = (8π GN)−1 = (2.436(2) · 1018 GeV)2 . (7)

The consistency of the microscopic and macroscopic determinations of the Planck scale

is a crucial test of supergravity.

Furthermore, the measurement of the gravitino mass yields another important quan-

tity in supergravity, namely the mass scale of spontaneous supersymmetry breaking,

MSUSY =
√√

3MP m3/2 . (8)

This is the analogue of the Higgs vacuum expectation value v in the electroweak theory,

where v =
√

2mW /g = (2
√

2GF)−1/2.
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where m
B̃

is the mass of the bino and mτ̃ is the mass of the stau NLSP, i.e. mã < mτ̃ < m
B̃
.

As explained below, there is an uncertainty associated with the method used to derive the

decay rate (2). We absorb this uncertainty into the mass scale m # mτ̃ ,B̃ # O(100 GeV)

and into the factor ξ # O(1) in the first line. We used log (fa/m) # 20.7 to get from the

first to the second line.

Here a technical comment on the loop integral is in order. If one naively integrates

over the internal momentum in the diagrams with the effective vertex — see Fig. 1 — one

encounters logarithmic divergencies. This is because the effective vertex (1) is applicable

only if the momentum is smaller than the heavy (s)quark masses, whereas the momentum

in the loop goes beyond that scale. In a rigorous treatment, one has to specify the origin

of the effective vertex, i.e. the Peccei–Quinn sector, and to calculate the two-loop integrals

with heavy (s)quarks in the additional loop. Such a two-loop computation leads to a finite

result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].
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B̃
.

As explained below, there is an uncertainty associated with the method used to derive the
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For instance, mτ̃ = 150 GeV would imply a lifetime of Γ−1
τ̃ # 78 s or Γ−1

τ̃ # 4.4 y for a

gravitino mass of m3/2 = 0.1 GeV or m3/2 = 75 GeV, respectively. The crucial point is

that the decay rate is completely determined by the masses mτ̃ and m3/2, independently

of other SUSY parameters, gauge and Yukawa couplings. The mass mτ̃ of the NSP will be

measured in the process of accumulation. Although the outgoing gravitino is not directly

measurable, its mass can also be inferred kinematically unless it is too small,

m2
3/2 = m2

τ̃ + m2
τ − 2mτ̃Eτ . (5)

Therefore, the gravitino mass can be determined with the same accuracy as Eτ and mτ̃ ,

i.e. with an uncertainty of a few GeV.

Comparing the decay rate (3), using the kinematically determined m3/2, with the

observed decay rate, it is possible to test an important supergravity prediction. In other

words, one can determine the ‘supergravity Planck scale’ from the NSP decay rate which

yields, up to O(α) corrections,
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The result can be compared with the Planck scale of Einstein gravity, i.e. Newton’s

constant determined by macroscopic measurements, GN = 6.707(10) · 10−39 GeV−2 [13],

M2
P(gravity) = (8π GN)−1 = (2.436(2) · 1018 GeV)2 . (7)

The consistency of the microscopic and macroscopic determinations of the Planck scale

is a crucial test of supergravity.

Furthermore, the measurement of the gravitino mass yields another important quan-

tity in supergravity, namely the mass scale of spontaneous supersymmetry breaking,

MSUSY =
√√

3MP m3/2 . (8)

This is the analogue of the Higgs vacuum expectation value v in the electroweak theory,

where v =
√

2mW /g = (2
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2GF)−1/2.
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where m
B̃

is the mass of the bino and mτ̃ is the mass of the stau NLSP, i.e. mã < mτ̃ < m
B̃
.

As explained below, there is an uncertainty associated with the method used to derive the

decay rate (2). We absorb this uncertainty into the mass scale m # mτ̃ ,B̃ # O(100 GeV)

and into the factor ξ # O(1) in the first line. We used log (fa/m) # 20.7 to get from the

first to the second line.

Here a technical comment on the loop integral is in order. If one naively integrates

over the internal momentum in the diagrams with the effective vertex — see Fig. 1 — one

encounters logarithmic divergencies. This is because the effective vertex (1) is applicable

only if the momentum is smaller than the heavy (s)quark masses, whereas the momentum

in the loop goes beyond that scale. In a rigorous treatment, one has to specify the origin

of the effective vertex, i.e. the Peccei–Quinn sector, and to calculate the two-loop integrals

with heavy (s)quarks in the additional loop. Such a two-loop computation leads to a finite

result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].
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gravitino mass of m3/2 = 0.1 GeV or m3/2 = 75 GeV, respectively. The crucial point is

that the decay rate is completely determined by the masses mτ̃ and m3/2, independently

of other SUSY parameters, gauge and Yukawa couplings. The mass mτ̃ of the NSP will be

measured in the process of accumulation. Although the outgoing gravitino is not directly

measurable, its mass can also be inferred kinematically unless it is too small,

m2
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The result can be compared with the Planck scale of Einstein gravity, i.e. Newton’s

constant determined by macroscopic measurements, GN = 6.707(10) · 10−39 GeV−2 [13],

M2
P(gravity) = (8π GN)−1 = (2.436(2) · 1018 GeV)2 . (7)

The consistency of the microscopic and macroscopic determinations of the Planck scale
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As explained below, there is an uncertainty associated with the method used to derive the

decay rate (2). We absorb this uncertainty into the mass scale m # mτ̃ ,B̃ # O(100 GeV)

and into the factor ξ # O(1) in the first line. We used log (fa/m) # 20.7 to get from the
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of the effective vertex, i.e. the Peccei–Quinn sector, and to calculate the two-loop integrals

with heavy (s)quarks in the additional loop. Such a two-loop computation leads to a finite

result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].
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ã

τ

τ

˜B

ã
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where m
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is the mass of the bino and mτ̃ is the mass of the stau NLSP, i.e. mã < mτ̃ < m
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.

As explained below, there is an uncertainty associated with the method used to derive the

decay rate (2). We absorb this uncertainty into the mass scale m # mτ̃ ,B̃ # O(100 GeV)

and into the factor ξ # O(1) in the first line. We used log (fa/m) # 20.7 to get from the

first to the second line.
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result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].

6

 RPC gravitino DM with long lived stau

 RPC axino DM with long lived stau
Brandenburg, Covi, Hamaguchi, 
Roszkowski and Steffen (2005)

τ→ τ + G~ ~ 



S. Su  Dark Matters 27

Microscopic determination of Mpl, fa
- Buchmuller, Hamaguchi, 

Ratz and Yanagida (2004)where mτ = 1.78 GeV is the τ mass, mτ̃ is the τ̃ mass, and m3/2 is the gravitino mass.

Neglecting mτ , we arrive at

Γ2−body
τ̃ =

m5
τ̃

48π m2
3/2 M2

P

×

(

1 −
m2

3/2

m2
τ̃

)4

. (4)

For instance, mτ̃ = 150 GeV would imply a lifetime of Γ−1
τ̃ # 78 s or Γ−1

τ̃ # 4.4 y for a

gravitino mass of m3/2 = 0.1 GeV or m3/2 = 75 GeV, respectively. The crucial point is

that the decay rate is completely determined by the masses mτ̃ and m3/2, independently

of other SUSY parameters, gauge and Yukawa couplings. The mass mτ̃ of the NSP will be

measured in the process of accumulation. Although the outgoing gravitino is not directly

measurable, its mass can also be inferred kinematically unless it is too small,

m2
3/2 = m2

τ̃ + m2
τ − 2mτ̃Eτ . (5)

Therefore, the gravitino mass can be determined with the same accuracy as Eτ and mτ̃ ,

i.e. with an uncertainty of a few GeV.

Comparing the decay rate (3), using the kinematically determined m3/2, with the

observed decay rate, it is possible to test an important supergravity prediction. In other

words, one can determine the ‘supergravity Planck scale’ from the NSP decay rate which

yields, up to O(α) corrections,
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The result can be compared with the Planck scale of Einstein gravity, i.e. Newton’s

constant determined by macroscopic measurements, GN = 6.707(10) · 10−39 GeV−2 [13],

M2
P(gravity) = (8π GN)−1 = (2.436(2) · 1018 GeV)2 . (7)

The consistency of the microscopic and macroscopic determinations of the Planck scale

is a crucial test of supergravity.

Furthermore, the measurement of the gravitino mass yields another important quan-

tity in supergravity, namely the mass scale of spontaneous supersymmetry breaking,

MSUSY =
√√

3MP m3/2 . (8)

This is the analogue of the Higgs vacuum expectation value v in the electroweak theory,

where v =
√

2mW /g = (2
√

2GF)−1/2.
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where m
B̃

is the mass of the bino and mτ̃ is the mass of the stau NLSP, i.e. mã < mτ̃ < m
B̃
.

As explained below, there is an uncertainty associated with the method used to derive the

decay rate (2). We absorb this uncertainty into the mass scale m # mτ̃ ,B̃ # O(100 GeV)

and into the factor ξ # O(1) in the first line. We used log (fa/m) # 20.7 to get from the

first to the second line.

Here a technical comment on the loop integral is in order. If one naively integrates

over the internal momentum in the diagrams with the effective vertex — see Fig. 1 — one

encounters logarithmic divergencies. This is because the effective vertex (1) is applicable

only if the momentum is smaller than the heavy (s)quark masses, whereas the momentum

in the loop goes beyond that scale. In a rigorous treatment, one has to specify the origin

of the effective vertex, i.e. the Peccei–Quinn sector, and to calculate the two-loop integrals

with heavy (s)quarks in the additional loop. Such a two-loop computation leads to a finite

result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].
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9 α4 C2

aYY

512π5 cos8 θW

m2
B̃

f 2
a

(m2
τ̃
− m2

ã
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For instance, mτ̃ = 150 GeV would imply a lifetime of Γ−1
τ̃ # 78 s or Γ−1

τ̃ # 4.4 y for a

gravitino mass of m3/2 = 0.1 GeV or m3/2 = 75 GeV, respectively. The crucial point is

that the decay rate is completely determined by the masses mτ̃ and m3/2, independently

of other SUSY parameters, gauge and Yukawa couplings. The mass mτ̃ of the NSP will be

measured in the process of accumulation. Although the outgoing gravitino is not directly

measurable, its mass can also be inferred kinematically unless it is too small,

m2
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τ − 2mτ̃Eτ . (5)

Therefore, the gravitino mass can be determined with the same accuracy as Eτ and mτ̃ ,
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The result can be compared with the Planck scale of Einstein gravity, i.e. Newton’s

constant determined by macroscopic measurements, GN = 6.707(10) · 10−39 GeV−2 [13],

M2
P(gravity) = (8π GN)−1 = (2.436(2) · 1018 GeV)2 . (7)

The consistency of the microscopic and macroscopic determinations of the Planck scale

is a crucial test of supergravity.

Furthermore, the measurement of the gravitino mass yields another important quan-

tity in supergravity, namely the mass scale of spontaneous supersymmetry breaking,

MSUSY =
√√

3MP m3/2 . (8)

This is the analogue of the Higgs vacuum expectation value v in the electroweak theory,

where v =
√

2mW /g = (2
√

2GF)−1/2.
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where m
B̃

is the mass of the bino and mτ̃ is the mass of the stau NLSP, i.e. mã < mτ̃ < m
B̃
.

As explained below, there is an uncertainty associated with the method used to derive the

decay rate (2). We absorb this uncertainty into the mass scale m # mτ̃ ,B̃ # O(100 GeV)

and into the factor ξ # O(1) in the first line. We used log (fa/m) # 20.7 to get from the

first to the second line.

Here a technical comment on the loop integral is in order. If one naively integrates

over the internal momentum in the diagrams with the effective vertex — see Fig. 1 — one

encounters logarithmic divergencies. This is because the effective vertex (1) is applicable

only if the momentum is smaller than the heavy (s)quark masses, whereas the momentum

in the loop goes beyond that scale. In a rigorous treatment, one has to specify the origin

of the effective vertex, i.e. the Peccei–Quinn sector, and to calculate the two-loop integrals

with heavy (s)quarks in the additional loop. Such a two-loop computation leads to a finite

result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].
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τ̃ # 4.4 y for a

gravitino mass of m3/2 = 0.1 GeV or m3/2 = 75 GeV, respectively. The crucial point is

that the decay rate is completely determined by the masses mτ̃ and m3/2, independently

of other SUSY parameters, gauge and Yukawa couplings. The mass mτ̃ of the NSP will be

measured in the process of accumulation. Although the outgoing gravitino is not directly

measurable, its mass can also be inferred kinematically unless it is too small,

m2
3/2 = m2

τ̃ + m2
τ − 2mτ̃Eτ . (5)

Therefore, the gravitino mass can be determined with the same accuracy as Eτ and mτ̃ ,

i.e. with an uncertainty of a few GeV.

Comparing the decay rate (3), using the kinematically determined m3/2, with the
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yields, up to O(α) corrections,

M2
P(supergravity) =

(
m2

τ̃ − m2
3/2 − m2

τ

)4

48π m2
3/2 m3

τ̃ Γτ̃




1 −

4m2
3/2 m2

τ
(
m2

τ̃ − m2
3/2 − m2

τ

)2






3/2

. (6)

The result can be compared with the Planck scale of Einstein gravity, i.e. Newton’s

constant determined by macroscopic measurements, GN = 6.707(10) · 10−39 GeV−2 [13],

M2
P(gravity) = (8π GN)−1 = (2.436(2) · 1018 GeV)2 . (7)

The consistency of the microscopic and macroscopic determinations of the Planck scale

is a crucial test of supergravity.

Furthermore, the measurement of the gravitino mass yields another important quan-

tity in supergravity, namely the mass scale of spontaneous supersymmetry breaking,

MSUSY =
√√

3MP m3/2 . (8)

This is the analogue of the Higgs vacuum expectation value v in the electroweak theory,
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ã
)2

m3
τ̃

ξ2 log2

(
fa

m

)

(2)

# ξ2 (25 sec)−1C2
aYY

(

1 −
m2

ã
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where m
B̃

is the mass of the bino and mτ̃ is the mass of the stau NLSP, i.e. mã < mτ̃ < m
B̃
.

As explained below, there is an uncertainty associated with the method used to derive the

decay rate (2). We absorb this uncertainty into the mass scale m # mτ̃ ,B̃ # O(100 GeV)

and into the factor ξ # O(1) in the first line. We used log (fa/m) # 20.7 to get from the

first to the second line.

Here a technical comment on the loop integral is in order. If one naively integrates

over the internal momentum in the diagrams with the effective vertex — see Fig. 1 — one

encounters logarithmic divergencies. This is because the effective vertex (1) is applicable

only if the momentum is smaller than the heavy (s)quark masses, whereas the momentum

in the loop goes beyond that scale. In a rigorous treatment, one has to specify the origin

of the effective vertex, i.e. the Peccei–Quinn sector, and to calculate the two-loop integrals

with heavy (s)quarks in the additional loop. Such a two-loop computation leads to a finite

result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].
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9 α4 C2

aYY

512π5 cos8 θW

m2
B̃

f 2
a

(m2
τ̃
− m2

ã
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measured in the process of accumulation. Although the outgoing gravitino is not directly

measurable, its mass can also be inferred kinematically unless it is too small,
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The result can be compared with the Planck scale of Einstein gravity, i.e. Newton’s

constant determined by macroscopic measurements, GN = 6.707(10) · 10−39 GeV−2 [13],

M2
P(gravity) = (8π GN)−1 = (2.436(2) · 1018 GeV)2 . (7)

The consistency of the microscopic and macroscopic determinations of the Planck scale
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decay rate:1

Γ(τ̃R → τ ã) =
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where m
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is the mass of the bino and mτ̃ is the mass of the stau NLSP, i.e. mã < mτ̃ < m
B̃
.

As explained below, there is an uncertainty associated with the method used to derive the

decay rate (2). We absorb this uncertainty into the mass scale m # mτ̃ ,B̃ # O(100 GeV)

and into the factor ξ # O(1) in the first line. We used log (fa/m) # 20.7 to get from the

first to the second line.

Here a technical comment on the loop integral is in order. If one naively integrates

over the internal momentum in the diagrams with the effective vertex — see Fig. 1 — one

encounters logarithmic divergencies. This is because the effective vertex (1) is applicable

only if the momentum is smaller than the heavy (s)quark masses, whereas the momentum

in the loop goes beyond that scale. In a rigorous treatment, one has to specify the origin

of the effective vertex, i.e. the Peccei–Quinn sector, and to calculate the two-loop integrals

with heavy (s)quarks in the additional loop. Such a two-loop computation leads to a finite

result [29]. Here, instead, we have regulated the logarithmic divergencies with the cut-off

1 We correct the factor of (1/16)(1 + tan2 θW )2/(1 − tan2 θW )2, which is missing in Eq. (3.12) of Ref. [21].
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xcut
θ (xcut

γ ). The dependence of the branching ratio (18) on the cut parameters in the axino

LSP case differs qualitatively from the one in the gravitino LSP case. Moreover, there is

a significant excess of BR(τ̃R → τ γ ã ; xcut
γ , xcut

θ ) over BR(τ̃R → τ γ G̃ ; xcut
γ , xcut

θ ) over large

ranges in the cut parameters. For example, if 104 stau NLSP decays can be analysed and

the cuts are set to xcut
γ = xcut

θ = 0.1, we expect about 165±13 (stat.) τ̃R → τ γ ã events for

the axino LSP and about 100±10 (stat.) τ̃R → τ γ G̃ events for the gravitino LSP. Thus,

the measurement of the branching ratio (18) would allow a distinction to be made between

the axino LSP and the gravitino LSP scenarios. For a smaller number of analysed stau

NLSP decays, this distinction becomes more difficult. In addition to the statistical errors,

details of the detectors and of the additional massive material needed to stop the staus and
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1 Introduction

Most supersymmetric extensions of the standard model impose R-parity [1] as an exact

symmetry of the supergravity Lagrangian. In this way, one forbids renormalizable baryon

and lepton number violating interactions which might cause too rapid proton decay [2].

On theoretical grounds, however, theories with and without R-parity are on the same

footing, and in low-energy effective theories obtained from string compactifications R-

parity plays no preferred role.

One can also construct supersymmetric extensions of the standard model without

R-parity [3], and the phenomenological constraints on these theories have been studied

in great detail [4]. Without R-parity conservation, the lightest superparticle (LSP) is no

longer stable and, in general, it does not contribute to dark matter.

Stringent constraints on the lepton number and R-parity violating interactions

W∆L=1 = λikjlie
c
jlk + λ′

kjid
c
iqjlk (1)

are imposed by baryogenesis. Both operators contain lepton doublets. Together with

sphaleron processes they therefore influence the baryon asymmetry at high temperature

in the early universe. The requirement that an existing baryon asymmetry is not erased

before the electroweak transition typically implies [5]

λ , λ′ < 10−7 . (2)

It is very remarkable that for such a small breaking of R-parity a gravitino LSP has a

lifetime much longer than the age of the universe [6]. This is due to the double suppression

by the inverse Planck mass and the R-parity breaking coupling, Γ3/2 ∝ λ2m3
3/2/MP

2. We

find for the gravitino lifetime

τ3/2 ∼ 1026s

(
λ

10−7

)−2 ( m3/2

10 GeV

)−3

, (3)

which is consistent with gravitino dark matter.

For a gravitino LSP, the properties of the next-to-lightest superparticle (NLSP) are

strongly constrained by primordial nucleosynthesis (BBN). In the particularly interesting

case of a charged NLSP, like a scalar τ -lepton, its lifetime has to be relatively short,

τNLSP <∼ 103 − 104 s [7]1, which typically requires m3/2 < 1 GeV. Even for neutral

particles, BBN excludes a neutralino NLSP for lifetimes longer than 102 s due to the

1See also [8]. Here, we consider mNLSP = O(100 GeV). For a heavier charged NLSP, mNLSP >

O(1 TeV), the bound on the lifetime becomes even more stringent (cf. [9]). We do not consider a late time

entropy production in this paper, which is an another possible way to avoid these BBN constraints [10].

2

strong constraints from hadronic showers [9]. Only a sneutrino NLSP could be marginally

acceptable also with longer lifetimes, and therefore larger gravitino mass, in the region

where the hadronic branching ratio of the decay is below 10−3 [11].

On the other hand, standard thermal leptogenesis [12], an attractive model for baryo-

genesis, needs a large reheating temperature in the early universe, TR >∼ 109 GeV

(cf. [13,14]). This reheating temperature implies m3/2 >∼ 5 GeV for a gluino mass of

mg̃ = 500 GeV in order to avoid overclosure of the universe due to thermal gravitino

production [15,16]2. The lower bound on the gravitino mass scales as mmin
3/2 ∼ TRm2

g̃.

All these cosmological problems are automatically solved without any fine tuning

of parameters in the case of a small breaking of R-parity, as given in Eq. (2), with a

gravitino LSP. The NLSP lifetime becomes sufficiently short for λ, λ′ > 10−14,

τNLSP " 103s

(
λ

10−14

)−2 (
mNLSP

100 GeV

)−1

. (4)

Therefore, primordial nucleosynthesis, thermal leptogenesis and gravitino dark matter

are naturally consistent for 10−14 < λ, λ′ < 10−7 and m3/2 >∼ 5 GeV. This is the main

point of this paper.

The paper is organised as follows. In Sec. 2 we present a model where R-parity

breaking is tied to B-L breaking, yielding the needed small R-parity breaking couplings.

Sec. 3 deals with constraints from neutrino masses. Sec. 4 deals with implications for

cosmology and collider physics. The results are discussed in Sec. 5.

2 R-Parity Breaking and B-L Breaking

2.1 A Model of R-Parity Breaking

We consider a supersymmetric extension of the standard model whose symmetry group

G includes U(1)B−L and R-invariance,

G = SU(3) × SU(2) × U(1)Y × U(1)B−L × U(1)R . (5)

Three quark-lepton generations can be grouped into the SU(5) representations 10i =

(q, uc, ec)i, 5̄i = (dc, l)i and 1 = νc
i , which together form 16-plets of SO(10). In addition,

we have two Higgs doublets Hu and Hd, two standard model singlets N c and N , and three

2We use the perturbative result for the gravitino production rate to leading order in the strong gauge

coupling g. Since g and also the thermal gluon mass are large, the perturbative expansion is problematic

[15]. The uncertainty due to higher orders in g and nonperturbative effects is O(1). Possible effects due

to thermal masses are also O(1) [17].
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strong constraints from hadronic showers [9]. Only a sneutrino NLSP could be marginally

acceptable also with longer lifetimes, and therefore larger gravitino mass, in the region

where the hadronic branching ratio of the decay is below 10−3 [11].

On the other hand, standard thermal leptogenesis [12], an attractive model for baryo-

genesis, needs a large reheating temperature in the early universe, TR >∼ 109 GeV

(cf. [13,14]). This reheating temperature implies m3/2 >∼ 5 GeV for a gluino mass of

mg̃ = 500 GeV in order to avoid overclosure of the universe due to thermal gravitino

production [15,16]2. The lower bound on the gravitino mass scales as mmin
3/2 ∼ TRm2

g̃.

All these cosmological problems are automatically solved without any fine tuning

of parameters in the case of a small breaking of R-parity, as given in Eq. (2), with a

gravitino LSP. The NLSP lifetime becomes sufficiently short for λ, λ′ > 10−14,

τNLSP " 103s

(
λ

10−14

)−2 (
mNLSP

100 GeV

)−1

. (4)

Therefore, primordial nucleosynthesis, thermal leptogenesis and gravitino dark matter

are naturally consistent for 10−14 < λ, λ′ < 10−7 and m3/2 >∼ 5 GeV. This is the main

point of this paper.

The paper is organised as follows. In Sec. 2 we present a model where R-parity

breaking is tied to B-L breaking, yielding the needed small R-parity breaking couplings.

Sec. 3 deals with constraints from neutrino masses. Sec. 4 deals with implications for

cosmology and collider physics. The results are discussed in Sec. 5.

2 R-Parity Breaking and B-L Breaking

2.1 A Model of R-Parity Breaking

We consider a supersymmetric extension of the standard model whose symmetry group

G includes U(1)B−L and R-invariance,

G = SU(3) × SU(2) × U(1)Y × U(1)B−L × U(1)R . (5)

Three quark-lepton generations can be grouped into the SU(5) representations 10i =

(q, uc, ec)i, 5̄i = (dc, l)i and 1 = νc
i , which together form 16-plets of SO(10). In addition,

we have two Higgs doublets Hu and Hd, two standard model singlets N c and N , and three

2We use the perturbative result for the gravitino production rate to leading order in the strong gauge

coupling g. Since g and also the thermal gluon mass are large, the perturbative expansion is problematic

[15]. The uncertainty due to higher orders in g and nonperturbative effects is O(1). Possible effects due

to thermal masses are also O(1) [17].
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breaking is tied to B-L breaking, yielding the needed small R-parity breaking couplings.

Sec. 3 deals with constraints from neutrino masses. Sec. 4 deals with implications for

cosmology and collider physics. The results are discussed in Sec. 5.
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2.1 A Model of R-Parity Breaking

We consider a supersymmetric extension of the standard model whose symmetry group

G includes U(1)B−L and R-invariance,

G = SU(3) × SU(2) × U(1)Y × U(1)B−L × U(1)R . (5)

Three quark-lepton generations can be grouped into the SU(5) representations 10i =

(q, uc, ec)i, 5̄i = (dc, l)i and 1 = νc
i , which together form 16-plets of SO(10). In addition,

we have two Higgs doublets Hu and Hd, two standard model singlets N c and N , and three

2We use the perturbative result for the gravitino production rate to leading order in the strong gauge

coupling g. Since g and also the thermal gluon mass are large, the perturbative expansion is problematic

[15]. The uncertainty due to higher orders in g and nonperturbative effects is O(1). Possible effects due

to thermal masses are also O(1) [17].

3

V. GRAVITINO DARKMATTER

In generic SUGRA theories, the gravitino is a very weakly coupled particle with mass ranging

from eV to many TeV’s. It can be produced in early universe plasma and remains in equilibrium

with rest of the cosmic soup at very high twemperatures i.e. (T ∼ Mpl). Slightly once the universe

cools below the Planck temperature, the gravitinos decouple. Since their annihilation or decay rate

are very slow, their number density dilutes only due to entropy dumped into the cosmic bath at

different annihilation thresholds of other particles. This dilution is not a large effect. Therefore

in the absence of inflation, if gravitino is the LSP and R-parity is conserved, its mass must not to

exceed 1 keV in order not to over-close the universe.

In the inflationary scenario however, any initial gravitino abundance will be diluted to very tiny

values. However, secondary production of gravitinos in the reheating process can be appreciable

and proportional to the reheat temperature. This has been estimated in various papers to be [15].

Ω3/2h
2 ≈ 0.27

(
TR

1010 GeV

) (
100 GeV

m3/2

) ( mg̃

1 TeV

)2

, (17)

where TR is the reheating temperature, and m3/2 and mg̃ are the gravitino and gluino masses, re-

spectively. While this would permit gravitinos in the 100 GeV mass range, one must be mindful

of other constraints when R-parity is conserved: the NLSP (often neutralino or stau, etc.) decays

late, after freeze-out and often after big-bang nucleosynthesis (BBN) (T ! 1 MeV), and produces

a large amount of entropy mainly as photons into the universe, thereby drastically changing the

ratio of
nB

nγ
. Also the decay products can destroy the produced elements making it hard to under-

stand the successes of BBN [16]. Therefore, in a consistent picture of the universe described by

supergravity theories, the NLSP must decay quickly (< 102s). If R-pairty is conserved, typical

NLSP life time however is anywhere from a few days to years as can be inferred from the formula

τNLSP ≈ 9 days
( m3/2

100GeV

)2
(

100GeV

mNLSP

)5

. (18)

Here we need m3/2 # 1 GeV for mNLSP mass around 100 GeV. So whereas the overclosure

constraints by gravitinos can be reconciled with multi-GeVmass gravitinos by adjusting the reheat

temperature, the NLSP lifetime constraints cannot be accommodated without extreme fine tuning.

This late-decay problem can be solved if R-parity is violated by a small amount [1]. [For an

R-parity conserving theory, there are also ways to avoid this; see [17].] In this case, the neutralino

decays very quickly into RPV channels and there is no longer an upper-bound from BBN consid-

erations. Our model leads naturally to this scenario since the gravitino can now decay to several
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1 Introduction

Most supersymmetric extensions of the standard model impose R-parity [1] as an exact

symmetry of the supergravity Lagrangian. In this way, one forbids renormalizable baryon

and lepton number violating interactions which might cause too rapid proton decay [2].

On theoretical grounds, however, theories with and without R-parity are on the same

footing, and in low-energy effective theories obtained from string compactifications R-

parity plays no preferred role.

One can also construct supersymmetric extensions of the standard model without

R-parity [3], and the phenomenological constraints on these theories have been studied

in great detail [4]. Without R-parity conservation, the lightest superparticle (LSP) is no

longer stable and, in general, it does not contribute to dark matter.

Stringent constraints on the lepton number and R-parity violating interactions

W∆L=1 = λikjlie
c
jlk + λ′

kjid
c
iqjlk (1)

are imposed by baryogenesis. Both operators contain lepton doublets. Together with

sphaleron processes they therefore influence the baryon asymmetry at high temperature

in the early universe. The requirement that an existing baryon asymmetry is not erased

before the electroweak transition typically implies [5]

λ , λ′ < 10−7 . (2)

It is very remarkable that for such a small breaking of R-parity a gravitino LSP has a

lifetime much longer than the age of the universe [6]. This is due to the double suppression

by the inverse Planck mass and the R-parity breaking coupling, Γ3/2 ∝ λ2m3
3/2/MP

2. We

find for the gravitino lifetime

τ3/2 ∼ 1026s

(
λ

10−7

)−2 ( m3/2

10 GeV

)−3

, (3)

which is consistent with gravitino dark matter.

For a gravitino LSP, the properties of the next-to-lightest superparticle (NLSP) are

strongly constrained by primordial nucleosynthesis (BBN). In the particularly interesting

case of a charged NLSP, like a scalar τ -lepton, its lifetime has to be relatively short,

τNLSP <∼ 103 − 104 s [7]1, which typically requires m3/2 < 1 GeV. Even for neutral

particles, BBN excludes a neutralino NLSP for lifetimes longer than 102 s due to the

1See also [8]. Here, we consider mNLSP = O(100 GeV). For a heavier charged NLSP, mNLSP >

O(1 TeV), the bound on the lifetime becomes even more stringent (cf. [9]). We do not consider a late time

entropy production in this paper, which is an another possible way to avoid these BBN constraints [10].
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different annihilation thresholds of other particles. This dilution is not a large effect. Therefore

in the absence of inflation, if gravitino is the LSP and R-parity is conserved, its mass must not to

exceed 1 keV in order not to over-close the universe.

In the inflationary scenario however, any initial gravitino abundance will be diluted to very tiny

values. However, secondary production of gravitinos in the reheating process can be appreciable

and proportional to the reheat temperature. This has been estimated in various papers to be [15].

Ω3/2h
2 ≈ 0.27

(
TR

1010 GeV

) (
100 GeV

m3/2

) ( mg̃

1 TeV

)2

, (17)

where TR is the reheating temperature, and m3/2 and mg̃ are the gravitino and gluino masses, re-

spectively. While this would permit gravitinos in the 100 GeV mass range, one must be mindful

of other constraints when R-parity is conserved: the NLSP (often neutralino or stau, etc.) decays

late, after freeze-out and often after big-bang nucleosynthesis (BBN) (T ! 1 MeV), and produces

a large amount of entropy mainly as photons into the universe, thereby drastically changing the

ratio of
nB

nγ
. Also the decay products can destroy the produced elements making it hard to under-

stand the successes of BBN [16]. Therefore, in a consistent picture of the universe described by

supergravity theories, the NLSP must decay quickly (< 102s). If R-pairty is conserved, typical

NLSP life time however is anywhere from a few days to years as can be inferred from the formula

τNLSP ≈ 9 days
( m3/2

100GeV

)2
(

100GeV

mNLSP

)5

. (18)

Here we need m3/2 # 1 GeV for mNLSP mass around 100 GeV. So whereas the overclosure

constraints by gravitinos can be reconciled with multi-GeVmass gravitinos by adjusting the reheat

temperature, the NLSP lifetime constraints cannot be accommodated without extreme fine tuning.

This late-decay problem can be solved if R-parity is violated by a small amount [1]. [For an

R-parity conserving theory, there are also ways to avoid this; see [17].] In this case, the neutralino

decays very quickly into RPV channels and there is no longer an upper-bound from BBN consid-

erations. Our model leads naturally to this scenario since the gravitino can now decay to several
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strong constraints from hadronic showers [9]. Only a sneutrino NLSP could be marginally

acceptable also with longer lifetimes, and therefore larger gravitino mass, in the region

where the hadronic branching ratio of the decay is below 10−3 [11].

On the other hand, standard thermal leptogenesis [12], an attractive model for baryo-

genesis, needs a large reheating temperature in the early universe, TR >∼ 109 GeV

(cf. [13,14]). This reheating temperature implies m3/2 >∼ 5 GeV for a gluino mass of

mg̃ = 500 GeV in order to avoid overclosure of the universe due to thermal gravitino

production [15,16]2. The lower bound on the gravitino mass scales as mmin
3/2 ∼ TRm2

g̃.

All these cosmological problems are automatically solved without any fine tuning

of parameters in the case of a small breaking of R-parity, as given in Eq. (2), with a

gravitino LSP. The NLSP lifetime becomes sufficiently short for λ, λ′ > 10−14,

τNLSP " 103s

(
λ

10−14

)−2 (
mNLSP

100 GeV

)−1

. (4)

Therefore, primordial nucleosynthesis, thermal leptogenesis and gravitino dark matter

are naturally consistent for 10−14 < λ, λ′ < 10−7 and m3/2 >∼ 5 GeV. This is the main

point of this paper.

The paper is organised as follows. In Sec. 2 we present a model where R-parity

breaking is tied to B-L breaking, yielding the needed small R-parity breaking couplings.

Sec. 3 deals with constraints from neutrino masses. Sec. 4 deals with implications for

cosmology and collider physics. The results are discussed in Sec. 5.

2 R-Parity Breaking and B-L Breaking

2.1 A Model of R-Parity Breaking

We consider a supersymmetric extension of the standard model whose symmetry group

G includes U(1)B−L and R-invariance,

G = SU(3) × SU(2) × U(1)Y × U(1)B−L × U(1)R . (5)

Three quark-lepton generations can be grouped into the SU(5) representations 10i =

(q, uc, ec)i, 5̄i = (dc, l)i and 1 = νc
i , which together form 16-plets of SO(10). In addition,

we have two Higgs doublets Hu and Hd, two standard model singlets N c and N , and three

2We use the perturbative result for the gravitino production rate to leading order in the strong gauge

coupling g. Since g and also the thermal gluon mass are large, the perturbative expansion is problematic

[15]. The uncertainty due to higher orders in g and nonperturbative effects is O(1). Possible effects due

to thermal masses are also O(1) [17].

3

~
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Collider signature: RPV gravitino DM

-

 stau NLSPimated by

cτ lep
τ̃ ∼ 30 cm

(
mτ̃

200GeV

)−1 (
ε2

10−7

)−2
(

tan β

10

)−2

. (44)

It is intriguing that the sufficient condition to avoid the erasure of the baryon asymmetry,

Eq. (20), implies the observation of a displaced stau vertex at future colliders, more than

3mm away from the beam axis for ε2 < 10−6. In the particular case of the flavour model

(II) discussed in Sec. 2.2, ε2 ∼ 6 × 10−8, one has a spectacular signal consisting on a

heavily ionising charged track of length ∼ 0.8 m, followed by a muon track or a jet and

missing energy, corresponding to τ̃ → µντ or τ̃ → τνµ, respectively.

If the hadronic channel τ̃L → bct is the dominant mode, the decay length is given by

cτhad
τ̃ ∼ 1.4 m

(
mτ̃

200GeV

)−1 (
ε3

10−7

)−2
(

tanβ

10

)−2 (
cos θτ

0.1

)−2

, (45)

where θτ denotes the mixing angle of the staus. This channel also yields a very unique

signature at colliders, consisting of a heavily ionising charged track followed by two jets.

These characteristic signatures would allow to distinguish at colliders our scenario

from the case with conserved R-parity where the decay τ̃ → ψ3/2τ leads to (cf. [34])

cτ 3/2
τ̃ ∼ 40 cm

( m3/2

1 keV

)2 (
mτ̃

200 GeV

)−5

. (46)

Hence, for a gravitino mass m3/2 <∼ O(10 keV), the decay length of the lightest stau

is shorter than O(10 m), and would therefore decay inside the detector into tau and

gravitino. The experimental signature for this process would be identical to the decay

τ̃ → τνµ. However, the scenario with R-parity violation also predicts the decay τ̃ → µντ ,

with very similar branching ratio due to SU(2) invariance. Although this signature could

be mimicked by a scenario with conserved R-parity if lepton flavour is violated, through

the decay τ̃ → µψ3/2, large branching ratios are precluded from present bounds on

flavour violation [35]. In consequence, the observation of a comparable number of tau

and muon events in stau decays would constitute a signature for the scenario with R-

parity violation. Also, the observation of a stau decaying into two jets would undoubtedly

point to the scenario with R-parity violation.

On the other hand, if the lightest neutralino is the NLSP, it decays through χ0
1 →

τ±W∓ [36], or through χ0
1 → b bc ν [37] if the former decay channel is kinematically

closed. The corresponding decay lengths can be approximated by

cτ 2−body
χ0

1

∼ 20 cm
( mχ0

1

200 GeV

)−3 (
ε3

10−7

)−2
(

tanβ

10

)2

, (47)

cτ 3−body
χ0

1

∼ 600 m
( mν̃L

300 GeV

)4 ( mχ0
1

200 GeV

)−5 (
ε3

10−7

)−2
(

tanβ

10

)−2

. (48)
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(
mτ̃

200GeV

)−1 (
ε2

10−7

)−2
(

tan β

10

)−2

. (44)

It is intriguing that the sufficient condition to avoid the erasure of the baryon asymmetry,

Eq. (20), implies the observation of a displaced stau vertex at future colliders, more than

3mm away from the beam axis for ε2 < 10−6. In the particular case of the flavour model

(II) discussed in Sec. 2.2, ε2 ∼ 6 × 10−8, one has a spectacular signal consisting on a

heavily ionising charged track of length ∼ 0.8 m, followed by a muon track or a jet and

missing energy, corresponding to τ̃ → µντ or τ̃ → τνµ, respectively.

If the hadronic channel τ̃L → bct is the dominant mode, the decay length is given by

cτhad
τ̃ ∼ 1.4 m

(
mτ̃

200GeV

)−1 (
ε3

10−7

)−2
(

tanβ

10

)−2 (
cos θτ

0.1

)−2

, (45)

where θτ denotes the mixing angle of the staus. This channel also yields a very unique

signature at colliders, consisting of a heavily ionising charged track followed by two jets.

These characteristic signatures would allow to distinguish at colliders our scenario

from the case with conserved R-parity where the decay τ̃ → ψ3/2τ leads to (cf. [34])

cτ 3/2
τ̃ ∼ 40 cm

( m3/2

1 keV

)2 (
mτ̃

200 GeV

)−5

. (46)

Hence, for a gravitino mass m3/2 <∼ O(10 keV), the decay length of the lightest stau

is shorter than O(10 m), and would therefore decay inside the detector into tau and

gravitino. The experimental signature for this process would be identical to the decay

τ̃ → τνµ. However, the scenario with R-parity violation also predicts the decay τ̃ → µντ ,

with very similar branching ratio due to SU(2) invariance. Although this signature could

be mimicked by a scenario with conserved R-parity if lepton flavour is violated, through

the decay τ̃ → µψ3/2, large branching ratios are precluded from present bounds on

flavour violation [35]. In consequence, the observation of a comparable number of tau

and muon events in stau decays would constitute a signature for the scenario with R-

parity violation. Also, the observation of a stau decaying into two jets would undoubtedly

point to the scenario with R-parity violation.

On the other hand, if the lightest neutralino is the NLSP, it decays through χ0
1 →

τ±W∓ [36], or through χ0
1 → b bc ν [37] if the former decay channel is kinematically

closed. The corresponding decay lengths can be approximated by

cτ 2−body
χ0

1

∼ 20 cm
( mχ0

1

200 GeV

)−3 (
ε3

10−7

)−2
(

tanβ

10

)2

, (47)

cτ 3−body
χ0

1

∼ 600 m
( mν̃L

300 GeV

)4 ( mχ0
1

200 GeV

)−5 (
ε3

10−7

)−2
(

tanβ

10

)−2

. (48)
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⇒ charged track longer than 3 mm
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τ̃ ∼ 30 cm

(
mτ̃

200GeV

)−1 (
ε2

10−7

)−2
(

tan β

10

)−2

. (44)

It is intriguing that the sufficient condition to avoid the erasure of the baryon asymmetry,

Eq. (20), implies the observation of a displaced stau vertex at future colliders, more than

3mm away from the beam axis for ε2 < 10−6. In the particular case of the flavour model

(II) discussed in Sec. 2.2, ε2 ∼ 6 × 10−8, one has a spectacular signal consisting on a

heavily ionising charged track of length ∼ 0.8 m, followed by a muon track or a jet and

missing energy, corresponding to τ̃ → µντ or τ̃ → τνµ, respectively.

If the hadronic channel τ̃L → bct is the dominant mode, the decay length is given by

cτhad
τ̃ ∼ 1.4 m

(
mτ̃

200GeV

)−1 (
ε3

10−7

)−2
(

tanβ

10

)−2 (
cos θτ

0.1

)−2

, (45)

where θτ denotes the mixing angle of the staus. This channel also yields a very unique

signature at colliders, consisting of a heavily ionising charged track followed by two jets.

These characteristic signatures would allow to distinguish at colliders our scenario

from the case with conserved R-parity where the decay τ̃ → ψ3/2τ leads to (cf. [34])

cτ 3/2
τ̃ ∼ 40 cm

( m3/2

1 keV

)2 (
mτ̃

200 GeV

)−5

. (46)

Hence, for a gravitino mass m3/2 <∼ O(10 keV), the decay length of the lightest stau

is shorter than O(10 m), and would therefore decay inside the detector into tau and

gravitino. The experimental signature for this process would be identical to the decay

τ̃ → τνµ. However, the scenario with R-parity violation also predicts the decay τ̃ → µντ ,

with very similar branching ratio due to SU(2) invariance. Although this signature could

be mimicked by a scenario with conserved R-parity if lepton flavour is violated, through

the decay τ̃ → µψ3/2, large branching ratios are precluded from present bounds on

flavour violation [35]. In consequence, the observation of a comparable number of tau

and muon events in stau decays would constitute a signature for the scenario with R-

parity violation. Also, the observation of a stau decaying into two jets would undoubtedly

point to the scenario with R-parity violation.

On the other hand, if the lightest neutralino is the NLSP, it decays through χ0
1 →

τ±W∓ [36], or through χ0
1 → b bc ν [37] if the former decay channel is kinematically

closed. The corresponding decay lengths can be approximated by

cτ 2−body
χ0

1

∼ 20 cm
( mχ0

1

200 GeV

)−3 (
ε3

10−7

)−2
(

tanβ

10

)2

, (47)

cτ 3−body
χ0

1

∼ 600 m
( mν̃L

300 GeV

)4 ( mχ0
1

200 GeV

)−5 (
ε3

10−7

)−2
(

tanβ

10

)−2

. (48)
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Buchmuller, Covi, Hamaguchi, Ibarra and Yanagida (2007)

• τR→ τνμ, μντ~

• τL→ bt~

Signal: heavily ionizing charged track, followed by a lepton or a jet and ET/

~

Signal: heavily ionizing charged track, followed by two jets, one lepton and ET/
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-

 distinguish from RPC decay 

 τR → τ G

imated by

cτ lep
τ̃ ∼ 30 cm

(
mτ̃

200GeV

)−1 (
ε2

10−7

)−2
(

tan β

10

)−2

. (44)

It is intriguing that the sufficient condition to avoid the erasure of the baryon asymmetry,

Eq. (20), implies the observation of a displaced stau vertex at future colliders, more than

3mm away from the beam axis for ε2 < 10−6. In the particular case of the flavour model

(II) discussed in Sec. 2.2, ε2 ∼ 6 × 10−8, one has a spectacular signal consisting on a

heavily ionising charged track of length ∼ 0.8 m, followed by a muon track or a jet and

missing energy, corresponding to τ̃ → µντ or τ̃ → τνµ, respectively.

If the hadronic channel τ̃L → bct is the dominant mode, the decay length is given by

cτhad
τ̃ ∼ 1.4 m

(
mτ̃

200GeV

)−1 (
ε3

10−7

)−2
(

tanβ

10

)−2 (
cos θτ

0.1

)−2

, (45)

where θτ denotes the mixing angle of the staus. This channel also yields a very unique

signature at colliders, consisting of a heavily ionising charged track followed by two jets.

These characteristic signatures would allow to distinguish at colliders our scenario

from the case with conserved R-parity where the decay τ̃ → ψ3/2τ leads to (cf. [34])

cτ 3/2
τ̃ ∼ 40 cm

( m3/2

1 keV

)2 (
mτ̃

200 GeV

)−5

. (46)

Hence, for a gravitino mass m3/2 <∼ O(10 keV), the decay length of the lightest stau

is shorter than O(10 m), and would therefore decay inside the detector into tau and

gravitino. The experimental signature for this process would be identical to the decay

τ̃ → τνµ. However, the scenario with R-parity violation also predicts the decay τ̃ → µντ ,

with very similar branching ratio due to SU(2) invariance. Although this signature could

be mimicked by a scenario with conserved R-parity if lepton flavour is violated, through

the decay τ̃ → µψ3/2, large branching ratios are precluded from present bounds on

flavour violation [35]. In consequence, the observation of a comparable number of tau

and muon events in stau decays would constitute a signature for the scenario with R-

parity violation. Also, the observation of a stau decaying into two jets would undoubtedly

point to the scenario with R-parity violation.

On the other hand, if the lightest neutralino is the NLSP, it decays through χ0
1 →

τ±W∓ [36], or through χ0
1 → b bc ν [37] if the former decay channel is kinematically

closed. The corresponding decay lengths can be approximated by

cτ 2−body
χ0

1

∼ 20 cm
( mχ0

1

200 GeV

)−3 (
ε3

10−7

)−2
(

tanβ

10

)2

, (47)

cτ 3−body
χ0

1

∼ 600 m
( mν̃L

300 GeV

)4 ( mχ0
1

200 GeV

)−5 (
ε3

10−7

)−2
(

tanβ

10

)−2

. (48)
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decay inside the detector if m3/2 < 10 keV

• similar branching ratio of τR→ τνμ, μντ
• stau decaying into jets

Signal: heavily ionizing charged track, followed by a lepton or jet and ET

~ ~

~
For RPV case, 

/
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RPV gravitino DM: neutralino NLSP
-

 neutralino  NLSP

• χ10→ τW, bbν: jets in the events

imated by

cτ lep
τ̃ ∼ 30 cm

(
mτ̃

200GeV

)−1 (
ε2

10−7

)−2
(

tan β

10

)−2

. (44)

It is intriguing that the sufficient condition to avoid the erasure of the baryon asymmetry,

Eq. (20), implies the observation of a displaced stau vertex at future colliders, more than

3mm away from the beam axis for ε2 < 10−6. In the particular case of the flavour model

(II) discussed in Sec. 2.2, ε2 ∼ 6 × 10−8, one has a spectacular signal consisting on a

heavily ionising charged track of length ∼ 0.8 m, followed by a muon track or a jet and

missing energy, corresponding to τ̃ → µντ or τ̃ → τνµ, respectively.

If the hadronic channel τ̃L → bct is the dominant mode, the decay length is given by

cτhad
τ̃ ∼ 1.4 m

(
mτ̃

200GeV

)−1 (
ε3

10−7

)−2
(

tanβ

10

)−2 (
cos θτ

0.1

)−2

, (45)

where θτ denotes the mixing angle of the staus. This channel also yields a very unique

signature at colliders, consisting of a heavily ionising charged track followed by two jets.

These characteristic signatures would allow to distinguish at colliders our scenario

from the case with conserved R-parity where the decay τ̃ → ψ3/2τ leads to (cf. [34])

cτ 3/2
τ̃ ∼ 40 cm

( m3/2

1 keV

)2 (
mτ̃

200 GeV

)−5

. (46)

Hence, for a gravitino mass m3/2 <∼ O(10 keV), the decay length of the lightest stau

is shorter than O(10 m), and would therefore decay inside the detector into tau and

gravitino. The experimental signature for this process would be identical to the decay

τ̃ → τνµ. However, the scenario with R-parity violation also predicts the decay τ̃ → µντ ,

with very similar branching ratio due to SU(2) invariance. Although this signature could

be mimicked by a scenario with conserved R-parity if lepton flavour is violated, through

the decay τ̃ → µψ3/2, large branching ratios are precluded from present bounds on

flavour violation [35]. In consequence, the observation of a comparable number of tau

and muon events in stau decays would constitute a signature for the scenario with R-

parity violation. Also, the observation of a stau decaying into two jets would undoubtedly

point to the scenario with R-parity violation.

On the other hand, if the lightest neutralino is the NLSP, it decays through χ0
1 →

τ±W∓ [36], or through χ0
1 → b bc ν [37] if the former decay channel is kinematically

closed. The corresponding decay lengths can be approximated by

cτ 2−body
χ0

1

∼ 20 cm
( mχ0

1

200 GeV

)−3 (
ε3

10−7

)−2
(

tanβ

10

)2

, (47)

cτ 3−body
χ0

1

∼ 600 m
( mν̃L

300 GeV

)4 ( mχ0
1

200 GeV

)−5 (
ε3

10−7

)−2
(

tanβ

10

)−2

. (48)
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with conserved R-parity. In this case, the neutralino decays into gravitino and photon

[38] with decay length

cτ 3/2
χ0

1

∼ 80 cm
(

m3/2

1 keV

)2 ( mχ0
1

200 GeV

)−5

. (49)

For a gravitino mass m3/2 <∼ O(10 keV) the neutralino would decay inside the detector

producing an energetic photon and missing energy, which is clearly distinguishable from

the signals in the R-parity violating scenario that in general involve jets.

4.4 Microscopic Determination of the Planck Mass

Recently, a method has been proposed for the microscopic determination of the Planck

mass in collider experiments [34], providing a direct test of supergravity. The method

requires a very long lived stau NLSP which decays mostly into tau and gravitino, which

is difficult to reconcile with recent constraints from BBN [7,9], unless there is a late–time

entropy production [10]. In the picture proposed in this letter, where primordial nucle-

osynthesis, thermal leptogenesis and dark matter are naturally consistent, this method

cannot be pursued, as the stau decays predominantly in the R-parity violating channel

into charged lepton and neutrino.

Nevertheless, from a gravitino signal in the diffuse γ-ray flux and the width for the

stau decay into two jets, one can still obtain a microscopic estimate of the Planck mass.

The gravitino mass is given by the maximal energy of the photon, m3/2 = 2Eγ, and the

gravitino lifetime can be determined from the photon flux, Eqs. (38,40). Then, using the

expression for the gravitino decay rate, Eq. (31), one can rewrite the Planck mass in

terms of the gravitino mass, lifetime and photino-neutrino mixing as

MP =

(
m3

3/2τ3/2

32π

)1/2

|Uγ̃ν |

= 2.5 × 1018 GeV
(

m3/2

10 GeV

)3/2 (
τ3/2

4 × 1027 s

)1/2
(
|Uγ̃ν |
10−8

)

(50)

where |Uγ̃ν | is related to the decay rate of the stau into two jets6. We can cast the

dependence on the decay rate as a dependence on the decay length of the stau in this

channel, yielding

|Uγ̃ν |2 # 10−16

(
cτhad

τ̃

1.4m

)−1 (
m̃

200GeV

)−3 (
tanβ

10

)2 (
cos θτ

0.1

)2

. (51)

6Note that the decay rate of the stau into leptons depends on ε2 whereas |Uγ̃ν | depends on the

sneutrino VEV and therefore mainly on ε3 for the hierarchical case.
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• comparing to RPC: χ10→ γG: photon plus missing energy
~

Mukhopadhyaya et. al (1998)
Chun and Lee (1999)
Dreiner and Ross (1991)
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Again, this scenario can be easily discriminated at future colliders from the scenario

with conserved R-parity. In this case, the neutralino decays into gravitino and photon

[38] with decay length

cτ 3/2
χ0

1

∼ 80 cm
(

m3/2

1 keV

)2 ( mχ0
1

200 GeV

)−5

. (49)

For a gravitino mass m3/2 <∼ O(10 keV) the neutralino would decay inside the detector

producing an energetic photon and missing energy, which is clearly distinguishable from

the signals in the R-parity violating scenario that in general involve jets.

4.4 Microscopic Determination of the Planck Mass

Recently, a method has been proposed for the microscopic determination of the Planck

mass in collider experiments [34], providing a direct test of supergravity. The method

requires a very long lived stau NLSP which decays mostly into tau and gravitino, which

is difficult to reconcile with recent constraints from BBN [7,9], unless there is a late–time

entropy production [10]. In the picture proposed in this letter, where primordial nucle-

osynthesis, thermal leptogenesis and dark matter are naturally consistent, this method

cannot be pursued, as the stau decays predominantly in the R-parity violating channel

into charged lepton and neutrino.

Nevertheless, from a gravitino signal in the diffuse γ-ray flux and the width for the

stau decay into two jets, one can still obtain a microscopic estimate of the Planck mass.

The gravitino mass is given by the maximal energy of the photon, m3/2 = 2Eγ, and the

gravitino lifetime can be determined from the photon flux, Eqs. (38,40). Then, using the

expression for the gravitino decay rate, Eq. (31), one can rewrite the Planck mass in

terms of the gravitino mass, lifetime and photino-neutrino mixing as

MP =

(
m3

3/2τ3/2

32π

)1/2

|Uγ̃ν |

= 2.5 × 1018 GeV
(

m3/2

10 GeV

)3/2 (
τ3/2

4 × 1027 s

)1/2
(
|Uγ̃ν |
10−8

)

(50)

where |Uγ̃ν | is related to the decay rate of the stau into two jets6. We can cast the

dependence on the decay rate as a dependence on the decay length of the stau in this

channel, yielding

|Uγ̃ν |2 # 10−16

(
cτhad

τ̃

1.4m

)−1 (
m̃

200GeV

)−3 (
tanβ

10

)2 (
cos θτ

0.1

)2

. (51)

6Note that the decay rate of the stau into leptons depends on ε2 whereas |Uγ̃ν | depends on the

sneutrino VEV and therefore mainly on ε3 for the hierarchical case.
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τL → bt + diffuse gamma ray flux ~

Gravitino decay channels
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Γ(ψ3/2 → γν) =
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P
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Again, this scenario can be easily discriminated at future colliders from the scenario

with conserved R-parity. In this case, the neutralino decays into gravitino and photon

[38] with decay length

cτ 3/2
χ0

1

∼ 80 cm
(

m3/2

1 keV

)2 ( mχ0
1

200 GeV

)−5

. (49)

For a gravitino mass m3/2 <∼ O(10 keV) the neutralino would decay inside the detector

producing an energetic photon and missing energy, which is clearly distinguishable from

the signals in the R-parity violating scenario that in general involve jets.

4.4 Microscopic Determination of the Planck Mass

Recently, a method has been proposed for the microscopic determination of the Planck

mass in collider experiments [34], providing a direct test of supergravity. The method

requires a very long lived stau NLSP which decays mostly into tau and gravitino, which

is difficult to reconcile with recent constraints from BBN [7,9], unless there is a late–time

entropy production [10]. In the picture proposed in this letter, where primordial nucle-

osynthesis, thermal leptogenesis and dark matter are naturally consistent, this method

cannot be pursued, as the stau decays predominantly in the R-parity violating channel

into charged lepton and neutrino.

Nevertheless, from a gravitino signal in the diffuse γ-ray flux and the width for the

stau decay into two jets, one can still obtain a microscopic estimate of the Planck mass.

The gravitino mass is given by the maximal energy of the photon, m3/2 = 2Eγ, and the

gravitino lifetime can be determined from the photon flux, Eqs. (38,40). Then, using the

expression for the gravitino decay rate, Eq. (31), one can rewrite the Planck mass in

terms of the gravitino mass, lifetime and photino-neutrino mixing as

MP =

(
m3

3/2τ3/2

32π

)1/2

|Uγ̃ν |

= 2.5 × 1018 GeV
(

m3/2

10 GeV

)3/2 (
τ3/2

4 × 1027 s

)1/2
(
|Uγ̃ν |
10−8

)

(50)

where |Uγ̃ν | is related to the decay rate of the stau into two jets6. We can cast the

dependence on the decay rate as a dependence on the decay length of the stau in this

channel, yielding

|Uγ̃ν |2 # 10−16

(
cτhad

τ̃

1.4m

)−1 (
m̃

200GeV

)−3 (
tanβ

10

)2 (
cos θτ

0.1

)2

. (51)

6Note that the decay rate of the stau into leptons depends on ε2 whereas |Uγ̃ν | depends on the

sneutrino VEV and therefore mainly on ε3 for the hierarchical case.
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Nevertheless, from a gravitino signal in the diffuse γ-ray flux and the width for the

stau decay into two jets, one can still obtain a microscopic estimate of the Planck mass.

The gravitino mass is given by the maximal energy of the photon, m3/2 = 2Eγ, and the

gravitino lifetime can be determined from the photon flux, Eqs. (38,40). Then, using the

expression for the gravitino decay rate, Eq. (31), one can rewrite the Planck mass in

terms of the gravitino mass, lifetime and photino-neutrino mixing as

MP =

(
m3

3/2τ3/2

32π

)1/2

|Uγ̃ν |

= 2.5 × 1018 GeV
(

m3/2

10 GeV

)3/2 (
τ3/2

4 × 1027 s

)1/2
(
|Uγ̃ν |
10−8

)

(50)

where |Uγ̃ν | is related to the decay rate of the stau into two jets6. We can cast the

dependence on the decay rate as a dependence on the decay length of the stau in this

channel, yielding

|Uγ̃ν |2 # 10−16

(
cτhad

τ̃

1.4m

)−1 (
m̃

200GeV

)−3 (
tanβ

10

)2 (
cos θτ

0.1

)2

. (51)

6Note that the decay rate of the stau into leptons depends on ε2 whereas |Uγ̃ν | depends on the

sneutrino VEV and therefore mainly on ε3 for the hierarchical case.

14

maximum energy of photon

decay with of stau_had

photon flux

τL → bt + diffuse gamma ray flux ~

Gravitino decay channels

!3/2

"

"

#

Light gravitino m3/2 <
∼

MW

ψ3/2 → γν

Γ(ψ3/2 → γν) =
1

32π
|Uγ̃ν |2

m3
3/2

M2
P

Alejandro Ibarra (DESY) Gravitino Dark Matter – p.17/34



S. Su  Dark Matters 35

-

Conclusion    

 We now know the composition of the Universe

 No known particle in the SM can be DM

 ⇒ precise, unambiguous evidence for new physics

 New physics 

 ⇒ new stable particle as DM candidate

 many WIMP candidates

   How to do precision cosmology at colliders ⇒ Dutta’s talk

   synergy between cosmology and particle physics
 

 WIMPless miracle: DM mass/coupling vary 

 superWIMP: RPC or RPV? Collider studies

 Other dark matter scenarios? Collider connections? 


