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Dark matter motivation: general
-

Dark Matter: long-lived on cosmological time scale 
Charge under a new unbroken symmetry ⇒ absolutely stable

๏ have only gravitational interaction with the SM
can not be discovered at colliders

๏ couple to SM through connector Y YY production with y → f X
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WIMPless miracle
-

๏ only fixes one combination of dark matter mass and coupling
๏ mX/gX2 ~ mweak/gweak2, Ωh2 ~ 0.3
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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

J.L. Feng and J. Kumar, PRL 101, 231301 (2008)

๏ dark matter: no SM gauge interactions, not WIMP
๏ naturally obtain right relic density: similar to WIMP

WIMPless DM
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WIMPless model
-

right relic density !
(irrespective of its mass)
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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

๏ Dark matter is hidden no SM interactions
๏ DM sector has its own particle content, mass 
mX, coupling gX

๏ Connected to SUSY breaking sector

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
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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.

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

If no direct coupling to SM: 
• interact only through gravity
• impact on structure formation
• no direct/indirect/collider signals

J.L. Feng and J. Kumar, PRL 101, 231301 (2008)

J.L. Feng, H. Tu and H. yu, CAP 0810:043,2008
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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
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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

 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

m ∼
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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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MmX
=
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. (3)

As a result,

mX

g2
X

∼
m
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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

 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

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

 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

mX ∼
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MmX
=
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. (3)

As a result,

mX
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X

∼
m
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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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Mm
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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

mX ∼
g2

X
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MmX
=
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. (3)

As a result,

mX

g2
X

∼
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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
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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

mX ∼
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=
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. (3)

As a result,
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X

∼
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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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Dark matter motivation: specific
-

To explain DAMA region: light DM  with large σSI  

๏ not generic in typical WIMP
σSI : chirality flip, proportional to Yukawa coupling 

A. Bottino, F. Donato, N. Fornengo and S. Scopel, PRD 68, 043506 (2003); 
PRD 77, 015002 (2008); PRD 78, 083520 (2008). 

๏ can be easily accommodated in WIMPless model with connector Y
J.L. Feng, J. Kumar and L.E. Strigari, PLB 670, 37 (2008)

see talk by T. Schwetz  
and related talks by A. Aprile, J. Jochum, P. Belli, 
G. Gelmini, T. Tait, N. Fornengo, T. Hambye ...

see talk by N. Fornengo
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Explaining DAMA: WIMPless
-WIMPless model (discrete symmetry)

scattering: Xq → Q’ → Xq, q=b,t, induce coupling to gluon at 1-loop

M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Phys. Lett. B 78, 443 (1978). 

V = λ
[
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Explaining DAMA: WIMPless
-

WIMPless model 
mX ~ 1-10 GeV, mQ’~300-500 GeV, λ ~ 0.3-1, σSI  in right range

J.L. Feng, J. Kumar and L.E. Strigari, PLB 670, 37 (2008)

FIG. 1: 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 matter with
connector mass mY = 400 GeV and the Yukawa couplings λb indicated. The light yellow shaded
region is excluded by the experimental results indicated (see text). The dark blue shaded region

is consistent with the DAMA signal at 3σ, using 2-4 and 6-14 keVee bins; it may be extended to
the medium green shaded region with the inclusion of dark matter streams and 2-6 and 6-14 keVee

bins [10]. The medium-dark magenta shaded region is DAMA-favored when channeling is included
(but streams are not) [12]. The cross-hatched region is the conventional DAMA-favored region [4],
which is now excluded by other experiments.

content and other well-known WIMP frameworks, σSI is thus highly suppressed by Yukawa
couplings. Neutralino cross sections as high as 8 × 10−5 pb are possible and may explain
the DAMA signal [22], but more typically, σSI falls short of this value by many orders of
magnitude.

WIMPless Models. WIMPless dark matter provides a framework in which dark matter
candidates with a wide range of masses naturally have the correct thermal relic density [23].
In WIMPless models, the standard supersymmetric model with gauge-mediated supersym-
metry breaking is supplemented by a hidden sector, consisting of particles with no standard
model (SM) gauge interactions. The hidden sector contains the WIMPless dark matter par-
ticle, which has mass mX at the hidden sector’s supersymmetry breaking scale and interacts
through hidden sector gauge interactions with coupling gX . Supersymmetry breaking in a
single sector is transmitted through gauge interactions to both the MSSM and the hidden
sector. As a result,

mX

g2
X

∼
mW

g2
W

, (1)

where mW ∼ 100 GeV− 1 TeV and gW $ 0.65 are the weak mass scale and gauge coupling.
Because the thermal relic density of a stable particle is

Ω ∝
1

〈σv〉
∼

m2

g4
, (2)

ΩX ∼ ΩW , the thermal relic density of a typical WIMP. Since this is known to be ap-
proximately the observed dark matter density, these hidden sector particles also have ap-
proximately the observed dark matter density, preserving the key virtue of WIMPs. At

3

Q’ couples to b
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3rd generation vs. the first two
-

๏ first two generations, tree level scattering  ⇒ λ ~ 0.03

๏ third generation
- loop level scattering, λ ~ 0.3-1,  more natural
- less constrained by FCNC
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q
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Collider Signature: exotic quarks
-

Y particle appears as exotic 4th generation mirror quarks Q’

p

p

Qʼ

Qʼ

DM

q
DM

q

Collider Signal
 T’T’→ttXX, B’B’ →bbXX

H.C. Cheng and I. Low, JHEP 0408, 061 (2004)

๏ differ from SUSY searches: cascade decay 
๏ differ from usual 4th generation quark T’ → Wb, B’ → Wt
๏ appears in a general set of new physics scenarios

- little Higgs with T-parity
- baryon and lepton number as gauge symmetry
- ...

P. Fileviez Perez and M. B. Wise, 
arXiv: 1002.1754



S. Su 14

Constraints
-

๏ perturbativity constraints: mQ’ = yQ’ v, mQ’ ≤ 600 GeV
๏ precision electroweak data: |mT’-mB’| ~ 50 GeV
๏ direct searches limits
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Constraints: direct search
-

CDF, Run II, 2.5 fb-1, gluino pair production,  ̃g → bb̃ b̃→ bχ̃0
1

T. Aaltonen et al. [CDF Collaboration], PRL 102, 221801 (2009).

two or more jets, large MET, 2b-tagging
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Constraints: direct search
-

CDF, Run II, 2.7 fb-1, stop pair production,  

mst > 150 - 185 GeV, weaker than sbottom limit

t̃1 → bχ̃±1 → bχ̃0
1lν

A. G. Ivanov [CDF Collaboration], arXiv:0811.0788 [hep-ex]. 
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Simulation
-

MadGraph - Pythia - PGS

Signal:

๏ hadronic channel: large cross section
- SM backgrounds, tt, W, have MET with lepton
- irreducible background: Z→ νν + jets

๏ semi-leptonic channel: isolated lepton, suppress QCD background
๏ purely leptonic channel: suppressed cross section

T. Han, R. Mahbubani, D. G. E. Walker and L. T. E. Wang, JHEP 0905, 117 (2009)

T ′T̄ ′ → t(∗)Xt̄(∗)X → bW+Xb̄W−X

Similar analyses in the literature
•semileptonic mode, high mass, large luminosity

•hadronic mode, spin and mass determination
P. Meade and M. Reece, Phys. Rev. D 74, 015010 (2006).
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Semileptonic channel: precuts
-

๏ large MET

๏ large mTW
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Semileptonic channel: precuts
-

๏ Njet ≥ 4

๏ second, hadronically decay W
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Semileptonic channel: Tevatron
-

TABLE I: Signal and background cross sections in fb after cuts for the semi-leptonic channel at

the Tevatron. The signal examples are for mX = 1 GeV and mT ′ = 300, 400, and 500 GeV as
indicated. The W cross sections in parentheses were simulated with a cut on /ET > 80 GeV and at
least 3 jets in the parton-level generation.

Cut T ′ (300) T ′ (400) T ′ (500) tt̄ W+jets

No cut 203.2 16.33 1.11 5619 (5179)

1 µ/e, no τ 36.1 2.88 0.194 1041 (2060)

/ET > 100 GeV 17.7 2.00 0.157 107.2 (728.8)

mW
T > 100 GeV 10.7 1.38 0.114 22.6 (36.62)

≥ 4 jets 4.81 0.64 0.062 2.6 0.30

|mjj − mW | < 10 GeV 4.13 0.51 0.049 2.2 0.19

All precuts 4.13 0.51 0.049 2.19 0.19

mW
T > 150 GeV 1.93 0.325 0.036 0.62 0.035

/ET > 150 GeV 1.75 0.367 0.041 0.281 0.035

HT > 300 GeV 1.93 0.353 0.042 1.18 0.07

/ET > 150, HT > 300 1.04 0.279 0.037 0.056 0.017

TABLE II: As in Table I, but for the semi-leptonic channel at the 10 TeV LHC and with cross
sections in pb.

Cut T ′ (300) T ′ (400) T ′ (500) tt̄ (1 e/µ) tt̄ (1 τ) tt̄ (2 e/µ) W+jets

No cut 14.89 3.16 0.922 66.67 43.96 10.62 (42.28)

1 µ/e, no τ 3.2 0.669 0.193 36.45 8.15 3.18 (15.74)

/ET > 100 GeV 1.92 0.52 0.165 5.05 2.07 0.888 (10.33)

mW
T > 100 GeV 1.1 0.342 0.116 0.134 0.638 0.471 (0.235)

≥ 4 jets 0.357 0.116 0.043 0.056 0.091 0.062 0.028

|mjj − mW | < 10 GeV 0.165 0.049 0.016 0.026 0.03 0.014 0.01

All precuts 0.165 0.049 0.016 0.027 0.031 0.014 0.01

mW
T > 150 GeV 0.081 0.033 0.012 0.001 0.015 0.006 0.002

mW
T > 200 GeV 0.032 0.019 0.008 0 0.006 0.003 0.001

/ET > 150 GeV 0.099 0.036 0.014 0.005 0.012 0.005 0.004

/ET > 200 GeV 0.040 0.025 0.010 0.001 0.004 0.001 0.002

/ET > 250 GeV 0.016 0.013 0.007 0 0.002 0.001 0.002

HT > 400 GeV 0.107 0.035 0.013 0.018 0.022 0.008 0.007

HT > 500 GeV 0.059 0.021 0.009 0.011 0.014 0.004 0.005

/ET > 150, HT > 400 0.067 0.027 0.012 0.004 0.01 0.004 0.003

/ET > 150, HT > 500 0.037 0.016 0.008 0.003 0.007 0.002 0.002

/ET > 200, HT > 400 0.032 0.02 0.009 0.001 0.004 0.001 0.002

/ET > 200, HT > 500 0.02 0.013 0.007 0 0.004 0.001 0.002

/ET > 250, HT > 400 0.014 0.012 0.006 0 0.002 0.001 0.002

/ET > 250, HT > 500 0.009 0.008 0.005 0 0.002 0.001 0.001
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Tevatron: semileptonic

Additional cuts:  MET, mTW, HT
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TABLE I: Signal and background cross sections in fb after cuts for the semi-leptonic channel at

the Tevatron. The signal examples are for mX = 1 GeV and mT ′ = 300, 400, and 500 GeV as
indicated. The W cross sections in parentheses were simulated with a cut on /ET > 80 GeV and at
least 3 jets in the parton-level generation.

Cut T ′ (300) T ′ (400) T ′ (500) tt̄ W+jets

No cut 203.2 16.33 1.11 5619 (5179)

1 µ/e, no τ 36.1 2.88 0.194 1041 (2060)

/ET > 100 GeV 17.7 2.00 0.157 107.2 (728.8)

mW
T > 100 GeV 10.7 1.38 0.114 22.6 (36.62)

≥ 4 jets 4.81 0.64 0.062 2.6 0.30

|mjj − mW | < 10 GeV 4.13 0.51 0.049 2.2 0.19

All precuts 4.13 0.51 0.049 2.19 0.19

mW
T > 150 GeV 1.93 0.325 0.036 0.62 0.035

/ET > 150 GeV 1.75 0.367 0.041 0.281 0.035

HT > 300 GeV 1.93 0.353 0.042 1.18 0.07

/ET > 150, HT > 300 1.04 0.279 0.037 0.056 0.017

TABLE II: As in Table I, but for the semi-leptonic channel at the 10 TeV LHC and with cross
sections in pb.

Cut T ′ (300) T ′ (400) T ′ (500) tt̄ (1 e/µ) tt̄ (1 τ) tt̄ (2 e/µ) W+jets

No cut 14.89 3.16 0.922 66.67 43.96 10.62 (42.28)

1 µ/e, no τ 3.2 0.669 0.193 36.45 8.15 3.18 (15.74)

/ET > 100 GeV 1.92 0.52 0.165 5.05 2.07 0.888 (10.33)

mW
T > 100 GeV 1.1 0.342 0.116 0.134 0.638 0.471 (0.235)

≥ 4 jets 0.357 0.116 0.043 0.056 0.091 0.062 0.028

|mjj − mW | < 10 GeV 0.165 0.049 0.016 0.026 0.03 0.014 0.01

All precuts 0.165 0.049 0.016 0.027 0.031 0.014 0.01

mW
T > 150 GeV 0.081 0.033 0.012 0.001 0.015 0.006 0.002

mW
T > 200 GeV 0.032 0.019 0.008 0 0.006 0.003 0.001

/ET > 150 GeV 0.099 0.036 0.014 0.005 0.012 0.005 0.004

/ET > 200 GeV 0.040 0.025 0.010 0.001 0.004 0.001 0.002

/ET > 250 GeV 0.016 0.013 0.007 0 0.002 0.001 0.002

HT > 400 GeV 0.107 0.035 0.013 0.018 0.022 0.008 0.007

HT > 500 GeV 0.059 0.021 0.009 0.011 0.014 0.004 0.005

/ET > 150, HT > 400 0.067 0.027 0.012 0.004 0.01 0.004 0.003

/ET > 150, HT > 500 0.037 0.016 0.008 0.003 0.007 0.002 0.002

/ET > 200, HT > 400 0.032 0.02 0.009 0.001 0.004 0.001 0.002

/ET > 200, HT > 500 0.02 0.013 0.007 0 0.004 0.001 0.002

/ET > 250, HT > 400 0.014 0.012 0.006 0 0.002 0.001 0.002

/ET > 250, HT > 500 0.009 0.008 0.005 0 0.002 0.001 0.001
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• Additional mW
T cut: mW

T > 150, 200 GeV
• Additional !ET cuts: !ET > 150, 200, 250 GeV.
• HT =

∑4
i=1 |pj

T |i + |pl
T | cuts: HT > 400, 500 GeV.

• Combinations of the cuts above.

Semileptonic channel: LHC10

LHC10: semileptonic

Additional cuts:  MET, mTW, HT

82 fb
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๏ No isolated electron, muon, tau-tagged jets
๏ large MET
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FIG. 2: /ET , N(jets), and HT distributions for signal and backgrounds for the 10 TeV LHC in the
hadronic channel. The top two panels show distributions of /ET and N(jets) after the previous cuts

in the precut table, with the position of the precut marked with a vertical dashed line. The lower
two panels show distributions of /ET and HT after all precuts. The hadronic top contribution is

negligible after the /ET > 100 GeV cut and has therefore been omitted in the remaining plots. For
signal, the masses (mT ′ ,mX) = (300 GeV, 1 GeV), (400 GeV, 1 GeV), and (500 GeV, 1 GeV) have
been chosen for illustration. The W and Z samples were simulated with a cut on /ET > 80 GeV

and at least 3 jets in the parton-level generation. See text for details.

V. DISCOVERY AND EXCLUSION REACH FROM TEVATRON AND EARLY

LHC DATA

We now determine the discovery and exclusion reach for T ′ at the Tevatron and the 10
TeV LHC. For each parameter point (mT ′, mX), we use the optimum cut (after precuts) that
gives the best signal significance, with the additional requirements that S/B > 0.1 and more
than two signal events are observed. Given the small number of signal and background events
after cuts, we have used Poisson statistics, rather than assuming Gaussian distributions, for
both signal and backgrounds.

Figure 3 shows the 95% CL Tevatron exclusion contours for both the semi-leptonic and
hadronic channels and integrated luminosities of 2, 5, 10, and 20 fb−1. Even with just 2 fb−1,
exclusion limits of mT ′ > 340 GeV (semi-leptonic mode) and mT ′ > 380 GeV (hadronic
mode) can be reached, which already extend into the interesting mass range consistent with
current direct search bounds and precision electroweak data. With a combined integrated
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๏ Njet ≥ 5

Background:
๏ leptonic W decay with lepton missed
๏ tau lepton mistagged as jets
๏ Z→νν + jets
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FIG. 2: /ET , N(jets), and HT distributions for signal and backgrounds for the 10 TeV LHC in the
hadronic channel. The top two panels show distributions of /ET and N(jets) after the previous cuts

in the precut table, with the position of the precut marked with a vertical dashed line. The lower
two panels show distributions of /ET and HT after all precuts. The hadronic top contribution is

negligible after the /ET > 100 GeV cut and has therefore been omitted in the remaining plots. For
signal, the masses (mT ′ ,mX) = (300 GeV, 1 GeV), (400 GeV, 1 GeV), and (500 GeV, 1 GeV) have
been chosen for illustration. The W and Z samples were simulated with a cut on /ET > 80 GeV

and at least 3 jets in the parton-level generation. See text for details.

V. DISCOVERY AND EXCLUSION REACH FROM TEVATRON AND EARLY

LHC DATA

We now determine the discovery and exclusion reach for T ′ at the Tevatron and the 10
TeV LHC. For each parameter point (mT ′, mX), we use the optimum cut (after precuts) that
gives the best signal significance, with the additional requirements that S/B > 0.1 and more
than two signal events are observed. Given the small number of signal and background events
after cuts, we have used Poisson statistics, rather than assuming Gaussian distributions, for
both signal and backgrounds.

Figure 3 shows the 95% CL Tevatron exclusion contours for both the semi-leptonic and
hadronic channels and integrated luminosities of 2, 5, 10, and 20 fb−1. Even with just 2 fb−1,
exclusion limits of mT ′ > 340 GeV (semi-leptonic mode) and mT ′ > 380 GeV (hadronic
mode) can be reached, which already extend into the interesting mass range consistent with
current direct search bounds and precision electroweak data. With a combined integrated
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Precuts

Signal: T’T’ → ttXX → bbjjjj + MET

LHC10 LHC10
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๏               suppress QCD bg

Hadronic channel: precutsto have fewer jets than the signal, which mainly consists of fully hadronic top decays, with
missing energy from the invisible X particles. To be sure to avoid QCD multi-jet background,
we also need to apply ∆φ(/pT , pj

T ) cuts between the hardest jets and the missing energy. In
fact, this also helps to reduce the W → τν background, since with large /ET cuts, the W
tends to be boosted, while the tau jet tends to be in the direction of the missing energy.
The signal is furthermore expected to have larger HT =

∑ |pj
T | than the background.

For the fully hadronic channel, we use the following precuts:

• No isolated electrons, muons or tau-tagged jets with |pl
T | > 2 GeV.

• Minimum missing transverse energy: /ET > 100 GeV.
• At least 5 jets with |pj

T | > 20 GeV (Tevatron) or |pj
T | > 40 GeV (LHC).

• Minimum ∆φ(/pT , pj
T ) for the leading jets: ∆φ(/pT , pj1

T ) > 90◦ and ∆φ(/pT , pj2
T ) > 50◦

(Tevatron); ∆φ(/pT , pj
T ) > 11.5◦ for the first, second and third leading jets (LHC).

We also use the following additional cuts to optimize the signal significance:

• Additional /ET cuts: /ET > 150, 200, 250 GeV (Tevatron); /ET > 150, 200, 250, 300 GeV
(LHC).

• HT =
∑5

i=1 |p
j
T |i cuts: HT > 300, 350, 400 GeV (Tevatron); HT > 400, 500 GeV (LHC).

• At least 6 jets with |pj
T | > 20 GeV (Tevatron) or |pj

T | > 40 GeV (LHC).

As discussed above, the relevant backgrounds for the fully hadronic channel are tt̄,
leptonically-decaying W± + jets, and Z → νν̄ + jets. For completeness, we also simulated
tt̄Z, but this is negligible because of its small cross section. Among the tt̄ decay modes,
the dominant background is from decays with at least one tau lepton, followed by the semi-
leptonic decay to electron or muon (where the lepton is either missed or non-isolated).

Distributions for /ET , N(jets), and HT for both signal and backgrounds in the hadronic
channel at the 10 TeV LHC are shown in Fig. 2. The top two panels show /ET and N(jets)
plotted after the cuts coming before it in the list, and the position of the precut is marked
with a vertical dashed line. The bottom two panels are /ET and HT distributions plotted
after precuts. For clarity, we have split the tt̄ background into components: fully hadronic
decay (negligible after /ET cut), decays with at least one tau lepton, semi-leptonic decays (to
electron or muon), and purely leptonic decays (which are negligible with these cuts). The
corresponding distributions for the Tevatron are qualitatively similar.

After precuts for the hadronic channel, the combined background cross section is 21 fb for
the Tevatron and 1.4 pb for the 10 TeV LHC. The signal efficiency of the precuts is 9-20%
at the Tevatron and 8-13% at the LHC. A table of cross sections after cuts for backgrounds
and some signal points may be found in the Appendix in Tables III and IV. Significances
and signal and background cross sections after near-optimal cuts for some signal points are
found in Tables VII and VIII.

The main remaining backgrounds after precuts for both the semi-leptonic and hadronic
channels include tau leptons. One reason for this is that a tau lepton is often mistagged as
a jet, which therefore adds significantly to the fully hadronic background with large /ET (in
particular for the hadronic channel). It would be interesting to see an experimental study of
whether an anti-tau tag could be effective in further suppressing these backgrounds, while
keeping a good signal efficiency. This might be of significant importance for any new physics
with signatures consisting of jets and missing energy.
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๏               suppress QCD bg

Hadronic channel: precutsto have fewer jets than the signal, which mainly consists of fully hadronic top decays, with
missing energy from the invisible X particles. To be sure to avoid QCD multi-jet background,
we also need to apply ∆φ(/pT , pj

T ) cuts between the hardest jets and the missing energy. In
fact, this also helps to reduce the W → τν background, since with large /ET cuts, the W
tends to be boosted, while the tau jet tends to be in the direction of the missing energy.
The signal is furthermore expected to have larger HT =

∑ |pj
T | than the background.

For the fully hadronic channel, we use the following precuts:

• No isolated electrons, muons or tau-tagged jets with |pl
T | > 2 GeV.

• Minimum missing transverse energy: /ET > 100 GeV.
• At least 5 jets with |pj

T | > 20 GeV (Tevatron) or |pj
T | > 40 GeV (LHC).

• Minimum ∆φ(/pT , pj
T ) for the leading jets: ∆φ(/pT , pj1

T ) > 90◦ and ∆φ(/pT , pj2
T ) > 50◦

(Tevatron); ∆φ(/pT , pj
T ) > 11.5◦ for the first, second and third leading jets (LHC).

We also use the following additional cuts to optimize the signal significance:

• Additional /ET cuts: /ET > 150, 200, 250 GeV (Tevatron); /ET > 150, 200, 250, 300 GeV
(LHC).

• HT =
∑5

i=1 |p
j
T |i cuts: HT > 300, 350, 400 GeV (Tevatron); HT > 400, 500 GeV (LHC).

• At least 6 jets with |pj
T | > 20 GeV (Tevatron) or |pj

T | > 40 GeV (LHC).

As discussed above, the relevant backgrounds for the fully hadronic channel are tt̄,
leptonically-decaying W± + jets, and Z → νν̄ + jets. For completeness, we also simulated
tt̄Z, but this is negligible because of its small cross section. Among the tt̄ decay modes,
the dominant background is from decays with at least one tau lepton, followed by the semi-
leptonic decay to electron or muon (where the lepton is either missed or non-isolated).

Distributions for /ET , N(jets), and HT for both signal and backgrounds in the hadronic
channel at the 10 TeV LHC are shown in Fig. 2. The top two panels show /ET and N(jets)
plotted after the cuts coming before it in the list, and the position of the precut is marked
with a vertical dashed line. The bottom two panels are /ET and HT distributions plotted
after precuts. For clarity, we have split the tt̄ background into components: fully hadronic
decay (negligible after /ET cut), decays with at least one tau lepton, semi-leptonic decays (to
electron or muon), and purely leptonic decays (which are negligible with these cuts). The
corresponding distributions for the Tevatron are qualitatively similar.

After precuts for the hadronic channel, the combined background cross section is 21 fb for
the Tevatron and 1.4 pb for the 10 TeV LHC. The signal efficiency of the precuts is 9-20%
at the Tevatron and 8-13% at the LHC. A table of cross sections after cuts for backgrounds
and some signal points may be found in the Appendix in Tables III and IV. Significances
and signal and background cross sections after near-optimal cuts for some signal points are
found in Tables VII and VIII.

The main remaining backgrounds after precuts for both the semi-leptonic and hadronic
channels include tau leptons. One reason for this is that a tau lepton is often mistagged as
a jet, which therefore adds significantly to the fully hadronic background with large /ET (in
particular for the hadronic channel). It would be interesting to see an experimental study of
whether an anti-tau tag could be effective in further suppressing these backgrounds, while
keeping a good signal efficiency. This might be of significant importance for any new physics
with signatures consisting of jets and missing energy.
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TABLE III: As in Table I, but for the hadronic channel at the Tevatron and with cross sections in

fb. The Z cross sections in parentheses were simulated with a cut on /ET > 80 GeV and at least 3
jets in the parton-level generation.

Cut T ′ (300) T ′ (400) T ′ (500) tt̄ W+jets Z+jets

No cut 203.24 16.33 1.11 5619.1 (5179.06) (3030.09)

0 isolated leptons 82.88 6.97 0.499 2265.54 (1756.96) (2545.12)

/ET > 100 GeV 42.86 5.28 0.422 125.93 (663.5) (1219.22)

≥ 5 jets 22.64 3.07 0.273 22.11 3.3 2.6

∆φ cuts 19.0 2.74 0.245 15.8 2.8 2.2

All precuts 19 2.74 0.245 15.8 2.8 2.2

/ET > 150 GeV 7.93 2.04 0.21 4.32 0.791 0.93

/ET > 200 GeV 1.06 1.25 0.158 1.02 0.183 0.313

/ET > 250 GeV 0.142 0.516 0.109 0.347 0.025 0.162

HT > 300 GeV 9.9 2.04 0.224 5.16 0.55 0.495

HT > 350 GeV 4.92 1.37 0.182 2.72 0.208 0.162

HT > 400 GeV 2.46 0.787 0.135 1.22 0.083 0.081

/ET > 150, HT > 300 5.2 1.64 0.197 2.19 0.217 0.404

/ET > 200, HT > 300 0.996 1.11 0.153 0.821 0.067 0.212

/ET > 250, HT > 300 0.142 0.495 0.108 0.347 0.025 0.142

/ET > 200, HT > 350 0.711 0.794 0.131 0.511 0.033 0.081

/ET > 250, HT > 350 0.142 0.399 0.098 0.255 0.017 0.071

N(jets) ≥ 6 8.45 1.3 0.125 3.1 0.333 0.212

N(jets) ≥ 6, /ET > 150 GeV 3.62 0.957 0.107 0.948 0.092 0.101

N(jets) ≥ 6, /ET > 200 GeV 0.467 0.583 0.08 0.237 0.025 0.04

N(jets) ≥ 6, HT > 300 GeV 4.84 0.995 0.116 1.28 0.092 0.081

N(jets) ≥ 6, HT > 350 GeV 2.34 0.683 0.097 0.693 0.05 0.02

N(jets) ≥ 6, HT > 400 GeV 1.16 0.364 0.072 0.328 0.017 0.01

N(j), /ET ,HT > 6, 150, 300 2.64 0.786 0.102 0.58 0.033 0.061

18

• Additional !ET cuts: !ET > 150, 200, 250 GeV.
• HT =

∑5
i=1 |pj

T |i cuts: HT > 300, 350, 400 GeV.
• At least 6 jets with |pj

T | > 20 GeV.
• Combinations of the cuts above.

Hadronic channel: Tevatron

Tevatron: hadronic

Additional cuts:  MET, HT , Njet

21 fb
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TABLE IV: As in Table I, but for the hadronic channel at the 10 TeV LHC and with cross sections

in pb.

Cut T ′ (300) T ′ (400) T ′ (500) tt̄ (1 τ) tt̄ (1 e/µ) tt̄ (had) W+jets Z+jets

No cut 14.89 3.16 0.922 43.96 66.67 104.59 (42.28) (18.86)

0 isolated leptons 6.75 1.5 0.45 16.88 13.11 72.29 (16.8) (15.71)

/ET > 100 GeV 4.15 1.21 0.394 3.91 2.67 0.097 (11.25) (11.48)

≥ 5 jets 1.34 0.406 0.135 0.664 0.47 0.031 0.305 0.212

∆φ cuts 1.19 0.374 0.125 0.56 0.41 0.01 0.265 0.187

All precuts 1.19 0.374 0.125 0.56 0.41 0.01 0.265 0.187

/ET > 150 GeV 0.727 0.341 0.136 0.205 0.128 - 0.131 0.119

/ET > 200 GeV 0.291 0.231 0.107 0.069 0.042 - 0.06 0.069

/ET > 250 GeV 0.107 0.131 0.079 0.026 0.015 - 0.026 0.04

/ET > 300 GeV 0.043 0.062 0.053 0.011 0.005 - 0.014 0.022

HT > 400 GeV 1.02 0.379 0.149 0.422 0.307 - 0.207 0.145

HT > 500 GeV 0.668 0.264 0.118 0.275 0.209 - 0.133 0.096

/ET > 150, HT > 400 0.6 0.301 0.128 0.176 0.109 - 0.113 0.1

/ET > 150, HT > 500 0.411 0.213 0.103 0.129 0.082 - 0.078 0.071

/ET > 200, HT > 400 0.271 0.21 0.103 0.065 0.039 - 0.056 0.062

/ET > 200, HT > 500 0.213 0.152 0.085 0.053 0.03 - 0.042 0.049

/ET > 250, HT > 400 0.106 0.126 0.078 0.026 0.015 - 0.025 0.038

/ET > 250, HT > 500 0.097 0.096 0.067 0.024 0.012 - 0.021 0.031

/ET > 300, HT > 400 0.043 0.06 0.053 0.011 0.005 - 0.014 0.021

/ET > 300, HT > 500 0.043 0.05 0.048 0.011 0.005 - 0.013 0.019

N(jets) ≥ 6 0.509 0.181 0.064 0.178 0.13 - 0.046 0.028

N(jets) ≥ 6, /ET > 150 0.278 0.138 0.055 0.068 0.044 - 0.027 0.019

N(jets) ≥ 6, /ET > 200 0.134 0.096 0.044 0.025 0.015 - 0.015 0.012

N(jets) ≥ 6, /ET > 250 0.052 0.055 0.034 0.01 0.005 - 0.006 0.008

N(jets) ≥ 6, /ET > 300 0.023 0.027 0.024 0.004 0.001 - 0.003 0.005

N(jets) ≥ 6, HT > 400 0.424 0.166 0.062 0.152 0.109 - 0.041 0.025

N(jets) ≥ 6, HT > 500 0.319 0.126 0.052 0.109 0.08 - 0.03 0.019

N(j), /ET ,HT > 6, 150, 400 0.25 0.128 0.053 0.063 0.04 - 0.025 0.018

N(j), /ET ,HT > 6, 150, 500 0.202 0.099 0.045 0.049 0.03 - 0.019 0.014

N(j), /ET ,HT > 6, 200, 400 0.126 0.09 0.043 0.024 0.014 - 0.014 0.012

N(j), /ET ,HT > 6, 200, 500 0.115 0.069 0.038 0.021 0.011 - 0.011 0.01

N(j), /ET ,HT > 6, 250, 400 0.051 0.054 0.033 0.01 0.005 - 0.006 0.007

N(j), /ET ,HT > 6, 250, 500 0.048 0.044 0.03 0.009 0.004 - 0.005 0.007

N(j), /ET ,HT > 6, 300, 400 0.023 0.027 0.023 0.004 0.001 - 0.003 0.005

N(j), /ET ,HT > 6, 300, 500 0.023 0.023 0.022 0.004 0.001 - 0.003 0.005
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• Additional !ET cuts: !ET > 150, 200, 250, 300 GeV.
• HT =

∑5
i=1 |pj

T |i cuts: HT > 400, 500 GeV.
• At least 6 jets with |pj

T | > 40 GeV.
• Combinations of the cuts above.

Hadronic channel: LHC10

LHC10: hadronic

Additional cuts:  MET, HT , Njet

1.4 pb
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Tevatron exclusion
-

๏ optimal cuts (after precuts)
๏ S/B > 0.1, more than 2 events
๏ Poisson statistics
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FIG. 3: 95% CL Tevatron exclusion contours for the semi-leptonic channel (left) and the hadronic
channel (right) for integrated luminosities 2, 5, 10, and 20 fb−1. For each point in parameter space,
the cut with the best significance has been chosen.
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FIG. 4: 3σ (Gaussian equivalent) Tevatron discovery contours for the semi-leptonic channel (left)
and the hadronic channel (right) for integrated luminosities 2, 5, 10, and 20 fb−1. For each point
in parameter space, the cut with the best significance has been chosen.

semi-leptonic and hadronic channels for integrated luminosities of 2, 5, 10, and 20 fb−1. A
3σ signal could be observed for mT ′ < 360 GeV and mX

<∼ 110 GeV in the semi-leptonic
channel with 20 fb−1 integrated luminosity. The hadronic channel is more promising. With
5 fb−1 integrated luminosity, a reach in mT ′ up to 360 GeV could be achieved when mX is
not too large. With 20 fb−1 integrated luminosity, the reach is extended to 400 GeV for mX

up to about 80 GeV. For larger mX , the reach in mT ′ decreases.
Figure 5 shows the 95% CL exclusion contours for a 10 TeV early LHC run, in the semi-

12

95% C.L. 95% C.L.
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Tevatron exclusion
-

๏ optimal cuts (after precuts)
๏ S/B > 0.1, more than 2 events
๏ Poisson statistics
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semi-leptonic and hadronic channels for integrated luminosities of 2, 5, 10, and 20 fb−1. A
3σ signal could be observed for mT ′ < 360 GeV and mX

<∼ 110 GeV in the semi-leptonic
channel with 20 fb−1 integrated luminosity. The hadronic channel is more promising. With
5 fb−1 integrated luminosity, a reach in mT ′ up to 360 GeV could be achieved when mX is
not too large. With 20 fb−1 integrated luminosity, the reach is extended to 400 GeV for mX

up to about 80 GeV. For larger mX , the reach in mT ′ decreases.
Figure 5 shows the 95% CL exclusion contours for a 10 TeV early LHC run, in the semi-

12

95% C.L. 95% C.L.

soft decay products
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Tevatron discovery
-
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semi-leptonic and hadronic channels for integrated luminosities of 2, 5, 10, and 20 fb−1. A
3σ signal could be observed for mT ′ < 360 GeV and mX

<∼ 110 GeV in the semi-leptonic
channel with 20 fb−1 integrated luminosity. The hadronic channel is more promising. With
5 fb−1 integrated luminosity, a reach in mT ′ up to 360 GeV could be achieved when mX is
not too large. With 20 fb−1 integrated luminosity, the reach is extended to 400 GeV for mX

up to about 80 GeV. For larger mX , the reach in mT ′ decreases.
Figure 5 shows the 95% CL exclusion contours for a 10 TeV early LHC run, in the semi-
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LHC 10 exclusion
-
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FIG. 4: 3σ (Gaussian equivalent) Tevatron discovery contours for the semi-leptonic channel (left)
and the hadronic channel (right) for integrated luminosities 2, 5, 10, and 20 fb−1. For each point
in parameter space, the cut with the best significance has been chosen.
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FIG. 5: 95% CL exclusion contours for a 10 TeV LHC run in the semi-leptonic channel (left) and
the hadronic mode (right), for integrated luminosities 100, 200, and 300 pb−1. For each point in
parameter space, the cut with the best significance has been chosen.

200, and 300 pb−1 integrated luminosity for the semi-leptonic channel. The exclusion region
for the hadronic channel covers almost the entire interesting mass parameter space with
300 pb−1 luminosity. Note that at the LHC, we could tolerate much smaller mT ′ − mX ; in
particular, we start probing the off-shell decay region T ′ → t∗X → bWX for mT ′−mX < mt.

Figure 6 shows the 3σ (Gaussian equivalent) discovery contours for a 10 TeV LHC run, in
the semi-leptonic and hadronic channels for integrated luminosities 100, 200, and 300 pb−1.
Although the reach in both mT ′ and mX is limited for the semi-leptonic mode, the hadronic

13
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LHC 10 exclusion
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FIG. 5: 95% CL exclusion contours for a 10 TeV LHC run in the semi-leptonic channel (left) and
the hadronic mode (right), for integrated luminosities 100, 200, and 300 pb−1. For each point in
parameter space, the cut with the best significance has been chosen.

200, and 300 pb−1 integrated luminosity for the semi-leptonic channel. The exclusion region
for the hadronic channel covers almost the entire interesting mass parameter space with
300 pb−1 luminosity. Note that at the LHC, we could tolerate much smaller mT ′ − mX ; in
particular, we start probing the off-shell decay region T ′ → t∗X → bWX for mT ′−mX < mt.

Figure 6 shows the 3σ (Gaussian equivalent) discovery contours for a 10 TeV LHC run, in
the semi-leptonic and hadronic channels for integrated luminosities 100, 200, and 300 pb−1.
Although the reach in both mT ′ and mX is limited for the semi-leptonic mode, the hadronic
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LHC10 discovery
-
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FIG. 6: 3σ (Gaussian equivalent) discovery contours for a 10 TeV LHC run, in the semi-leptonic
channel (left) and the hadronic channel (right), for integrated luminosities 100, 200, and 300 pb−1.
For each point in parameter space, the cut with the best significance has been chosen.

channel could provide a 3σ signal for mT ′
<∼ 490 GeV and mX

<∼ 170 GeV with 300 pb−1

luminosity. We might also observe a positive signal for mX up to about 170 GeV in the
off-shell decay region (mT ′ − mX < mt) for mT ′

<∼ 330 GeV.
It is clear from the discovery and exclusion contours, both for the Tevatron and the

LHC, that the fully hadronic channel has considerably larger reach than the semi-leptonic
channel, for reasons enumerated in Sec. IV. In this channel, the full, currently viable, region
in parameter space can be excluded at a 10 TeV LHC run.3 In case both channels are visible,
they can be used to distinguish between different model and mass hypotheses.

VI. CONCLUSIONS

We have considered the prospects for hadron colliders to pair produce new exotic quarks
that decay directly to a pair of dark matter particles and SM particles. Although we have a
particular interest in the WIMPless dark matter scenario [7] (including a specific example [8]
that can potentially explain the DAMA annual modulation result), this scenario is motivated
on quite general grounds, and, with minor modifications, our analysis applies to many other
dark matter scenarios and other new physics models.

We have focused on the up-type exotic quark T ′. T ′ pair production leads to T ′T̄ ′ →
tt̄XX, and we have then analyzed the semi-leptonic and fully hadronic channels. The fully
hadronic channel (vetoing events with leptons) seems to be the most efficient, because of

3 The results obtained here can be readily translated to an LHC run at 7 TeV, by multiplying the integrated

luminosities needed by roughly a factor of 3. This approximation accounts for the difference in cross

sections at different center of mass energies, assuming that the cut efficiencies for both the signal and

backgrounds do not change significantly.

14

LHC @7TeV, multiply lumonisity by a factor of 3.

3 σ 3 σ
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Conclusions

Pair production of exotic quarks → DM + SM particles

DM motivated, WIMPless scenario

๏ natural obtain the right relic density

๏ explain DAMA results: light DM, large σSI

                semileptonic mode and hadronic mode
Exclusion: LHC @ 10 TeV, 300 pb-1

Discovery: 
mX<130 GeV, mT’ < 405 GeV for Tevatron 20 fb-1  

mX<170 GeV, mT’ < 490 GeV for LHC10 300 pb-1 

-

T ′T̄ ′ → tt̄XX



S. Su 31

Conclusions

identify signal as                           , comparing with SUSY  

complementary between collider studies and DM searches

๏ small λ, DM searches unsuccessful

๏ displaced vertex at collider

-

t̃t̃∗ → tt̄χ̃0
1χ̃

0
1T ′T̄ ′ → tt̄XX


