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The model

Z2 symmetry keeps lightest state 
stable -- WIMP DM candidate!	

Majorana mass term for S, otherwise immediately killed by Z-mediated SI DD.  (Key diff with 
previous works on vector-like MSSM extensions!)	
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The Model

After diagonalizing, get couplings of mass eigenstates to h and Z (and W):	

!

!
!

Focus on mostly singlet DM: mχ ~ MS < ML and v << ML , ML-MS	

!

!

!

Part of a broader framework of Higgs and Z-portal dark matter  
(cf e.g. Giudice, de Simone and Strumia ’14, Cheung & Sanford ’13; Calibbi et al ’15)
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Higgs mass and fine-tuning

One-loop Higgs mass in the mostly singlet DM regime:    (                   ) 	

!

!

Assume MSSM stops get you to mh ~ 110 GeV (~10% FT).  
Need δmh2 ~ 3500 GeV2 . 	

Fine tuning measure:	

!

!

FT exponentially worse as ku decreases. This requires                 (Different from 
Bino-Higgsino system where                    ) 	
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Direct Detection

DM direct detection experiments are probing couplings of DM to nucleons

⇠SI
q (�̄�)(q̄q) + ⇠SD

q (�̄�5�µ�)(q̄�5�µq)

SI controlled by ch and SD controlled by cZ. 
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Thermal relic density

!

!

DM slowly moving at freeze out (v2~0.1), so all else being equal, 
annihilation rate dominated by s-wave. 	

Initial state (pair of identical Majorana fermions) is CP odd, so no s-wave 
through s-channel Higgs. This leaves s-channel Z and t-channel.	

Additional simplifications in large ML limit...
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Thermal relic density

Comments:	

• s-wave annihilation is to tt and Higgsinos to leading order in v2/ML2.	

• Annihilation to dibosons is always subdominant for the parameter space that we study.	

• cZ controls both the SD DD cross section and the annihilation to tt.
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Putting it all together

Numerical pipeline: SARAH-SPheno-Micromegas. Confirmed using analytics. 	

• Confirms analytics of DD bounds. 

• Confirms estimates of FT via one-loop Higgs mass. 	
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Thermal relic contour plots

Within a factor of a few of being 
ruled out by SD DD!

Confirms the direct relation between ΩDM and cZ!

We can move toward the blind spot 
by varying kd.
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Conclusions

We studied an economic extension of the MSSM that gives a 125 GeV Higgs 
mass with a fine-tuning as low as 10% and provides a natural thermal WIMP DM 
candidate.	

The main annihilation channels in our model are s-wave annihilation to tt and 
Higgsinos. 	

Imposing the relic density constraint immediately implies a particular value for 
the SD cross-section. This value is not ruled out yet, but the next generation of 
DM experiments (e.g.\ Xenon1T , LZ) should completely rule out or discover 
this model. 	

!

Thanks for your attention!







LHC prospects
Mono(H,Z,W) through χ1 + (χ2,3,χ±) production:
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Outlook

Xenon1T should probe the entire parameter space of our model in a few years. 
More generally true for Higgs and Z-portal DM!	

Other models for Higgs and DM beyond the MSSM:	

• Other SU(2) representations?	

• NMSSM?	

• Non-decoupling D-terms?	

• ...	

Extra particles expected for unification...explore their phenomenology? 	

Further explorations of the more general effective operator story...	

Landau pole problem...



Blind Spot
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To satisfy LUX SI bounds, need a mild blind spot cancellation (factor of ≲ 2)
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Landau Pole Problem

Generally there is a Landau pole well before the GUT scale.  Theory needs to be 
UV completed -- or extended with gauge interactions to deflect the Yukawas...

Figure 8: Scale of Landau poles with one-loop RGE’s in terms of kd, ku at IR. We are assuming for

each point on the plot, ku, kd is given at ⇤IR = 1 TeV

the model at UV to make sure the model is sensible and make some comments about

solutions to potential problems.

Let’s focus on the more important couplings (g
3

, yt, ku, kd) and neglect the e↵ect

of other couplings in finding the scale of Landau poles. Starting from one loop beta

functions we have
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We define the Landau pole scale (⇤LP ) for a Yukawa coupling k(µ) to be the scale at

which k(⇤
LP

) = 4⇡. Solving the RGEs of our model numerically, we can find the lowest

scale at which one of the couplings hit its Landau pole. In fig. 8 we show this scale as

a function of the Yukawa couplings at 1 TeV.

Note that for the part of parameter space interesting to this project, the Landau

poles are above 100 TeV. Now we might ask what can we do above this scale or how can

we avoid it until very high energies e.g. GUT scale? One idea is to use non-abelian gauge

interactions for the new sector to reduce the beta functions of the Yukawa couplings. If
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Electroweak Precision Tests

Model is totally safe from EWPT -- in mostly singlet regime, thermal relic 
constraint requires doublet mass ≳ 1 TeV...	

!
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Abe, Kitano & Sato ’14.	

 
Agrees qualitatively with 
results there and in Martin ’09. 



Direct detection: SI
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.48, 1.02, and
1.05 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
green and yellow. Also shown are limits from the first LUX
analysis [6] (gray), SuperCDMS [35] (green), CDMSlite [36]
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and PandaX [39] (purple). The expected spectrum of coherent
neutrino-nucleus scattering by 8B solar neutrinos can be fit
by a WIMP model as in [40], plotted here as a black dot.

LUX 1512.03506

LUX currently sets strongest SI constraints.



Direct Detection: SD
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FIG. 1. LUX upper limits on the WIMP-neutron (top) and
-proton (bottom) elastic SD cross sections at 90% CL. The
observed limit is shown in black with the ±1� (±2�) band
from simulated background-only trials in green (yellow). Also
shown are the 90% CL from: CDMS [23], KIMS [24, 25], PI-
CASSO [26], PICO-2L [27], PICO-60 [28], XENON10 [29],
XENON100 [30], and ZEPLIN-III [31, 32]. The DAMA al-
lowed region at 3� as interpreted in [33] without ion chan-
neling is the shaded areas. Three indirect limits from Ice-
Cube [34] and SuperK [35] are shown. Collider limits from
CMS mono-jet searches are included, assuming the MSDM
model with two coupling scenarios [36]. The projected sen-
sitivity for the LZ experiment is shown for an exposure of
5.6⇥105 kg·days [37].

Collider searches for dark matter particles can be inter-
preted in the same parameter space as direct searches for
particular conditions [36]. In Figure 1 we include limits
from CMS mono-jet searches [39], assuming the Minimal
Simplified Dark Matter (MSDM) model for the particular
case where the coupling of the mediator to the quarks and
the dark matter particle are equal (g = gq = gDM ). The
cross section is dependent on these couplings, so we com-
pare to the smallest and largest values used in Ref. [36].
For low WIMP masses the collider limits are stronger for
both couplings, but these searches are not sensitive to
heavier WIMPs. It is important to note this interpreta-
tion of collider searches is model-dependent. Therefore,
dark matter signals would ideally be observed in collider,

indirect, and direct searches in order to fully investigate
the interactions of WIMPs.
With limits set on �p,n the allowed region in ap � an

space can be found following the procedure detailed in
[40]:
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where �

A
p,n are the limits on the proton/neutron-only

cross sections, for the isotope with mass number A. The
excluded region is shown in Figure 2. Typically only the
most sensitive channel of the two cross sections is shown.
In this case the limits in the ap � an plane can be found
following the method detailed in Ref. [41], which is a good
approximation if ap � an or vice-versa.
This result improves the constraint on an over previous

experiments. The lines are parts of elongated elipses and
the orientation depends on the sensitivity to both ap and
an. The angle of the ellipse for LUX and XENON100 is
not the same due to di↵erences in the spin structure func-
tions used and the energy scale in the analysis (which af-
fects the signal spectrum). XENON100 also had slightly
di↵erent abundances of 129Xe and 131Xe. This plot also
emphasises the complementarity between the di↵erent
detector materials.
In conclusion, we have set the most stringent limits on

the SDWIMP-neutron cross section for all WIMP masses
down to 3.5 GeV/c2 from the 2013 LUX data and the
proton-only limit is also competitive. We also improve
the constraints on the possible values of the couplings
ap and an, complementary to experiments that are more
sensitive to the proton than the neutron coupling. The
sensitivity to both proton and neutron-only coupling will
be improved greatly with future large-scale experiments
with xenon targets such as LZ [37].
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Figure 7: Limits on the spin-dependent WIMP-proton cross-section from IC79, for a range
of di↵erent annihilation final states. The canonical hard (W+

W
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+
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�) and soft (bb̄)
channels bracket the possible limits for di↵erent models reasonably well. More extreme
channels (hardest: ⌫⌫̄, softest: gg) less often found in SUSY can lead to even stronger
or weaker constraints. For the ⌫⌫̄ channel we have assumed equal branching fractions for
all three neutrino flavours. The ability to easily and quickly compute full limits for any
combination of final states is a particular feature of the method and tools we present in this
paper.

are up to a factor of 4 stronger than the previous analysis at multi-TeV masses. The latest
update of WIMPSim fixes an issue with propagation of neutrinos in the Sun that a↵ected
the version used to derive the original IC79 limits [1]. This resulted in conservative limits
for WIMP masses above ⇠500GeV, ranging from a factor of 1.05 at 500GeV to 1.2 at 1TeV
and up to 1.5 at 5TeV for the W

+
W

� and ⌧

+
⌧

� final states. Improvements beyond those
factors are due to the improved analysis method in this paper.

Fig. 6 compares these limits to other searches for spin-dependent DM-proton scattering,
both from the Sun and direct detection experiments. The 79-string IceCube data provide the
strongest limits of any search for all masses above ⇠100–200GeV (the exact value depends
on the annihilation channel). Super-Kamiokande [2] is the most sensitive experiment at all
lower masses. Limits from direct detection [33, 34] are weaker, except in the case of DM
with soft or suppressed annihilation spectra, in which case the PICO experiment [33, 34]
is the most constraining. Indirect DM searches by Antares [36] and Baksan [37] have set
less stringent limits on the spin-dependent DM-proton scattering and are consequently not
included in Fig. 6.

Figure 7 shows new limits for all major two-body annihilation final states. Annihilation

– 17 –

Official ttbar limit is new; previously had to be recasted 
(see e.g. Cheung, Hall & Ruderman ’12). 	
!
Factor of a few weaker ttbar vs WW makes a big 
difference for our model!

LUX neutron (IceCube proton) strongest below (above) ~250 GeV.



Indirect detection

Dark Matter Searches with the Fermi-LAT in the Direction of Dwarf Spheroidals Matthew Wood

realizations of the two data sets. Because the Pass8 six-year and Pass7 Reprocessed four-
year event samples have a shared fraction of only 20–40%, the two analyses are nearly statistically
independent. For masses below 100GeV, the upper limits of [1] were near the 95% upper bound
of the expected sensitivity band while the limits in the present analysis are within one standard
deviation of the median expectation value.

101 102 103 104

DM Mass (GeV/c2)

10�27

10�26

10�25

10�24

10�23

10�22

10�21

h�
vi

(c
m

3
s�

1
)

bb̄

4-year Pass 7 Limit

6-year Pass 8 Limit

Median Expected

68% Containment

95% Containment

Thermal Relic Cross Section
(Steigman et al. 2012)

101 102 103 104

DM Mass (GeV/c2)

10�27

10�26

10�25

10�24

10�23

10�22

10�21

h�
vi

(c
m

3
s�

1
)

�+��

4-year Pass 7 Limit

6-year Pass 8 Limit

Median Expected

68% Containment

95% Containment

Thermal Relic Cross Section
(Steigman et al. 2012)

Figure 1: Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and t+t� (right)
channels derived from a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by
repeating the same analysis on 300 randomly selected sets of high-Galactic-latitude blank fields in the LAT
data. The dashed line shows the median expected sensitivity while the bands represent the 68% and 95%
quantiles. For each set of random locations, nominal J-factors are randomized in accord with their measure-
ment uncertainties. The solid blue curve shows the limits derived from a previous analysis of four years of
Pass7 Reprocessed data and the same sample of 15 dSphs [1]. The dashed gray curve corresponds to
the thermal relic cross section from [12].

Figure 2: Constraints on the DM annihilation cross at 95% CL section for the bb̄ (left) and t+t� (right)
channels derived from the combined analysis of 15 dSphs with 6 years of Pass 8 data. For comparison limits
from previously published searches are shown from LAT analysis of the Milky Way halo (3s limit) [13], 112
hours of observations of the Galactic Center with H.E.S.S. [14], and 157.9 hours of observations of Segue 1
with MAGIC [15]. Pure annihilation channel limits for the Galactic Center H.E.S.S. observations are taken
from [16] and assume an Einasto Milky Way density profile with r� = 0.389GeVcm�3. Closed contours
and the marker with error bars show the best-fit cross section and mass from several interpretations of the
Galactic center excess [17, 18, 19, 20].

Figure 2 shows the comparison of the limits from this work with other published limits on
the DM annihilation cross section. The Pass8 combined dSph limits are currently among the

5

Fermi 1503.02641

No official ttbar limits, but probably ineffective above 100 GeV...





Conclusions
We studied an economic extension of the MSSM that gives a 125 GeV Higgs 
mass with a fine-tuning as low as 10% and provides a natural thermal WIMP DM 
candidate. The constraints on the parameter space are:	

             requires                 	

Also               from UV considerations	

         and SD DD are determined by                        for each  	

Once ML is given, then the contribution to                             fixes 	

To satisfy SI DD we need 	

!
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Thanks for your attention!	
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Conclusions
We studied an economic extension of the MSSM that gives a 125 GeV Higgs 
mass with a fine-tuning as low as 10% and provides a natural thermal WIMP DM 
candidate. The constraints on the parameter space are:	

             requires                 	

Also               from UV considerations	

         and SD DD are determined by                        for each  	

Once ML is given, then the contribution to                             fixes 	

To satisfy SI DD we need 	

For each    only MS is free.	
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Thanks for your attention!	

� ' 10 ku & 1.2

ku . 2

⌦DM k2u/M
2
L / cZ µ

µ

�m2
h ' 3500GeV 2 m ⇠ ML

|kd| & 1



Introduction: two questions

In minimal SUSY, the answer to both questions is basically NO.	

• Higgs at 125 GeV in the MSSM requires multi-TeV A-terms or 10 TeV stops. Either way it is fine 
tuned at the sub-percent level or worse.	

• WIMP dark matter in the MSSM requires either a heavy SUSY scale or contrived numerical 
coincidences (blind spots, funnels, co-annihilation).	

So if SUSY solves the hierarchy problem, the source of both DM and the Higgs 
mass likely lies beyond the MSSM. 

!
Why is the Higgs at 125 GeV? 	

Is it compatible with naturalness?	

!
What is the dark matter? 	

Does it have anything to do with the 
theory of the weak scale?	



Introduction

In this talk, we will study a simple, economical extension of the MSSM that 
includes both DM and the source of the Higgs mass. 	

We will see that it is possible to achieve ~10% fine-tuning,  a 125 GeV Higgs, and 
thermal relic DM consistent with all experimental constraints, by just adding  
a singlet and pair of vector-like doublets to the MSSM.	
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Introduction

Previous work: 	

• Singlet-doublet DM extension of SM [Mahbubani & Senatore ’05, Cohen et al  ’11, Cheung & 
Sanford ’13, Calibbi et al ’15]	

• Lifting the Higgs mass with vector-like extensions of the MSSM [Moroi & Okada ’92...Martin ’09 
’10, Graham et al ’09...Evans et al ’11, Li et al ’11, Moroi et al ’11, Martin & Wells ’12, Endo et al 
’11 ’12, Ishikawa et al ’12,...]	

But as far as I know, nobody has combined the two ideas before.



Introduction

Perhaps it didn’t look promising, because direct-detection bounds on the Higgs 
portal are quite stringent?	

Key points:	

• Blind spot: since it’s a 2HDM, effective DM-DM-Higgs coupling ch can be tuned to zero by 
balancing up-type and down-type couplings against each other in a particular way.	

• DM is lightest mass eigenstate out of a singlet+doublet+anti-doublet, so there is more than one 
ch coupling. DD only probes about ch for DM, while Higgs mass is sensitive to all of them. 

�

�

ch

h

q

q
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�
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The Model
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|L̃|2 + (A� terms) + (B � terms)

Assume m2
S = m2

L = m2
L̃
= m2, A = B = 0 for simplicity

Z2 symmetry keeps lightest 
state stable -- WIMP DM 
candidate!	

Majorana mass term for S, 
otherwise immediately killed by 
Z-mediated SI DD.  (Key diff 
with previous works on vector-
like MSSM extensions!)	

Take ku > 1 to help lift the Higgs 
mass and improve fine tuning.	

Take m2 > 0 to lift the Higgs mass => DM is fermionic	



The Model

Fermion mass matrix:	

After diagonalizing, get couplings of mass eigenstates to h and Z (and W):	

The DM talks to the SM through these couplings.	

Focus on mostly singlet DM: mχ ~ MS << ML.	

• Mostly doublet regime is not promising for fine-tuning (cf pure Higgsino DM), direct detection	

• Well-tempered regime ruled out by DD

Assume large tanβ otherwise 
MSSM contribution to Higgs 
mass too small

M =

0

@
MS kuvs� kdvc�

kuvs� 0 ML

kdvc� ML 0

1

A = U†MdiagU
⇤

�L � mi�̄i�i + chijh�̄i�j + cZijZµ�̄i�
µ�5�j



The Model

Then much of the physics (thermal relic density, direct detection, LHC 
signatures, ...) controlled by DM-DM-Higgs and DM-DM-Z couplings.  
(Cheung & Sanford ’13; Calibbi et al ’15)	

In our model, these are given by:	

!

!

!

Part of a broader framework of Higgs and Z-portal dark matter  
(cf e.g. Giudice, de Simone and Strumia ’14)	

σSI
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Higgs mass and fine-tuning

(ML=1200 GeV, MS=300 GeV)

Need ku>1 to avoid same fate as MSSM 
stops. For ku~1.5, can achieve Δ ~ 10. 
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Thermal relic density

Thermal relic density determined by 2→2  annihilation of DM to SM particles. 	

DM slowly moving at freeze out (v2~0.2), so all else being equal, annihilation rate 
dominated by s-wave. 	

Initial state (pair of identical Majorana fermions) is CP odd, so no s-wave 
through s-channel Higgs. This leaves s-channel Z and t-channel.	

Additional simplifications in large ML limit...

⌦DM ⇡ 3⇥ 10�26 cm3/s

h�vi



Thermal relic density

extra 1/ML suppressed

no s-wave due to CP and angular 
momentum conservation

s-wave cancels at leading order in 1/ML 

s-wave helicity suppressed

At leading order in 1/ML, only s-wave annihilation is to ttbar, and it’s controlled by cZ!

cZ



Thermal relic density

h�vitt =
3

8⇡

ĝ2m2
t

m4
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c2Z =
3k4um

2
t

32⇡M4
L

⌦DM ⇡ 3⇥ 10�27 cm3/s

h�vi ⇡ 0.12

✓
0.008

cZ

◆2

⇡ 0.12

✓
ML/ku
800 GeV

◆4

Comments:	

• To leading order, cZ is fixed to 0.008 by the relic density constraint! Compatible with DD? No 
escape!	

• In our model, ML/ku is fixed to 800 GeV. For ku~1.5 this is ML~1200-1300 GeV.	

• Dependence on DM mass drops out at leading order -- WIMP miracle in terms of mediator 
scale!	

• Higgsinos should be light for naturalness. So if DM heavier than Higgsino, should include DM 
annihilation to Higgsinos as well. Parametrically similar to ttbar.



Direct Detection

DM direct detection experiments are probing couplings of DM to nucleons

q
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⇠SI
q (�̄�)(q̄q) + ⇠SD

q (�̄�5�µ�)(q̄�5�µq)

SI controlled by ch and SD controlled by cZ. 



Direct detection: SI
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.48, 1.02, and
1.05 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
green and yellow. Also shown are limits from the first LUX
analysis [6] (gray), SuperCDMS [35] (green), CDMSlite [36]
(light blue), XENON100 [37] (red), DarkSide-50 [38] (orange),
and PandaX [39] (purple). The expected spectrum of coherent
neutrino-nucleus scattering by 8B solar neutrinos can be fit
by a WIMP model as in [40], plotted here as a black dot.

LUX 1512.03506

LUX currently sets strongest SI constraints.
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FIG. 1. LUX upper limits on the WIMP-neutron (top) and
-proton (bottom) elastic SD cross sections at 90% CL. The
observed limit is shown in black with the ±1� (±2�) band
from simulated background-only trials in green (yellow). Also
shown are the 90% CL from: CDMS [23], KIMS [24, 25], PI-
CASSO [26], PICO-2L [27], PICO-60 [28], XENON10 [29],
XENON100 [30], and ZEPLIN-III [31, 32]. The DAMA al-
lowed region at 3� as interpreted in [33] without ion chan-
neling is the shaded areas. Three indirect limits from Ice-
Cube [34] and SuperK [35] are shown. Collider limits from
CMS mono-jet searches are included, assuming the MSDM
model with two coupling scenarios [36]. The projected sen-
sitivity for the LZ experiment is shown for an exposure of
5.6⇥105 kg·days [37].

Collider searches for dark matter particles can be inter-
preted in the same parameter space as direct searches for
particular conditions [36]. In Figure 1 we include limits
from CMS mono-jet searches [39], assuming the Minimal
Simplified Dark Matter (MSDM) model for the particular
case where the coupling of the mediator to the quarks and
the dark matter particle are equal (g = gq = gDM ). The
cross section is dependent on these couplings, so we com-
pare to the smallest and largest values used in Ref. [36].
For low WIMP masses the collider limits are stronger for
both couplings, but these searches are not sensitive to
heavier WIMPs. It is important to note this interpreta-
tion of collider searches is model-dependent. Therefore,
dark matter signals would ideally be observed in collider,

indirect, and direct searches in order to fully investigate
the interactions of WIMPs.
With limits set on �p,n the allowed region in ap � an

space can be found following the procedure detailed in
[40]:
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where �

A
p,n are the limits on the proton/neutron-only

cross sections, for the isotope with mass number A. The
excluded region is shown in Figure 2. Typically only the
most sensitive channel of the two cross sections is shown.
In this case the limits in the ap � an plane can be found
following the method detailed in Ref. [41], which is a good
approximation if ap � an or vice-versa.
This result improves the constraint on an over previous

experiments. The lines are parts of elongated elipses and
the orientation depends on the sensitivity to both ap and
an. The angle of the ellipse for LUX and XENON100 is
not the same due to di↵erences in the spin structure func-
tions used and the energy scale in the analysis (which af-
fects the signal spectrum). XENON100 also had slightly
di↵erent abundances of 129Xe and 131Xe. This plot also
emphasises the complementarity between the di↵erent
detector materials.
In conclusion, we have set the most stringent limits on

the SDWIMP-neutron cross section for all WIMP masses
down to 3.5 GeV/c2 from the 2013 LUX data and the
proton-only limit is also competitive. We also improve
the constraints on the possible values of the couplings
ap and an, complementary to experiments that are more
sensitive to the proton than the neutron coupling. The
sensitivity to both proton and neutron-only coupling will
be improved greatly with future large-scale experiments
with xenon targets such as LZ [37].
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Figure 7: Limits on the spin-dependent WIMP-proton cross-section from IC79, for a range
of di↵erent annihilation final states. The canonical hard (W+

W

� and ⌧

+
⌧

�) and soft (bb̄)
channels bracket the possible limits for di↵erent models reasonably well. More extreme
channels (hardest: ⌫⌫̄, softest: gg) less often found in SUSY can lead to even stronger
or weaker constraints. For the ⌫⌫̄ channel we have assumed equal branching fractions for
all three neutrino flavours. The ability to easily and quickly compute full limits for any
combination of final states is a particular feature of the method and tools we present in this
paper.

are up to a factor of 4 stronger than the previous analysis at multi-TeV masses. The latest
update of WIMPSim fixes an issue with propagation of neutrinos in the Sun that a↵ected
the version used to derive the original IC79 limits [1]. This resulted in conservative limits
for WIMP masses above ⇠500GeV, ranging from a factor of 1.05 at 500GeV to 1.2 at 1TeV
and up to 1.5 at 5TeV for the W

+
W

� and ⌧

+
⌧

� final states. Improvements beyond those
factors are due to the improved analysis method in this paper.

Fig. 6 compares these limits to other searches for spin-dependent DM-proton scattering,
both from the Sun and direct detection experiments. The 79-string IceCube data provide the
strongest limits of any search for all masses above ⇠100–200GeV (the exact value depends
on the annihilation channel). Super-Kamiokande [2] is the most sensitive experiment at all
lower masses. Limits from direct detection [33, 34] are weaker, except in the case of DM
with soft or suppressed annihilation spectra, in which case the PICO experiment [33, 34]
is the most constraining. Indirect DM searches by Antares [36] and Baksan [37] have set
less stringent limits on the spin-dependent DM-proton scattering and are consequently not
included in Fig. 6.

Figure 7 shows new limits for all major two-body annihilation final states. Annihilation
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Official ttbar limit is new; previously had to be recasted 
(see e.g. Cheung, Hall & Ruderman ’12). 	
!
Factor of a few weaker ttbar vs WW makes a big 
difference for our model!

LUX neutron (IceCube proton) strongest below (above) ~250 GeV.



Indirect detection
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realizations of the two data sets. Because the Pass8 six-year and Pass7 Reprocessed four-
year event samples have a shared fraction of only 20–40%, the two analyses are nearly statistically
independent. For masses below 100GeV, the upper limits of [1] were near the 95% upper bound
of the expected sensitivity band while the limits in the present analysis are within one standard
deviation of the median expectation value.

101 102 103 104

DM Mass (GeV/c2)

10�27

10�26

10�25

10�24

10�23

10�22

10�21

h�
vi

(c
m

3
s�

1
)

bb̄

4-year Pass 7 Limit

6-year Pass 8 Limit

Median Expected

68% Containment

95% Containment

Thermal Relic Cross Section
(Steigman et al. 2012)

101 102 103 104

DM Mass (GeV/c2)

10�27

10�26

10�25

10�24

10�23

10�22

10�21

h�
vi

(c
m

3
s�

1
)

�+��

4-year Pass 7 Limit

6-year Pass 8 Limit

Median Expected

68% Containment

95% Containment

Thermal Relic Cross Section
(Steigman et al. 2012)

Figure 1: Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and t+t� (right)
channels derived from a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by
repeating the same analysis on 300 randomly selected sets of high-Galactic-latitude blank fields in the LAT
data. The dashed line shows the median expected sensitivity while the bands represent the 68% and 95%
quantiles. For each set of random locations, nominal J-factors are randomized in accord with their measure-
ment uncertainties. The solid blue curve shows the limits derived from a previous analysis of four years of
Pass7 Reprocessed data and the same sample of 15 dSphs [1]. The dashed gray curve corresponds to
the thermal relic cross section from [12].

Figure 2: Constraints on the DM annihilation cross at 95% CL section for the bb̄ (left) and t+t� (right)
channels derived from the combined analysis of 15 dSphs with 6 years of Pass 8 data. For comparison limits
from previously published searches are shown from LAT analysis of the Milky Way halo (3s limit) [13], 112
hours of observations of the Galactic Center with H.E.S.S. [14], and 157.9 hours of observations of Segue 1
with MAGIC [15]. Pure annihilation channel limits for the Galactic Center H.E.S.S. observations are taken
from [16] and assume an Einasto Milky Way density profile with r� = 0.389GeVcm�3. Closed contours
and the marker with error bars show the best-fit cross section and mass from several interpretations of the
Galactic center excess [17, 18, 19, 20].

Figure 2 shows the comparison of the limits from this work with other published limits on
the DM annihilation cross section. The Pass8 combined dSph limits are currently among the

5

Fermi 1503.02641

No official ttbar limits, but probably ineffective above 100 GeV...



Direct Detection  
Reinterpretation in terms of ch and cZ
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Note: although SD bounds are 5 orders of magnitude weaker than SI bounds 
in terms of cross section, SD is slightly stronger than SI in terms of cZ and ch!
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Conclusions

We studied an economic extension of the MSSM that gives a 125 GeV Higgs 
mass with a fine-tuning as low as 10% and provides a natural thermal WIMP DM 
candidate.	

We interpret the latest constraints from LUX and IceCube on dark matter 
couplings to Higgs and Z in the Standard Model.	

 The main annihilation channels in our model are s-wave annihilation to tt and 
Higgsinos. 	

Imposing the relic density constraint immediately implies a particular value for 
the SD cross-section. This value is not ruled out yet, but the next generation of 
DM experiments (e.g.\ Xenon1T , LZ) should completely rule out or discover 
this model. 	

Thanks for your attention!	


