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#2)  Particle couples to SM with weak 
scale annihilation cross-section.

Ingredients for a miracle (WIMP):

#1)  Particle is neutral + stable.

These are ubiquitous in models that address 
the hierarchy problem.



#1) Lots of examples of stabilizing symmetry!

Z2theory

Little Higgs

Extra Dimensions

Supersymmetry R-parity

KK-parity

T-parity

Parities help with other exp’l constraints.



#2) Lots of weak scale masses + couplings!

Such couplings are mandatory to solve
the hierarchy problem.
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Fig. 20. Feynman diagrams contributing to the scalar elastic-scattering amplitude of a neutralino from quarks. 

Fig. 21. Feynman diagrams contributing to the gluonic interaction with neutralinos, which contributes to the scalar 
elastic-scattering amplitude for neutralinos from nuclei. 

contribution accurately. After we present the complete results, we will list the simpler large-squark- 
mass results for readers interested in obtaining quick estimates of the cross sections. 

In the notation of Ref. [282], the microscopic effective Lagrangian for scalar and tensor 
neutralino-quark and neutralino-gluon interactions is 

(7.17) 



DM is among primary virtues of SUSY:

SUSY offers a “sandbox” for WIMP DM.

•  dark matter

•  hierarchy problem

•  gauge coupling unification
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DM probes offer a crucial experimental 
referendum on our motivations for SUSY.

What is the present status of neutralino DM 
and what is in its future?



Focus on neutralino DM that is an admixture 
of gauginos and Higgsinos:

1 Introduction

In many supersymmetric theories, the lightest superpartner (LSP) is a neutralino which is stable
and can account for the observed dark matter in the universe. However, two complementary
experimental e↵orts have apparently called such an interpretation into question, at least for the
simplest case where the LSP is a linear combination of bino, wino, and Higgsino, � ⇠ (b̃, w̃, h̃).

First, a variety of searches from the Large Hadron Collider (LHC) have placed powerful
limits on supersymmetry, with constraints especially stringent when the LSP is a stable, weakly
interacting massive particle (WIMP). Naively, this casts doubt on the so-called “WIMP mira-
cle”, however this argument against neutralino dark matter is deeply flawed. Null results from
the LHC apply to colored superpartners decaying to missing energy—if these states are su�-
ciently heavy, direct limits on the LSP are substantially weaker. Hence, the LHC challenges
supersymmetry as a solution to the hierarchy problem, but not as the origin of dark matter.

Secondly, after decades of improving technologies and increasing target masses, the direct
detection of galactic dark matter has reached unprecedented levels of sensitivity, as shown in
Fig. (2). At present, the best limits on the scattering of dark matter against target nuclei are
from the XENON100 experiment [1], which probes spin independent (SI) and spin dependent
(SD). Complementary and in some cases more powerful constraints on SD scattering have also
been obtained by the IceCube observatory [], which searches for high energy neutrino signals
originating from dark matter accumulating inside the sun. In many theories—for example neu-
tralino dark matter—SI and SD scattering is mediated Higgs and Z boson exchange, respectively.
Cross-sections corresponding to di↵erent values of c

h�� and cZ�� are shown in Fig. (2), which
reflect the fact that �

SI

/ c2h�� and �
SD

/ c2Z��. For neutralino dark matter, both couplings
originate from the electroweak gauge couplings g0 ⇠ 0.35 and g ⇠ 0.65, so the naive conclusion
of Fig. (2) is that neutralino dark matter is presently excluded. However, this argument against
neutralino dark matter is incorrect. The couplings ch�� and cZ�� arise from multiple contri-
butions of the same order which can constructively or destructively interfere; upon squaring
the resultant couplings, one finds SI and SD cross-sections which can easily be enhanced or
suppressed by an order of magnitude from the naive expectation. While escaping present con-
straints does not require any particular fine-tuning among parameters—just relative signs—this
will not be so easy for future limits.

In this paper we will explore the parameter space of � ⇠ (b̃, w̃, h̃) neutralino dark matter.
Our aim is to identify those regions which are presently allowed and determine what to ex-
pect as experiments unfold. A priori, the parameter space of supersymmetric dark matter is
vast, which is why typical analyses employ exhaustive parameter scans. However, the major-
ity of these parameters are irrelevant to neutralino dark matter if we assume that the scalar
states—heavy Higgs bosons, squarks, and sleptons—are su�ciently decoupled as not to influ-
ence processes relevant to the cosmological or observational properties of dark matter. This
simplifying assumption yields a manageable, four-dimensional parameter space comprising the
mass parameters for b̃, w̃ and h̃ and the ratio of vacuum expectation values

� ⇠ (b̃, w̃, h̃) : (M
1

,M
2

, µ, tan �). (1)

We find that our analysis is little altered for squarks as light as 1 TeV, and quantify their e↵ects

4

1 Introduction

In many supersymmetric theories, the lightest superpartner (LSP) is a neutralino which is stable
and can account for the observed dark matter in the universe. However, two complementary
experimental e↵orts have apparently called such an interpretation into question, at least for the
simplest case where the LSP is a linear combination of bino, wino, and Higgsino, � ⇠ (b̃, w̃, h̃).

First, a variety of searches from the Large Hadron Collider (LHC) have placed powerful
limits on supersymmetry, with constraints especially stringent when the LSP is a stable, weakly
interacting massive particle (WIMP). Naively, this casts doubt on the so-called “WIMP mira-
cle”, however this argument against neutralino dark matter is deeply flawed. Null results from
the LHC apply to colored superpartners decaying to missing energy—if these states are su�-
ciently heavy, direct limits on the LSP are substantially weaker. Hence, the LHC challenges
supersymmetry as a solution to the hierarchy problem, but not as the origin of dark matter.

Secondly, after decades of improving technologies and increasing target masses, the direct
detection of galactic dark matter has reached unprecedented levels of sensitivity, as shown in
Fig. (2). At present, the best limits on the scattering of dark matter against target nuclei are
from the XENON100 experiment [1], which probes spin independent (SI) and spin dependent
(SD). Complementary and in some cases more powerful constraints on SD scattering have also
been obtained by the IceCube observatory [], which searches for high energy neutrino signals
originating from dark matter accumulating inside the sun. In many theories—for example neu-
tralino dark matter—SI and SD scattering is mediated Higgs and Z boson exchange, respectively.
Cross-sections corresponding to di↵erent values of c

h�� and cZ�� are shown in Fig. (2), which
reflect the fact that �

SI

/ c2h�� and �
SD

/ c2Z��. For neutralino dark matter, both couplings
originate from the electroweak gauge couplings g0 ⇠ 0.35 and g ⇠ 0.65, so the naive conclusion
of Fig. (2) is that neutralino dark matter is presently excluded. However, this argument against
neutralino dark matter is incorrect. The couplings ch�� and cZ�� arise from multiple contri-
butions of the same order which can constructively or destructively interfere; upon squaring
the resultant couplings, one finds SI and SD cross-sections which can easily be enhanced or
suppressed by an order of magnitude from the naive expectation. While escaping present con-
straints does not require any particular fine-tuning among parameters—just relative signs—this
will not be so easy for future limits.

In this paper we will explore the parameter space of � ⇠ (b̃, w̃, h̃) neutralino dark matter.
Our aim is to identify those regions which are presently allowed and determine what to ex-
pect as experiments unfold. A priori, the parameter space of supersymmetric dark matter is
vast, which is why typical analyses employ exhaustive parameter scans. However, the major-
ity of these parameters are irrelevant to neutralino dark matter if we assume that the scalar
states—heavy Higgs bosons, squarks, and sleptons—are su�ciently decoupled as not to influ-
ence processes relevant to the cosmological or observational properties of dark matter. This
simplifying assumption yields a manageable, four-dimensional parameter space comprising the
mass parameters for b̃, w̃ and h̃ and the ratio of vacuum expectation values

� ⇠ (b̃, w̃, h̃) : (M
1

,M
2

, µ, tan �). (1)

We find that our analysis is little altered for squarks as light as 1 TeV, and quantify their e↵ects

4

The parameter space is small, manageable:



Focus on neutralino DM that is an admixture 
of gauginos and Higgsinos:

1 Introduction

In many supersymmetric theories, the lightest superpartner (LSP) is a neutralino which is stable
and can account for the observed dark matter in the universe. However, two complementary
experimental e↵orts have apparently called such an interpretation into question, at least for the
simplest case where the LSP is a linear combination of bino, wino, and Higgsino, � ⇠ (b̃, w̃, h̃).

First, a variety of searches from the Large Hadron Collider (LHC) have placed powerful
limits on supersymmetry, with constraints especially stringent when the LSP is a stable, weakly
interacting massive particle (WIMP). Naively, this casts doubt on the so-called “WIMP mira-
cle”, however this argument against neutralino dark matter is deeply flawed. Null results from
the LHC apply to colored superpartners decaying to missing energy—if these states are su�-
ciently heavy, direct limits on the LSP are substantially weaker. Hence, the LHC challenges
supersymmetry as a solution to the hierarchy problem, but not as the origin of dark matter.

Secondly, after decades of improving technologies and increasing target masses, the direct
detection of galactic dark matter has reached unprecedented levels of sensitivity, as shown in
Fig. (2). At present, the best limits on the scattering of dark matter against target nuclei are
from the XENON100 experiment [1], which probes spin independent (SI) and spin dependent
(SD). Complementary and in some cases more powerful constraints on SD scattering have also
been obtained by the IceCube observatory [], which searches for high energy neutrino signals
originating from dark matter accumulating inside the sun. In many theories—for example neu-
tralino dark matter—SI and SD scattering is mediated Higgs and Z boson exchange, respectively.
Cross-sections corresponding to di↵erent values of c

h�� and cZ�� are shown in Fig. (2), which
reflect the fact that �

SI

/ c2h�� and �
SD

/ c2Z��. For neutralino dark matter, both couplings
originate from the electroweak gauge couplings g0 ⇠ 0.35 and g ⇠ 0.65, so the naive conclusion
of Fig. (2) is that neutralino dark matter is presently excluded. However, this argument against
neutralino dark matter is incorrect. The couplings ch�� and cZ�� arise from multiple contri-
butions of the same order which can constructively or destructively interfere; upon squaring
the resultant couplings, one finds SI and SD cross-sections which can easily be enhanced or
suppressed by an order of magnitude from the naive expectation. While escaping present con-
straints does not require any particular fine-tuning among parameters—just relative signs—this
will not be so easy for future limits.

In this paper we will explore the parameter space of � ⇠ (b̃, w̃, h̃) neutralino dark matter.
Our aim is to identify those regions which are presently allowed and determine what to ex-
pect as experiments unfold. A priori, the parameter space of supersymmetric dark matter is
vast, which is why typical analyses employ exhaustive parameter scans. However, the major-
ity of these parameters are irrelevant to neutralino dark matter if we assume that the scalar
states—heavy Higgs bosons, squarks, and sleptons—are su�ciently decoupled as not to influ-
ence processes relevant to the cosmological or observational properties of dark matter. This
simplifying assumption yields a manageable, four-dimensional parameter space comprising the
mass parameters for b̃, w̃ and h̃ and the ratio of vacuum expectation values

� ⇠ (b̃, w̃, h̃) : (M
1

,M
2

, µ, tan �). (1)

We find that our analysis is little altered for squarks as light as 1 TeV, and quantify their e↵ects

4

1 Introduction

In many supersymmetric theories, the lightest superpartner (LSP) is a neutralino which is stable
and can account for the observed dark matter in the universe. However, two complementary
experimental e↵orts have apparently called such an interpretation into question, at least for the
simplest case where the LSP is a linear combination of bino, wino, and Higgsino, � ⇠ (b̃, w̃, h̃).

First, a variety of searches from the Large Hadron Collider (LHC) have placed powerful
limits on supersymmetry, with constraints especially stringent when the LSP is a stable, weakly
interacting massive particle (WIMP). Naively, this casts doubt on the so-called “WIMP mira-
cle”, however this argument against neutralino dark matter is deeply flawed. Null results from
the LHC apply to colored superpartners decaying to missing energy—if these states are su�-
ciently heavy, direct limits on the LSP are substantially weaker. Hence, the LHC challenges
supersymmetry as a solution to the hierarchy problem, but not as the origin of dark matter.

Secondly, after decades of improving technologies and increasing target masses, the direct
detection of galactic dark matter has reached unprecedented levels of sensitivity, as shown in
Fig. (2). At present, the best limits on the scattering of dark matter against target nuclei are
from the XENON100 experiment [1], which probes spin independent (SI) and spin dependent
(SD). Complementary and in some cases more powerful constraints on SD scattering have also
been obtained by the IceCube observatory [], which searches for high energy neutrino signals
originating from dark matter accumulating inside the sun. In many theories—for example neu-
tralino dark matter—SI and SD scattering is mediated Higgs and Z boson exchange, respectively.
Cross-sections corresponding to di↵erent values of c

h�� and cZ�� are shown in Fig. (2), which
reflect the fact that �

SI

/ c2h�� and �
SD

/ c2Z��. For neutralino dark matter, both couplings
originate from the electroweak gauge couplings g0 ⇠ 0.35 and g ⇠ 0.65, so the naive conclusion
of Fig. (2) is that neutralino dark matter is presently excluded. However, this argument against
neutralino dark matter is incorrect. The couplings ch�� and cZ�� arise from multiple contri-
butions of the same order which can constructively or destructively interfere; upon squaring
the resultant couplings, one finds SI and SD cross-sections which can easily be enhanced or
suppressed by an order of magnitude from the naive expectation. While escaping present con-
straints does not require any particular fine-tuning among parameters—just relative signs—this
will not be so easy for future limits.

In this paper we will explore the parameter space of � ⇠ (b̃, w̃, h̃) neutralino dark matter.
Our aim is to identify those regions which are presently allowed and determine what to ex-
pect as experiments unfold. A priori, the parameter space of supersymmetric dark matter is
vast, which is why typical analyses employ exhaustive parameter scans. However, the major-
ity of these parameters are irrelevant to neutralino dark matter if we assume that the scalar
states—heavy Higgs bosons, squarks, and sleptons—are su�ciently decoupled as not to influ-
ence processes relevant to the cosmological or observational properties of dark matter. This
simplifying assumption yields a manageable, four-dimensional parameter space comprising the
mass parameters for b̃, w̃ and h̃ and the ratio of vacuum expectation values

� ⇠ (b̃, w̃, h̃) : (M
1

,M
2

, µ, tan �). (1)

We find that our analysis is little altered for squarks as light as 1 TeV, and quantify their e↵ects

4

The parameter space is small, manageable:

singlets,
triplets,
doublets



simplifications

a) Ignore all scalars but light Higgs.

•  scalar coannihilation (squark, etc)

•  resonant effects (Higgs funnels)

b) Ignore all CP phases.



relic abundance

We allow for a range cosmology scenarios:

•  thermal

•  non-thermal

•  sub-component
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In the second and third cases, ⌦(th)

� is not stringently constrained by WMAP measurements,
so these scenarios o↵er greater freedom for evading experimental constraints. In the first case,
however, the relic abundance is fixed to the observed WMAP value, and for � dark matter this
typically requires a modest fine-tuning among parameters [13]. This occurs because pure bino
dark matter is over-abundant, while pure wino or Higgsino dark matter is under-abundant for
masses below 1 TeV [3, 4] and 2.7 TeV [4, 5], respectively. Thus, only a precise admixture of

bino and wino or Higgsino—i.e. a well-tempered neutralino—can accommodate ⌦
obs

= ⌦(th)
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Figure 2: The thermal freeze-out abundance for � ⇠ (b̃, h̃) (left) and � ⇠ (b̃, w̃) (right) is
especially sensitive to parameters near the well-tempered cross-over region. The relic abundance
is exponentially sensitive in bino/wino dark matter, where thermal freeze-out is mediated by
coannihilation.

Fig. (3) shows the dependence of ⌦(th)

� onM
1

for the cases of � ⇠ (b̃, h̃) and � ⇠ (b̃, w̃). In this
paper we do not include the e↵ect of Sommerfeld enhancement, a non-perturbative e↵ect which
can substantially boost the annihilation cross-section of dark matter if it is much heavier than
a force carrying particle. Sommerfeld enhancement through electroweak bosons is an especially
important e↵ect for wino dark matter & 2 TeV, which is not our focus. The parameters in
Fig. (3) have been chosen so that in the limit of heavy M

1

, � is dominantly a Higgsino or wino
with mass 500 GeV. At lowM

1

, � is dominantly bino, and asM
1

increases it gradually acquires a
larger component of Higgsino/wino allowing it to annihilate more rapidly to final states involving
W , Z, and h. As M

1

approaches 500 GeV the abundance changes rapidly—partly because the
mixing angle changes rapidly and partly because the LSP mass is approaching the mass of the
next lightest neutralino and chargino states, allowing for coannihilation [6]. As is well-known,
coannihilation is exponentially sensitive the mass di↵erence between the dark matter and its
neighboring states. The e↵ective freeze-out cross-section for i = 1, 2, . . . , N states is given by

h�vi
coann

=

PN
i,j wiwj�ijx

�n

(
P

i wi)
2

(3)

wi =

✓
mi

m�

◆
3/2

e�x(mi/m��1), (4)

8

“Well-tempering” is needed for correct relic 
abundance in many theories - including SUSY.



experiments

Consider present limits and future reach for 
direct detection / neutrinos experiments.

•  spin dependent (SD) scattering:
XENON, IceCube

•  spin independent (SI) scattering:
XENON, LUX
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Figure 1: Present limits (filled or solid) and future reach (dashed) for SI/SD scattering of
DM, shown in terms of the cross-section (left axis) or DM Higgs/Z coupling (right axis). For
SI scattering we show the current limit from XENON100 [1] as well as the projections for
LUX [4], SuperCDMS [5], and XENON1T [3]. For SD scattering we show the current limit
from XENON100 [6] on DM-neutron scattering, as well as the current limit from IceCube [2]
on DM-proton scattering, assuming annihilations into W+W� or tt̄ (estimated). We also show
our estimate for the reach of XENON1T [7] for DM-neutron scattering.

like to ask: what is the characteristic size for the SI and SD cross-sections expected of neutralino
DM which couples through the Higgs and Z bosons? Given the interactions,

L � ch��
2

h(��+ �†�†) + cZ�� �
†�̄µ�Zµ, (2)

then in the limit in which the DM is heavier than the nucleon, the SI and SD cross-sections are

�
SI

= 8⇥ 10�45 cm2

⇣ch��
0.1

⌘
2

�
SD

= 3⇥ 10�39 cm2

⇣cZ��

0.1

⌘
2

. (3)

While �
SD

is typically considerably larger than �
SI

, SI experimental constraints are commensu-
rately stronger than SD, so these two limits are comparable in strength [21, 22]. Note that �

SI

depends on nuclear form factors, in particular the strange quark content of the nucleon. For our
analysis we adopt the lattice values of [20]. A more technical discussion of the strange quark
content of the nucleon is contained in App. A.

The SI scattering of DM with nucleons is highly constrained by null results from direct
detection experiments. At the forefront of this experimental e↵ort is XENON100 [1], an un-
derground, two-phase DM detection experiment which employs a 62 kg radio-pure liquid Xe
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our estimate for the reach of XENON1T [7] for DM-neutron scattering.

like to ask: what is the characteristic size for the SI and SD cross-sections expected of neutralino
DM which couples through the Higgs and Z bosons? Given the interactions,

L � ch��
2

h(��+ �†�†) + cZ�� �
†�̄µ�Zµ, (2)

then in the limit in which the DM is heavier than the nucleon, the SI and SD cross-sections are

�
SI

= 8⇥ 10�45 cm2

⇣ch��
0.1

⌘
2

�
SD

= 3⇥ 10�39 cm2

⇣cZ��

0.1

⌘
2

. (3)

While �
SD

is typically considerably larger than �
SI

, SI experimental constraints are commensu-
rately stronger than SD, so these two limits are comparable in strength [21, 22]. Note that �

SI

depends on nuclear form factors, in particular the strange quark content of the nucleon. For our
analysis we adopt the lattice values of [20]. A more technical discussion of the strange quark
content of the nucleon is contained in App. A.

The SI scattering of DM with nucleons is highly constrained by null results from direct
detection experiments. At the forefront of this experimental e↵ort is XENON100 [1], an un-
derground, two-phase DM detection experiment which employs a 62 kg radio-pure liquid Xe

6



At zeroth order, XENON100 introduces 
tension for neutralino dark matter:

g0 ⇠ 0.35

g ⇠ 0.65
ch�� . 0.1 versus



At zeroth order, XENON100 introduces 
tension for neutralino dark matter:

Because contributions are of order the limit, 
cancellations will occur generically, e.g.

g0 ⇠ 0.35

g ⇠ 0.65
ch�� . 0.1

(2� 1)2 ⌧ (2 + 1)2

versus



how does DM hide?

•  blind spots 

•  purity

ch�� = 0

as M1,M2, µ = finite

ch�� ! 0

as M1,M2, µ ! 1



SI(h) SD(Z)state

b̃

w̃

inert

h̃u, h̃d

SI(Z)

no renorm.
operator

present 
but 

inelastic

purity

inert inert

no renorm.
operator

no renorm.
operator

no renorm.
operator

no renorm.
operator



Reinstate the Higgs boson:

redefinition

b̃ ! ib̃ (13)

w̃ ! iw̃ (14)

h̃u,d ! �ih̃u,d, (15)

which is equivalent to simultaneously sending the all the mass parameters M
1

, M
2

, and µ to
minus themselves. In many of our results, we will eliminate the unphysical, overall sign by fixing
the sign of a single theory parameter to be positive.

The smallest eigenvalue of M� is the dark matter mass, m�(v), where we have emphasized
the explicit dependence on v. The coupling of the dark matter to the Higgs boson can then be
obtained by Taylor expanding in v ! v + h, yielding

Lh�� =
1

2
m�(v + h)�� (16)

=
1

2
m�(v)��+

1

2

@m�(v)

@v
h��+O(h2), (17)

which implies that @m�(v)/@v = ch��.
To begin, take the characteristic equation satisfied by the lightest mass eigenvalue m�(v),

det(M� � 1m�(v)) = 0. (18)

Di↵erentiating the left-hand side with respect to v and setting @m�(v)/@v = ch�� = 0, one
then obtains a new equation which defines when the neutralino of mass m�(v) has a vanishing
coupling to the Higgs boson:

(m�(v) + µ sin 2�)

✓
m�(v)� 1

2
(M

1

+M
2

+ cos 2✓W (M
1

�M
2

))

◆
= 0. (19)

The above equation implies that for regions in which ch�� = 0, m�(v) is entirely independent of
v. At such cancellation points, m�(v) = m�(0), so the neutralino mass is equal to the mass of
a pure gaugino or Higgsino state, i.e. m�(v) = M

1

,M
2

,�µ. As long as 1) Eq. (19) holds and
2) the state with mass m�(v) is indeed the LSP, then the dark matter will have a vanishing
coupling to the Higgs boson, yielding a SI scattering blind spot. The second condition—that on
the locus of Eq. (19), m�(v) corresponds to the mass of the LSP—is non-trivial. This is because
there are zeros of Eq. (19) which correspond to when a heavier neutralino, not the LSP, has
a vanishing coupling to the Higgs boson. We have identified these physically irrelevant points
and eliminated them from consideration in order to catalog all SI scattering blind spots for
neutralino dark matter,

spin independent
blind spot

:
m� + µ sin 2� = 0 and µ < 0
m� = M

1

= M
2

and µ < 0,
(20)

where in the first line, m� = M
1

,M
2

,�µ depending on whether the LSP becomes pure bino,
wino, or Higgsino in the v ! 0 limit, respectively. These blind spots require µ < 0, and apply
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Higgs coupling cancellation at:

ch�� =
@m�(v)

@v
= 0

blind spots (SI)
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦
obs

for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)

� /⌦
obs

, and the brown band shows the region

having ⌦(th)

� within ±3� of ⌦
obs

. Regions above (below) the brown band require an enhancement
(dilution) of the DM abundance after freeze-out. Regions currently excluded by XENON100,
IceCube, Fermi, and LEP are shaded. The black dashed line is the SI blind spot, ch�� = 0, and
is close to (far from) the brown band for low (high) tan�.
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Figure 5: Same as Fig. (4) except for future reach rather than current limits. The dashed green
lines show the projected SI reach of LUX, while the shaded regions give the projected reach
for XENON1T, both SI and SD. The shaded cyan region is the current Fermi exclusion, as in
Fig. (4).
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lines show the projected SI reach of LUX, while the shaded regions give the projected reach
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soon, nothing left but blind spot



•  SD scattering is in blind spot.

•  SI scattering is in blind spot.

•  unnatural theories (split SUSY)

•  natural theories (lambda SUSY)

Higgsino DM at tan beta ~ 1 hard to probe.

Higgsino DM at tan beta ~ 1 is motivated.

Are there any theory motivated blind spots?



Low tan beta preferred by theory (gaugino/
scalar hierarchy) and experiment (flavor).

Figure 4: The scalar mass scale in Split Supersymmetry as a function of tan � for a Higgs mass
fixed at 125.5 GeV for no and maximal stop mixing. The 1� error bands coming from the top
mass measurement (which dominate over other uncertainties) are also shown.

high scale SUSY breaking models (as in gravity or anomaly mediation). The gluino RG e↵ects
become stronger as ⇤ is pushed up and it gets harder to have a stop much lighter than the gluino.

The bounds on the tuning from current direct stop searches are not competitive with the gluino
ones, and thus do not pose a significant constraint on the parameter space. When m�3 � mt̃1 ,
additional tuning is required because of the large correction to the stop mass from the gluino.
Making the LSP heavier than 400 GeV to evade the gluino bounds does not improve the situation;
a heavy LSP implies a large µ-term which increases the tree-level tuning of the theory. Fig. 2
finally shows that the small window left for naturalness in SUSY will be probed already by the
end of the 8 TeV LHC run, when the gluino searches are pushed above 1.5-1.8 TeV mass range.

The absence of evidence for sparticles suggests that either low-energy SUSY theories have to be
tuned, or sparticles are absent from the weak scale altogether. Why, then, does supersymmetric
unification work so well if the sparticles responsible for it are not present? An answer to this
question comes from Split SUSY [7, 8], a theory motivated by the multiverse. In Split SUSY,
scalar sparticles are heavy—at the SUSY breaking scale m0—whereas fermions (gauginos and
higgsinos) are lighter as they are further protected by the R-symmetry whose breaking scale can
be lower than m0. Choosing the fermion masses near a TeV, as dictated by the WIMP “miracle”,
reproduces successful unification independent of the masses of scalar sparticles. So in Split only
the gauginos and higgsinos may be accessible to the LHC, whereas the scalar masses can be
anywhere between the GUT and the weak scale.

This uncertainty in m0, which has been blurring the phenomenology and model building of
Split, has come to an end with the discovery of the Higgs [4]. The Higgs mass mh correlates with
m0 [7, 8] as shown in Fig. 3 [9], and for mh = 125.5 GeV the scalar sparticle masses are in the

4

Arvanitaki et al. [1210.0555]
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Low tan beta preferred by theory (gaugino/
scalar hierarchy) and experiment (flavor).
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Figure 17: The gray shaded areas give target regions in the (m�, �SI) plane for thermal
bino/Higgsino dark matter, and are superimposed on the current limit from XENON100 and
the projected reaches for LUX and XENON1T. The edge of these gray regions at low m� results
from the LEP requirement of µ > 100 GeV, while the largest value of m�, just above 1 TeV,
corresponds to pure Higgsino LSP, and is present for both signs of µ. The upper dark shaded
region is for µ > 0 with the upper (lower) edge corresponding to low (high) tan �. Much of the
low mass part of this region has been excluded by XENON100. The lower two regions, shaded
in lighter gray, are for µ < 0. The boundary between the µ > 0 and µ < 0 regions occurs at
large tan�, where the sign of µ becomes unphysical. In the µ < 0 regions the cross-section falls
as tan � is reduced towards the blind spot value of sin 2� = M

1

/|µ|. The two µ < 0 regions
are divided by the contour �ch�� = 100, corresponding to a 1% fine-tuning in the scattering
amplitude, and lies near the projected reach of XENON1T. In the lower region, for each order
of magnitude further reduction in the cross-section, fine-tuning by a further factor of

p
10 is

required.
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XENON100 has just cut into the Higgs 
scattering region of thermal neutralino DM!



thanks!


