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

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

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

The new XENON100 data provide the most strin-
gent limit for mχ > 8GeV/c2 with a minimum of
σ = 2.0 × 10−45 cm2 at mχ = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg×days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic differ-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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what is status of SUSY DM?



the plan

1. experimental status

2. neutralino DM in SUSY

3. bino-higgsino

4. bino-wino-(higgsino)



experimental statusThe XENON Roadmap
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XENON10
Achieved (2007) σSI=8.8 x10-44 cm2

Phys. Rev.  Lett. 100, 021303 (2008) 
Phys. Rev.  Lett. 101, 091301 (2008

XENON100 
Projected (2010) σSI~2x10-45 cm2

past
(2005 - 2007)

current 
(2008-2010)

future
(2011- 2015)

XENON1T
Goal: σSI <10-46 cm2

Tuesday, March 23, 2010
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The XENON Dark Matter Program

XENON10
Achieved (2007) σSI=8.8 x10-44 cm2

XENON100
Achieved (2011) σSI=7.0 x10-45 cm2

Projected (2012) σSI~2x10-45 cm2

XENON1T
Projected (2017) σSI ~10-47 cm2

past
(2005 - 2007)

current 
(2007-2012)

future
(2012-2017)

Friday, February 24, 2012



types of scattering:
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types of scattering:

1.  spin independent:

2.  spin-dependent:
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what about the strange quark?

fq =
mq

mN
�N | qq̄ |N� σ ∝ f2

f = Σq fq
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indirect

5

considered in our analysis becomes

L(D|pW,{p}i) =
�

i

LLAT
i (D|pW,pi)

× 1

ln(10) Ji
√
2πσi

e−[log10(Ji)−log10(Ji)]
2
/2σ2

i ,

(1)

where LLAT
i denotes the binned Poisson likelihood that is

commonly used in a standard single ROI analysis of the
LAT data and takes full account of the point-spread func-
tion, including its energy dependence; i indexes the ROIs;
D represents the binned gamma-ray data; pW represents
the set of ROI-independent DM parameters (�σannv� and
mW ); and {p}i are the ROI-dependent model parame-
ters. In this analysis, {p}i includes the normalizations
of the nearby point and diffuse sources and the J factor,
Ji. log10(Ji) and σi are the mean and standard devia-
tions of the distribution of log10 (Ji), approximated to be
Gaussian, and their values are given in Columns 5 and
6, respectively, of Table I.

The fit proceeds as follows. For given fixed values of
mW and bf , we optimize − lnL, with L given in Eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the “profile likelihood”technique, which is
a standard method for treating nuisance parameters in
likelihood analyses (see, e.g., [32]), and consists of calcu-
lating the profile likelihood − lnLp(�σannv�) for several
fixed masses mW , where, for each �σannv�, − lnL is min-
imized with respect to all other parameters. The inter-
vals are then obtained by requiring 2∆ ln(Lp) = 2.71 for
a one-sided 95% confidence level. The MINUIT subrou-
tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(diffuse and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are �σannv�,
the J factors, and the Galactic diffuse and isotropic back-
ground normalizations as well as the normalizations of
near-by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo calculations for a
Poisson process with known background and Fermi-LAT
simulations of Galactic and isotropic diffuse gamma-ray
emission. The parameter range for �σannv� is restricted
to have a lower bound of zero, to facilitate convergence of
the MINOS fit, resulting in slight overcoverage for small
signals, i.e., conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the bb̄ final state are shown in
Fig. 1; see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on a WIMP anni-
hilation cross section for all selected dSphs and for the joint
likelihood analysis for annihilation into the bb̄ final state. The
most generic cross section (∼ 3 · 10−26 cm3s−1 for a purely s-
wave cross section) is plotted as a reference. Uncertainties in
the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the bb̄ channel, the τ+τ− channel, the
µ+µ− channel, and the W+W− channel. The most generic
cross section (∼ 3 ·10−26 cm3s−1 for a purely s-wave cross sec-
tion) is plotted as a reference. Uncertainties in the J factor
are included.

in the fit results in increased upper limits compared to
using the nominal J factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultrafaint satel-
lites with small kinematic data sets and relatively large
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neutralino DM in SUSY



fermionic dark matter 

•  a

• assume scalar superpartners can be 
decoupled when computing:  σχN , Ω

• parameters: 
M1,M2, µ, tanβ

SM + B̃, W̃ , H̃

• assume CP 
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is the weak scale natural?

natural unnatural

125 GeV
mh

λSHuHd split SUSY

neutralino DM interesting for both!

χ



fermionic DM in unnatural SUSY

• the LSP is at the weak scale to avoid 
overclosure 

Ω ∼ 1

σ
∼ m2

Ñ

• the DM mass is crucial for LHC 
observability

mg̃ > mχ



• fermionic DM is a simplified limit of natural SUSY 

• we assume any physics that raises the Higgs 
mass does not modify DM properties

θÑ1S̃
� 1

• DM mass is important for naturalness:

�mZ

m̃

�4

µ � mχ ∆ �
2m2

χ

m2
h

fermionic DM in unnatural SUSY



Ω
in this talk I’ll consider two cases:

1. non-thermal

2. thermal

Ωfreezeout �= Ωdm

Ωfreezeout = Ωdm



pure eigenstate DM

• bino

• higgsino

• wino

overcloses

m
H̃

≈ 1 TeV

mW̃ ≈ 2.7 TeV

H̃

H̃

H̃

W−

W+



well-tempered neutralino

N. Arkani-Hamed,  A. Delgado, G. Giudice 0601041.

1000500200 300 70010�3

10�2

10�1

1

101

102

M1 �GeV�

�
h2

bino � higgsino

�obs � 3Σ

Μ � 500 GeV
M2 decoupled

tan Β � 10

� B
�
�like

H
�
�like�

1000500200 300 70010�3

10�2

10�1

1

101

102

M1 �GeV�
�
h2

bino � wino

�obs � 3Σ

Μ � 750 GeV
M2 � 500 GeV

tan Β � 10

� B
�
�like

W
�
�like�



well-tempered neutralino

N. Arkani-Hamed,  A. Delgado, G. Giudice 0601041.

1000500200 300 70010�3

10�2

10�1

1

101

102

M1 �GeV�

�
h2

bino � higgsino

�obs � 3Σ

Μ � 500 GeV
M2 decoupled

tan Β � 10

� B
�
�like

H
�
�like�

1000500200 300 70010�3

10�2

10�1

1

101

102

M1 �GeV�
�
h2

bino � wino

�obs � 3Σ

Μ � 750 GeV
M2 � 500 GeV

tan Β � 10

� B
�
�like

W
�
�like�



χ

χ

h

hidden dark matter



hidden dark matter

χ

χ

h



χ

χ

h

1. purity

2. blindspots

yχχh → 0

χ → B̃, W̃ , H̃ turn off mixing by decoupling 
higgsinos or gauginos

hidden dark matter



hidden dark matter

χ

χ

h

1. purity

2. blindspots

decouple higgsinos or gauginos

yχχh = 0

yχχh → 0

χ → B̃, W̃ , H̃

due to cancellation



purity

• tree-level Higgs coupling vanishes for pure 
higgsino or Wino

• loop contribution smaller than expected
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W±W±

q′(q)

q

W±(Z0)

ψ̃±(η̃0)

(a) (b)

(Z0) (Z0)

Figure 1: One-loop diagrams which induce effective interactions of EW-IMP DM with
light quarks. There are also W -(Z-) boson crossing diagrams, which are not shown here.

χ̃0 χ̃0

ψ̃±

W±

Z0, γ

q q

χ̃0 χ̃0
W±

ψ̃± ψ̃±

Z0, γ

q q

Figure 2: One-loop diagrams which correspond to the one-loop quantum correction to the
EW-IMP-Z (γ) interaction vertex. These contributions turn out to vanish.

bosons (W±
µ , Z0

µ) as

∆Lint. =
[g2
4

√

n2 − (2Y + 1)2 χ̃0γµψ̃− W+
µ +

g2
4

√

n2 − (2Y − 1)2 χ̃0γµψ̃+ W−
µ + h.c.

]

+
ig2(−Y )

cosθW
χ̃0γµη̃0 Z0

µ,

(14)

where θW is the weak mixing angle. The Majorana field η̃0 is introduced for the cases of
Y "= 0. (See Eq. (3).) In either case (Y = 0 or Y "= 0), the EW-IMP does not have any
interaction by itself. Thus, it is loop diagrams that yield the leading contribution to the
EW-IMP-nucleon elastic scattering cross section.

First, we consider the one-loop processes. The relevant diagrams are shown in Figs. 1
and 2. The diagrams in Fig. 1 give rise to the coefficients in Eq. (5) as

6

χ̃0 χ̃0

g

Q/q

Q′/q′

ψ̃±(η̃0)

W± W±

χ̃0 χ̃0

ψ̃±

W±

Q′(Q)

Q

g gg

χ̃0

ψ̃±(η̃0)

χ̃0

h0W±(Z0)

Q

gg

(a) (b) (c)

(Z0) (Z0) (Z0)
W±

(Z0)(Q/q)

Figure 3: Relevant two-loop diagrams which contribute to effective scalar coupling of
EW-IMP DM with gluon.There are also W -(Z-) boson crossing diagrams, which are not
shown here.

Here f (i)
G |SDq and f (i)

G |LDq denote the short-distance and long-distance contributions of
quark q in the loop in diagram (i) (i = a, b, c) of Fig. 3, respectively. We also take
into account large QCD corrections in the long-distance contributions [23] by using cQ =
1+11αs(mQ)/4π (Q = c, b, t). We take cc = 1.32, cb = 1.19, and ct = 1 for αs(mZ) = 0.118
in our calculation. Note that the long-distance contribution is gauge invariant. This is
because its contribution to the operator fGGa

µνG
aµν is evaluated from scalar-type effec-

tive operator fqmq q̄q [13, 14]. (See also later discussion where the explicit calculations
are given.) Consequently, the gauge invariance of the short-distance contribution is guar-
anteed since summation of the both contribution is obviously gauge invariant. Then, the
effective coupling of EW-IMP with gluon is obtained as

fG = f (a)
G + f (b)

G + f (c)
G . (21)

Let us see each diagram closely. It is obvious that diagram (a) gives the long-distance
contribution. Thus, we sum up for heavy quarks in the loop, and get

f (a)
G = −

αs

12π
×

α2
2

4m2
h

∑

Q=c,b,t

cQ

[

n2 − (4Y 2 + 1)

8mW
gH(w) +

Y 2

4mZcos4θW
gH(z)

]

. (22)

Here the first and second terms in the bracket come from W - and Z-boson exchanges,
respectively. As we described above, this long-distance contribution is given by effective
scalar-type coupling (of the Higgs contribution) as − αs

12πfQ.
For the calculation of diagrams (b) and (c), on the other hand, we follow the steps

supplied in Ref. [14]. In the work, the systematic calculation for the W -boson exchange
diagrams at two-loop level in the Wino DM scenario is given. The procedure is applicable
to compute the two-loop diagrams in our case. For the W -boson exchange diagrams, the

8
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solve for:

M1 (µ, tanβ)

Ω (M1, µ, tanβ) = ΩDM
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1σ/2σ) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1σ/2σ) preferred by supersymmetric (CMSSM)
models [18].

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

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

The new XENON100 data provide the most strin-
gent limit for mχ > 8GeV/c2 with a minimum of
σ = 2.0 × 10−45 cm2 at mχ = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg×days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic differ-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1σ/2σ) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1σ/2σ) preferred by supersymmetric (CMSSM)
models [18].

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

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

The new XENON100 data provide the most strin-
gent limit for mχ > 8GeV/c2 with a minimum of
σ = 2.0 × 10−45 cm2 at mχ = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg×days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic differ-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1σ/2σ) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1σ/2σ) preferred by supersymmetric (CMSSM)
models [18].

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

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

The new XENON100 data provide the most strin-
gent limit for mχ > 8GeV/c2 with a minimum of
σ = 2.0 × 10−45 cm2 at mχ = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg×days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic differ-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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take away points

• direct detection is finally probing neutralino DM

• large parameter space remains

• blindspots with small spin-independent cross-section 
evade Xenon1T
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Figure 9: Impact of squarks on thermal bino/Higgsino dark matter, with µ < 0 and tan β = 20.

At each point M1 has been chosen so that Ω(th)
χ = Ωobs, except in the gray region where freeze-

out always yields overclosure. The upper left region, where freeze-out is dominated by squark-
neutralino coannihilation, is excluded by XENON100. However, in the lower right region the
XENON100 limit becomes less powerful as the s-channel squark exchange amplitude has the
opposite sign to the t-channel Higgs exchange diagram. The purple region is excluded by an
LHC search for jets and missing transverse energy, with the gluino mass fixed at 2 TeV. This
LHC search becomes less powerful as the gluino mass is increased, and the excluded region
becomes bounded by the purple dashed line if the gluino is decoupled. The currently allowed
region, shown in white, mostly has a SI scattering cross section that is not far below the current
bound, so that LUX will have a large discovery potential. In the absence of a signal at LUX
(XENON1T) the only surviving region will be the narrow band between the dashed green (red)
lines.

squark mass approaches the LSP mass, limits from supersymmetry searches at the LHC are
also alleviated. In particular, we have plotted the limit on the LSP/squark/gluino simplified
model of [20], and recast the limit in our parameter space at mg̃ = 2 TeV using pythia 6.4
[21], PGS [22] and NLO [23] and NLL [24] results. Josh will add words to describe his
recasting procedure. Both constraints are somewhat weakened near the region of bino/squark

21


