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Direct	Detection

• The	direct	detection	
experiments	are	pushing	
rapidly	into	the	region	
with	a	Higgs	exchange
• Suppress	the	neutrlino
direct	detection	rate?

Hunting the WIMP

• Beyond motivations from SUSY and thermal freezeout, WIMPs are popular candidates because they have many 
observable signatures.

• Indirect detection: look for SM particles - electrons/positrons, photons, neutrinos, protons/antiprotons - 
produced in WIMP collisions or decay, with sensitive telescopes.

• Direct detection: look for nuclear recoils from WIMPs hitting SM particles with sensitive underground 
detectors.

• Colliders: produce DM particles in high-energy collisions and look for missing energy (e.g. at the LHC), or 
search for new light dark-sector particles.
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Dark-matter results from 332 new live days of LUX data
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SI WIMP-nucleon exclusion

49

•Brazil bands show 
the 1- and 2-sigma 
range of expected 
sensitivities, based 
on random BG-only 
experiments.

•Factor of 4 
improvement over 
the previous LUX 
result in the high 
WIMP masses

•Minimum exclusion 
of 2.2 x 10-46 cm2 at 
50 GeV
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• How	to	suppress	the	neutralino direct	detection	rate?
• Blind	Spot	scenarios

• Deviations	from	the	Blind	Spots
• current	constraints
• future	reaches

• How	to	probe	the	blind	spot	scenarios	at	the	LHC?
• heavy	Higgs	searches
• Electroweakino searches
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Suppress	the	neutralino direct	detection	rate

• Consider	a	neutralino scattering	off	a	down-type	quark.
In	gauge	eigenstates

Amplitude

Couplings



Suppress	the	neutralino direct	detection	rate

Loop	Effects

When	1st&2nd	gen	squarks	are	heavy,	ϵd is	suppressed	



Suppress	the	neutralino direct	detection	rate

Pierce,	Shah,	and	Freese.	arXiv:1309.7351	



Blind	Spot	in	Dark	Matter	Direct	Detection

Higgsino mass	𝜇 <	0	
Suppress	the	lightest	neutralino coupling	to	125	GeV	Higgs

Destructive	interference	between	the	125	GeV	Higgs	and	
the	heavy	Higgs exchange

Blind	Spot	at

125	GeV	Higgs	Exchange Heavy	Higgs	Exchange

PH,	C.	Wagner,	14
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M1 < M2, |µ| M1 + µ sin 2� = 0 sign(M1/µ) = �1

M2 < M1, |µ| M2 + µ sin 2� = 0 sign(M2/µ) = �1

�µ < M1,M2, tan� = 1 sign(M1,2/µ) = �1

M1,2 < |µ| M1 = M2, |µ| > |M
1,2|

sin 2� sign(M1,2/µ) = �1

Table 1. The SI blind-spot mass relations.
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From this relation, we can extract the approximate1 blind-spot conditions as given in Table 1.

The first three conditions are obtained by requiring the first bracket in Eq. (2.1) to be zero. In this

case, the LSP mass is equal to the mass of a pure gaugino or Higgsino state. The last condition

is obtained by requiring the second bracket to be zero. In this case the neutralino mass is equal

to the gaugino mass parameters m
�

0

1

= M1 = M2. The additional condition on |µ| guarantees
that the neutralino state with mass M1 = M2 is the lightest neutralino and therefore the LSP.

2.2 SD blind spots
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Table 2. The SD blind-spot mass relations.

The spin-dependent (SD) blind spots correspond to vanishing Z�0
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2, with vanishing Z�0
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and Z�0
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0
2 couplings. Pure bino or a pure wino states have no interaction with Z-boson. For

a mixed LSP state, the Z�0
1�

0
1 coupling must come from the Higgsino component in �0

1. For

tan� = 1 with restored symmetry of u $ d, the LSP �0
1 also has vanishing coupling with

Z-boson as in the case of a pure states [23].

Furthermore, we find an additional mass relation, corresponding to a vanishing Higgsino

component in the LSP, which also leads to a SD blind spot. Such case has not studied in the

literature [23]:
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Note that this is the same condition of a vanishing h�0
1�

0
1 coupling as in the last line of Table 1.

Thus this region is both SD blind spots and SI blind spots � it is the “most blind” of all! The

SD blind-spot conditions under our consideration are listed in Table 2.

1Note that loop corrections to the LSP mass will slightly shift the exact location of the blind spot, but will not

a↵ect its existence.
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Fd (p)	≃ 0.15,	FU (p)	≃ 0.14	

See	Cheung,	Hall,	Pinner,	and	Ruderman.	arXiv:1211.4873
Han,	Kling,	Su,	and	Wu.	arXiv:1612.02387

Reduce	the	pMSSM parameter	space	to	M1 ,	𝜇,	tan𝛽,	and	mA
For	a	full	pMSSM study,	see	Cahill-Rowley	et	al,	1405.6716.	For	a	loop	level	analysis,	see	Berlin,	Hooper,	and	
McDermott,	arXiv:1508.05390



Blind	Spot	and	the	Relic	Density

mA is	chosen	to	minimize	
the	DD	rate	

Under	Abundant	Over	Abundant

Two	branches
well	tempered M1～𝜇
A-funnel m𝜒 ~mA/2

Relevant	parameters:
M1 ,	𝜇,	tan𝛽,	and	mA
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Current	Direct	Detection	Constraints
mA upper	bound9

Figure. 3: Upper bounds on MA due to 2016 LUX bounds and projected DDMD bounds 100 times stronger than LUX,

respectively (µ < 0), assuming the observed relic density in the whole parameter space. The value of MA is chosen to be at

the maximum value allowed by these bounds, and is indicated by the color scale. (Note that the color scheme di↵ers from

the previous plot such that the regions where the SI cross section is allowed as MA ! 1 is always shown in blue.) The

region between the white dashed lines represents the well-tempered region. Under the strengthened bound a much larger

portion of the |µ|�M1 plane is constrained. The dashed line below corresponds to where the left hand side of Eq. 6 is zero,

corresponding to the vanishing of the neutralino coupling to the SM Higgs. Below this line the blind spot cannot be obtained

since the left hand side of Eq. 6 becomes negative.

It is interesting to investigate the region to be probed by future DDMD experiments.

In case of no detection, future experiments will push the experimental limits below the

decoupled scattering cross section in greater regions of the µ�M1 plane. In particular, the

projected bounds of the LZ experiment are approximately 100 times stronger than those from

the LUX experiment [17]. Fig. 3 reveals that, assuming a dark matter density consistent

with the observed one, these stronger bounds would constrain MA in the entire region left

of the well-tempered region, and in part of the region to the right as well. As before, if a

thermal origin of the dark matter relic density is assumed, the well-tempered region may be

achieved, but the upper bound on MA would become smaller than about 300 GeV.

A more complete description of the exclusion state of the A-funnel region takes into

account the upper bound on MA presented above as well as the lower bound due to the

overcompensation of the heavy CP-even Higgs contribution. As mentioned before, the region

allowed by LUX and relic density considerations roughly correspond to the blue and dark

green region in Fig. 3, where the required value for resonant annihilation MA ' 2M1 is below

the upper bound set by LUX. (For µ > 0, the correct relic density can be achieved near the

Assume	the	right	relic	density

In	the	well-tempered	region,	mA <	350	-400	GeV

The	A-funnel	region	is	allowed	by	LUX	and	relic	
density	considerations

neutralino higgs coupling	vanishes



Future	reach 9

Figure. 3: Upper bounds on MA due to 2016 LUX bounds and projected DDMD bounds 100 times stronger than LUX,

respectively (µ < 0), assuming the observed relic density in the whole parameter space. The value of MA is chosen to be at

the maximum value allowed by these bounds, and is indicated by the color scale. (Note that the color scheme di↵ers from

the previous plot such that the regions where the SI cross section is allowed as MA ! 1 is always shown in blue.) The

region between the white dashed lines represents the well-tempered region. Under the strengthened bound a much larger

portion of the |µ|�M1 plane is constrained. The dashed line below corresponds to where the left hand side of Eq. 6 is zero,

corresponding to the vanishing of the neutralino coupling to the SM Higgs. Below this line the blind spot cannot be obtained

since the left hand side of Eq. 6 becomes negative.

It is interesting to investigate the region to be probed by future DDMD experiments.

In case of no detection, future experiments will push the experimental limits below the

decoupled scattering cross section in greater regions of the µ�M1 plane. In particular, the

projected bounds of the LZ experiment are approximately 100 times stronger than those from

the LUX experiment [17]. Fig. 3 reveals that, assuming a dark matter density consistent

with the observed one, these stronger bounds would constrain MA in the entire region left

of the well-tempered region, and in part of the region to the right as well. As before, if a

thermal origin of the dark matter relic density is assumed, the well-tempered region may be

achieved, but the upper bound on MA would become smaller than about 300 GeV.

A more complete description of the exclusion state of the A-funnel region takes into

account the upper bound on MA presented above as well as the lower bound due to the

overcompensation of the heavy CP-even Higgs contribution. As mentioned before, the region

allowed by LUX and relic density considerations roughly correspond to the blue and dark

green region in Fig. 3, where the required value for resonant annihilation MA ' 2M1 is below

the upper bound set by LUX. (For µ > 0, the correct relic density can be achieved near the

11

Figure. 5: Constraints on the |µ|�M1 plane under relic density constraints and the present and projected DDMD con-

straints. The well-tempered region (µ ' M1) naturally attains the correct relic density, while the region below may attain

the correct value if MA is tuned to mediate resonant annihilation. The required value of MA is constrained by the LUX

and 100 times strengthened LUX bound on SI cross section. The blue region is allowed by the 100 times strengthened LUX

bound; the blue and the green regions are allowed under current LUX bound. Note that the boundaries of the LUX con-

straint (red) and of the LUX/100 constraint (green) above the blue region correspond to the boundaries in Fig. 3 where the

upper bound on MA is quickly lifted to infinity. The constraints below the blue region are due to the overcompensation in

the scattering cross section from the heavy Higgs contribution.

B. LZ Reach and Blind Spots

The lack of observation of a signal at the LZ experiment would constrain us to a narrow

region of allowed parameter space for thermal dark matter, namely the A-funnel region

displayed in Fig. 5, plus the well-tempered region for values of MA consistent with the

upper bound obtained in Fig. 3. The reach of LZ goes far beyond the natural values of the

spin independent cross section for values of the gaugino and Higgsino masses of order of the

weak scale, and therefore pushes the parameters towards the blind spot values. Alternatively,

one could consider the event of an LZ detection of Dark Matter in the currently allowed

range. In order to fix ideas and show the complementarity of di↵erent search methods in

next	generation	experiments	will	push	mA to	be	smaller	than	300	GeV	
in	the	well-tempered	region
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Probe	the	Blind	Spots	scenarios	– collider	
searches

Well-tempered	region	:	
open	for	tan𝛽 <	6
completely	ruled	out	for	
tan𝛽 ≳ 7

A-funnel	region	starts	to	
get	excluded	as	tan𝛽
increases

16

Figure. 7: Exclusion bounds on the well-tempered region and the A-funnel region in the tan � � MA plane. The well-

tempered region represented in the left panel and the A-funnel region in the right panel. The colored regions are excluded

at 95% CL by the ATLAS or CMS results. The dark gray regions are not consistent with �SI
p  10�11 pb.

the well-tempered region, resulting in a higher production cross section, hence the greater

degree of exclusion. On the other hand, as MA increases in the A-funnel region, the � ! ⌧⌧

branching ratio decreases as additional decay channels (notably the � ! tt channel) are

opened and enhanced, resulting in a weaker exclusion limit.

We also investigate the e↵ect of choosing MA at the lower or upper limit consistent with

�SI
p = 10�11 pb on the exclusion status of our model. We survey the |µ|�MA plane twice

more, choosing MA to be at the lower and upper limits. These new data are plotted in Fig.

9 and Fig. 10.

From Fig. 9 and Fig. 10 we see that, in the well-tempered region, the exclusion bounds

are largely independent of which MA we choose to achieve the �SI
p  10�11 pb condition.

This stems from the fact that, in the well-tempered region, the variation of MA from the

values consistent with the blind spot scenario to the values leading to �SI
p = 10�11 pb is

�MA ' 10 � 20 GeV. Hence, the well-tempered region is still excluded for tan � � 7. On

the other hand, in the A-funnel region �MA ' 100�300 GeV for comparable points in Fig.

9 and Fig. 10, resulting in a greater disparity between exclusions in the |µ|�M1 plane, as is

especially evident for the tan� = 15 plots.

Well-tempered A-funnel



Probe	the	Blind	Spots	scenarios	– collider	
searches
• hbb coupling

20

the trilepton channel [62, 63]. In addition, in the well-tempered region, where M1 ⇠ |µ|, a

future 100 TeV collider with 3 ab�1 can be sensitive to a mixed bino-higgsino LSP up to 1

TeV, and can reach 5� discovery for m�̃0
1
. 165 - 420 GeV depending on the mass di↵erence

between the two lightest neutralinos and the treatment of systematics [64].

Figure. 11: Leading order cross sections for various electroweakino pair productions. Each data point corresponds to a blind

spot with small M1 and |µ| in the well-tempered region (µ ' M1) that was not excluded by the � ! ⌧⌧ searches, although

one outlier is not shown for the sake of readability. The plot incorporates points from all values of tan�, since tan� does

not have a significant e↵ect on �. For these data points M1 ' |µ|, and changes in the sign of |µ|�M1 can occur between

data points. Thus the composition of the electroweakinos changes between data points as well. This results in bumps in the

depicted curves since bino-like electroweakinos have lower cross sections than Higgsino-like electroweakinos of comparable

mass.

C. Precision Higgs Measurements

In the well-tempered region, asMA is light, there could be some tension with the precision

Higgs data. At the tree level, the 125 GeV Higgs coupling to bottom-quarks in the MSSM

is given by [65]
ghbb
gSMhbb

= � sin↵

cos �
= sin(� � ↵)� tan � cos(� � ↵). (7)

The first term in the left-hand side of this expression, sin(� � ↵), gives the ratio of the

coupling of the Higgs to weak vector bosons to its SM value. In order to reproduce the
hVV coupling	~1 controls	the	modification

• One	loop	level,	sizable	tan𝛽

21

proper Higgs phenomenology, it should be close to one. Therefore, the corrections to the

bottom coupling are controlled by the second term. One can work out an approximate

expression for the value of this correction in the MSSM [66], at the one-loop level, namely

tan � cos(� � ↵) ' �1

m2
H �m2

h


m2

h �m2
Z cos(2�) +

3m4
tXt(Yt �Xt)

4⇡2v2M2
S

✓
1� X2

t

6M2
S

◆�
. (8)

In the above, MS is the average stop mass, Xt = At � µ/tan �, Yt = At + µ tan �, At is the

trilinear Higgs stop coupling and µ is the Higgsino mass parameter. The last term denotes

the one-loop radiative corrections induced by the interaction of the Higgs bosons with the

third generation squarks. At sizable values of tan � we can rewrite the above expression in

the following approximate form,

tan � cos(� � ↵) ' �1

m2
H �m2

h


m2

h +m2
Z +

3m4
t

4⇡2v2M2
S

Atµ tan �

✓
1� A2

t

6M2
S

◆�
. (9)

Since in order to obtain the proper Higgs mass in the MSSM the stop masses should be

of the order of 1 TeV [48],[49],[50], and the value of At < 3MS due to vacuum stability

constraints [67], it is clear that for the values of µ and tan � under consideration, the

radiative corrections give only a small correction and the deviations of the bottom coupling

from its SM value are well characterized by the first two terms inside the square bracket on

the right-hand side of Eq. (9).

For instance, in the well-tempered region, when tan � is about 5, and the lightest neu-

tralino is about 600 GeV, MA is about 220 GeV as shown in Fig. 8. This leads to a bottom

coupling that is about 70% higher than the SM value, which is about 4� above the current

central value and therefore ruled out by current Higgs precision measurements [52, 68]. We

stress that this enhancement in the bottom coupling would lead to a large enhancement of

the total width and therefore a suppression of the branching ratios of all other decay chan-

nels. In the region where MA is larger, as approaching the decoupling limit, this tension is

eased. For example, when tan � is about 5 andMA is about 350 GeV, the bottom coupling to

the Higgs is only about 20% higher than the SM, which corresponds to about two standard

deviation of the experimental result (the current fit to the bottom Yukawa coupling shows

a suppression of it [68]2). Therefore, values of MA larger than about 350 GeV are necessary

2The current fit also indicates an enhancement of the top Yukawa coupling. A suppression (enhancement) of

the bottom (top) Yukawa coupling is di�cult to achieve in the MSSM, but possible in the NMSSM [69, 70].

Ms ≳ TeV,	proper	Higgs	mass

At ≾ 3	Ms,	vacuum	stability

mA	≳ 350	GeV	to	be	consistent	with	the	current	Higgs	data.
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Figure. 3: Upper bounds on MA due to 2016 LUX bounds and projected DDMD bounds 100 times stronger than LUX,

respectively (µ < 0), assuming the observed relic density in the whole parameter space. The value of MA is chosen to be at

the maximum value allowed by these bounds, and is indicated by the color scale. (Note that the color scheme di↵ers from

the previous plot such that the regions where the SI cross section is allowed as MA ! 1 is always shown in blue.) The

region between the white dashed lines represents the well-tempered region. Under the strengthened bound a much larger

portion of the |µ|�M1 plane is constrained. The dashed line below corresponds to where the left hand side of Eq. 6 is zero,

corresponding to the vanishing of the neutralino coupling to the SM Higgs. Below this line the blind spot cannot be obtained

since the left hand side of Eq. 6 becomes negative.

It is interesting to investigate the region to be probed by future DDMD experiments.

In case of no detection, future experiments will push the experimental limits below the

decoupled scattering cross section in greater regions of the µ�M1 plane. In particular, the

projected bounds of the LZ experiment are approximately 100 times stronger than those from

the LUX experiment [17]. Fig. 3 reveals that, assuming a dark matter density consistent

with the observed one, these stronger bounds would constrain MA in the entire region left

of the well-tempered region, and in part of the region to the right as well. As before, if a

thermal origin of the dark matter relic density is assumed, the well-tempered region may be

achieved, but the upper bound on MA would become smaller than about 300 GeV.

A more complete description of the exclusion state of the A-funnel region takes into

account the upper bound on MA presented above as well as the lower bound due to the

overcompensation of the heavy CP-even Higgs contribution. As mentioned before, the region

allowed by LUX and relic density considerations roughly correspond to the blue and dark

green region in Fig. 3, where the required value for resonant annihilation MA ' 2M1 is below

the upper bound set by LUX. (For µ > 0, the correct relic density can be achieved near the

Probe	the	Blind	Spots	scenarios	– collider	
searches

In	tension	with	the	current	Higgs	data
Extended	the	Higgs	sector

21

proper Higgs phenomenology, it should be close to one. Therefore, the corrections to the

bottom coupling are controlled by the second term. One can work out an approximate

expression for the value of this correction in the MSSM [66], at the one-loop level, namely

tan � cos(� � ↵) ' �1
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In the above, MS is the average stop mass, Xt = At � µ/tan �, Yt = At + µ tan �, At is the

trilinear Higgs stop coupling and µ is the Higgsino mass parameter. The last term denotes

the one-loop radiative corrections induced by the interaction of the Higgs bosons with the

third generation squarks. At sizable values of tan � we can rewrite the above expression in

the following approximate form,

tan � cos(� � ↵) ' �1
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Since in order to obtain the proper Higgs mass in the MSSM the stop masses should be

of the order of 1 TeV [48],[49],[50], and the value of At < 3MS due to vacuum stability

constraints [67], it is clear that for the values of µ and tan � under consideration, the

radiative corrections give only a small correction and the deviations of the bottom coupling

from its SM value are well characterized by the first two terms inside the square bracket on

the right-hand side of Eq. (9).

For instance, in the well-tempered region, when tan � is about 5, and the lightest neu-

tralino is about 600 GeV, MA is about 220 GeV as shown in Fig. 8. This leads to a bottom

coupling that is about 70% higher than the SM value, which is about 4� above the current

central value and therefore ruled out by current Higgs precision measurements [52, 68]. We

stress that this enhancement in the bottom coupling would lead to a large enhancement of

the total width and therefore a suppression of the branching ratios of all other decay chan-

nels. In the region where MA is larger, as approaching the decoupling limit, this tension is

eased. For example, when tan � is about 5 andMA is about 350 GeV, the bottom coupling to

the Higgs is only about 20% higher than the SM, which corresponds to about two standard

deviation of the experimental result (the current fit to the bottom Yukawa coupling shows

a suppression of it [68]2). Therefore, values of MA larger than about 350 GeV are necessary

2The current fit also indicates an enhancement of the top Yukawa coupling. A suppression (enhancement) of

the bottom (top) Yukawa coupling is di�cult to achieve in the MSSM, but possible in the NMSSM [69, 70].
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to be in agreement with precision electroweak data [52]. Such large values of MA, however,

are not consistent with the blind spot in the well-tempered region and therefore this MSSM

scenario leads to tension with precision Higgs measurements.

The tension may be relaxed in two ways. Within the MSSM, one can consider the

possibility of a SI DDMD cross section larger than the �SI ' 10�11 pb assumed in this

scenario. For instance, if we instead consider the maximal cross sections allowed by the

current LUX bounds, as shown in Fig. 3, then the well-tempered region can coexist with

the precision Higgs data for neutralino masses of order 300 GeV and heavy CP-even Higgs

masses mH > 350 GeV.

On the other hand, one can consider the possibility of extending the MSSM. In the

simplest of such extensions, the NMSSM [71], in which a singlet superfield is added to

the spectrum, the couplings and mixing of the CP-even Higgs bosons are modified by the

appearance of new couplings and mixing with the singlet CP-even Higgs. In particular, the

superpotential coupling � of the singlet superfield to the Higgs doublets plays a significant

role in defining the corrections to the bottom coupling to the lightest CP-even Higgs. If

one considers the limit in which the singlet sector masses are raised by supersymmetry

breaking terms, then the neutralino and Higgs boson particles in the low energy theory

become identical as those ones in the MSSM. Moreover, one can consider the e↵ective 2x2

CP-even Higgs mixing mass matrix after decoupling of the singlet fields, from where one

can demonstrate that the bottom coupling has the same expression as in the MSSM, but

the value of tan � cos(� � ↵) is now given by [72]

tan � cos(��↵) ' �1

m2
H �m2

h


m2

h +m2
Z � �2v2 +

3m4
t

4⇡2v2M2
S

Atµ tan �

✓
1� A2

t

6M2
S

◆�
. (10)

From Eq. (10) it follows that for moderate or large values of tan�, values of the coupling

� in the range � ' 0.6–0.7 lead to small deviations of the bottom coupling with respect to

the SM value, even for values of mH ' 200 GeV. Hence, in the NMSSM, for heavy singlets

and singlinos, the well-tempered region can be brought to agreement with precision Higgs

measurements. Analysis of the blind spots scenario in the NMSSM can be found in Ref. [73].

𝜆 ≃ 0.6-07,	even	for	mH ≃ 200	GeV,	the	modification	
in	SM	Higgs	coupling	is	small	enough.
Blind	spot	scenarios	in	NMSSM,	see	Badziak,	
Olechowski,	and	Szczerbiak,	arXiv:1512.02472
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Figure. 8: Net exclusion status of the well-tempered region and the A-funnel region. Each data point represents a point

with the proper relic density. Data points are first checked for exclusion by CMS, then by ATLAS, then by the CMS elec-

troweakino searches (see the following section), with the color-coding of each data point corresponding to the method by

which it is first excluded. Values of MA are labeled next to selected data points. The sparseness of points in the A-funnel

region reflects its narrowness relative to the well-tempered region, as seen in Fig. 6.

B. Electroweakino Search

The � ! ⌧⌧ searches leave open a small region of parameter space whereMA is su�ciently

large to avoid these constraints, with M1, |µ|< 200 GeV. The neutralinos and charginos are

light in this region, so electroweakino searches at LHC become relevant. The most stringent

constraints are obtained from studying the decay products of the associated production of

charginos and neutralinos, e�0
2e�±

1 . Since our slepton masses have been set high, the branching

ratio for the decay of the second lightest neutralino and the lightest chargino e�0
2, e�±

1 , into

sleptons is negligible. In addition, since me�0
2
' me�±

1
< MA +m�̃0

1
, the decay of e�0

2 , e�±
1 into

heavy Higgs bosons is also negligible. This leaves e�0
2e�±

1 ! WZe�0
1e�0

1 and e�0
2e�±

1 ! Whe�0
1e�0

1
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with the proper relic density. Data points are first checked for exclusion by CMS, then by ATLAS, then by the CMS elec-

troweakino searches (see the following section), with the color-coding of each data point corresponding to the method by

which it is first excluded. Values of MA are labeled next to selected data points. The sparseness of points in the A-funnel

region reflects its narrowness relative to the well-tempered region, as seen in Fig. 6.

B. Electroweakino Search

The � ! ⌧⌧ searches leave open a small region of parameter space whereMA is su�ciently

large to avoid these constraints, with M1, |µ|< 200 GeV. The neutralinos and charginos are

light in this region, so electroweakino searches at LHC become relevant. The most stringent

constraints are obtained from studying the decay products of the associated production of

charginos and neutralinos, e�0
2e�±

1 . Since our slepton masses have been set high, the branching

ratio for the decay of the second lightest neutralino and the lightest chargino e�0
2, e�±

1 , into

sleptons is negligible. In addition, since me�0
2
' me�±

1
< MA +m�̃0

1
, the decay of e�0

2 , e�±
1 into

heavy Higgs bosons is also negligible. This leaves e�0
2e�±

1 ! WZe�0
1e�0

1 and e�0
2e�±

1 ! Whe�0
1e�0

1
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Figure. 9: Plot analogous to Fig. 8 with MA chosen at the lower boundary consistent with �SI
p = 10�11 pb . Only exclusions

from the CMS � ! ⌧⌧ search are shown.

as the only viable decay channels, with the final state containing a Z being the most sensitive

one. In addition to the decay of e�0
2e�±

1 , the decay of e�0
3e�±

1 is also a significant contributor

to the WZe�0
1e�0

1 final state. Production cross sections, computed with Prospino2 [57], for

these and other electroweakino pairs are shown in Fig. 11. In the region of small M1

and |µ|, the masses of e�0
2 and e�0

3 are close, and thus the decays e�0
2e�±

1 ! WZe�0
1e�0

1 and

e�0
3e�±

1 ! WZe�0
1e�0

1 are di�cult to distinguish experimentally. Assuming this final state,

CMS excludes a bounded region in the me�0
1
�me�2

0
plane [53]. We exclude data points from

the model according to the CMS bounds. To be more conservative in excluding points from

the model, we use the mass me�0
3
instead of me�0

2
when testing points against the bounds in

Ref. [53] A caveat to this method is that the CMS bounds assume wino-like e�0
2 and e�±

1 ,

whereas for our data these electroweakinos are higgsino-like. The production cross sections

for wino-like e�0
2e�±

1 are typically four times larger than those for higgsino-like electroweakinos
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Conclusion

• Identify	a	blind	spot	scenario	for	
neutralino dark	matter
• possible	probes	at	the	LHC

• heavy	Higgs	searches,	precision	Higgs,	
and	Electroweakinos searches

Dark-matter results from 332 new live days of LUX data

A. Manalaysay | LUX: IDM2016

SI WIMP-nucleon exclusion

49

•Brazil bands show 
the 1- and 2-sigma 
range of expected 
sensitivities, based 
on random BG-only 
experiments.

•Factor of 4 
improvement over 
the previous LUX 
result in the high 
WIMP masses

•Minimum exclusion 
of 2.2 x 10-46 cm2 at 
50 GeV
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Current	Direct	Detection	Constraints
mA upper	bound

Rescale	according	to	the	local	density

In	the	well-tempered	region,	mA <	350	-400	GeV

relaxed	mA	bound	to	the	left	of	the	well-
tempered	region

Will	discuss	direct	heavy	Higgs	search	and	
precision	Higgs	later

10

Figure. 4: Upper bounds on MA due to 2016 LUX bounds, adjusted by the thermal WIMP relic density at each point in the

plane. The strength of the LUX bound quickly decreases as one departs from the well-tempered region, since the WIMP relic

density decrease quickly below the correct value. The gray region has relic density greater than 1.2 times the correct relic

density, unless the neutralino mass is close to the resonant annihilation condition, mA = 2m�̃0
1
, for which the proper relic

density may be obtained and the upper bound becomes the one shown in Fig. 3.

blue region of Fig. 2, where the required value is above the lower bound set by LUX.) The

constraints from both sides are summarized in Fig. 5, which shows the exclusion states of the

|µ|�M1 plane under present and projected DDMD constraints together with the relic density

consideration. Below the viable well-tempered region, the exclusion states are determined

by fixing MA close to the resonant value 2m�̃0
1
and comparing the SI cross section with

the current and future bounds. The resulting bounds in this region combine the previous

constraint on MA away from the decoupling limit (upper bound) with the constraints from

below. It can be seen that the present LUX bound leave the parameter space relatively

open, while the projected (100 times strengthened) bound would considerably constrain the

region in which resonant annihilation can be employed to obtain the correct relic density.

In regions where the WIMP relic density is under-abundant, the upper bounds on MA lifts

up quickly if one adjust the LUX bound to match the WIMP relic density specific to each

point in the µ�M1 plane, as shown in Fig. 4, opening up space for studies on mixed dark

matter origin. We shall not concentrate on this scenario.
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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. As a convenience, datafiles for all curves in this figure are available precomputed in
the nulike download3.

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.

– 17 –
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Figure. 13: Calculated spin dependent cross sections for tan � = 15 (yellow dots), tan� = 10 (red dots), tan� = 7 (green

dots) and tan� = 5 (blue dots). The upper branch correspond to the well-tempered region, while the lower one corresponds

to the A-funnel region. The red solid line represents the current 90% C.L. bound on the Spin dependent cross section com-

ing from IceCube for annihilation into WW , and the orange line for annihilation into tt̄. The bound for annihilation in to

ZZ is very similar to the bound for annihilation into WW . The magenta and dashed purple lines combine these bounds,

weighting them by the branching ratios for our data, with the dashed purple line further taking into account the decays into

ZH,W±H⌥, and hA. The bounds for decay in bb̄ are several orders of magnitude weaker and are not shown.

tempered neutralino region as well as in the A-funnel region. In the well-tempered region,

the values of the heavy Higgs boson masses are lower than twice the top quark mass and this

region of parameters may be e�ciently probed by searches for production of heavy Higgs

bosons decaying into ⌧ -lepton pairs. Current searches already restrict the value of tan � < 7

in this region of parameters and future searches can probe the whole region consistent with

the blind spot scenario. Moreover, the IceCube are in tension with the well-tempered sce-

nario for neutralino masses lower than 200 GeV. Furthermore, for neutralino masses larger

than about 400 GeV, allowed values of the CP-odd Higgs mass may be in tension with those

required to get consistency with precision Higgs measurements and the realization of this

scenario may require a Higgs sector that goes beyond the MSSM one, like the one that is

obtained in the NMSSM for heavy scalar and fermion singlets. Current bounds, however,

allow the realization of the well-tempered scenario for neutralino masses of the order of 300

GeV, tan � ' 5 and heavy Higgs bosons of about 400 GeV.

exclude the well-tempered region for m𝜒 ≾ 200 GeV
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Figure. 12: Branching ratios for dark matter annihilation products, including W+W� (blue), ZZ (green), tt̄ (red), bb̄ (pink),

ZH (yellow), hA (orange), W±H⌥ (purple), and their sum (black). We see that for m�̃0
1

< 200 GeV, the W+W�, ZZ,

and bb̄ decay channels dominates. At m�̃0
1
' 200 GeV, the tt̄ decay channel becomes prevalent, but begins to diminish for

large m�̃0
1
. For m�̃0

1
> 200 GeV, the branching ratios for annihilation into W+W� and ZZ are similar, and the decays into

ZH, hA, and W±H⌥ become significant.

there has been recent analyses of the AMS antiproton flux data [75] that claim strong con-

straints on thermal dark matter annihilating into bottom-quark pairs, with masses between

150 GeV and 450 GeV [76],[77]. Although there are large uncertainties having to do with

propagation, solar modulation and antiproton production cross sections, if these bounds

hold, the A-funnel region will be constrained to values of µ and MA larger than about

1 TeV.

V Conclusions

In this article we have studied the constraints and future probes of Dark Matter in the

MSSM, in the case in which all scalar leptons and quarks are heavy. In particular, we

have considered scenarios within the MSSM, in which the SI DDMD cross section is sup-

pressed due to destructive interference between the light and heavy CP-even Higgs exchange

amplitudes. We have shown that the proper relic density may be obtained in both the well-
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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. As a convenience, datafiles for all curves in this figure are available precomputed in
the nulike download3.

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.
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scenario can accommodate the right relic density in the well-tempered region [31–33], in

which M1 ' |µ|, as well as the A-funnel region, in which MA ' 2m�̃0
1
and the proper relic

density [4, 34] is obtained through resonant annihilation with the heavy Higgs bosons. In

this article we shall not analyze the case of wino-bino mixed dark matter that demands a

high degree of degeneracy of the gaugino masses, M2 ' M1, and that leads to an extra sup-

pression of the spin independent DDMD cross section due to the small Higgsino component

of the dark matter candidates. For details of this case, see Ref. [35, 36]. In addition to

Eq. (6), pure Higgsino or gaugino states, also lead to a large suppression to the DDMD (see,

for instance Ref. [37] and [38]). In this work, we will concentrate on the region where

M1 < M2, in which the thermal relic density can be naturally obtained for m�̃0
1
of the order

of weak scale.

III Direct Dark Matter Detection Constraints

A. Allowed Parameter Space

 /GeVAM
200 400 600 800 1000 1200

 /p
b

SI pσ

12−10

11−10

10−10

9−10

8−10
 = - 600 GeVµ

 = 600 GeVµ

Spin independent cross section - MA

Figure. 1: Spin independent scattering cross section for fixed tan � = 7, |µ| = 600 GeV, M1 = 400 GeV. The black line is

for µ < 0 and the red line is for µ > 0. The blue dashed line represents the LUX 2016 constraint for m� = 400 GeV. As

MA increases the heavy Higgs becomes decoupled from the LSP, and �SI
p approaches an asymptotic value. Note that the

asymptotic value is significantly greater for µ > 0 than for µ < 0. When experimental limits drop below the asymptotic value

of the µ < 0 branch, an upper bound and a lower bound on MA will be present, and we are forced closer to the blind spot.

The expression of the SI cross section, Eq. (5), shows that, in general, the light Higgs

and heavy Higgs contributions interfere destructively (constructively) for negative (positive)

8

Figure. 2: Lower bounds on MA due to 2016 LUX bounds for µ > 0, assuming the observed relic density in the whole pa-

rameter space. The value of MA is chosen to be at the minimum value allowed by the LUX bound, and is indicated by the

color scale. In cases where the SI cross section is not allowed for all values of MA, the lower bound is marked as infinity, cor-

responding to the red color. The region between the white dashed lines represents the well-tempered region, with the relic

densities that di↵er from the observed value by less than 20%. It can be seen that the well-tempered region is completely

excluded. However, near the blue region away from the well-tempered region, the correct thermal relic density may still be

achieved by resonant annihilation.

for tan � = 7 and large values of the neutralino mass. However, it raises to values of order

400 GeV for neutralino masses of the order of 300 GeV.

The proper thermal relic density may be also obtained to the right of the well-tempered

region, in the so-called A-funnel region, by setting MA ' 2m�̃0
1
such that the heavy Higgses

mediate the resonant annihilation of the LSP, reducing the relic density to the correct value.

Thus, points in the parameter space are allowed by LUX and relic density consideration

when the upper bound on MA is larger than or on the order of 2m�̃0
1
, corresponding to the

blue and green regions in Fig. 3 with M1 < |µ|. For su�ciently small values of M1 the value

of the amplitude due to the exchange of the heavy CP-even Higgs may be su�ciently large

to induce an increase of the cross section toward values restricted by LUX, as seen on the

left of Fig. 1. As we will show below, this situation only occurs for very small values of M1.

Larger values of M1, of the order of the weak scale, would only be restricted if future SI

DDMD experiments fail to see a signal.

Larger	Higgs	Neutralino coupling
Constructive	interference	

lower	bound	on	mA
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to the parameters leading to the blind spot scenario. We shall focus our study on the region

5  tan �  15, that may accommodate the proper Higgs boson mass within the MSSM, and

where our parameter space is left relatively open by the LHC H ! ⌧⌧ and electroweakino

(EWino) searches, and other collider constraints.

Figure. 6: Thermal relic density shown in color on |µ|�M1 plane for various tan�. MA is taken to be at the center of blind

spot (maximum cancellation). Note that µ is always negative for the blind spot to occur. The yellow region is consistent

with the observed relic density. In the regions between the white dashed lines, MA can be adjusted to mediate resonant

annihilation while keeping �SI
p < 10�11 pb. Blind spots are not achieved in the gray area since the left hand side of Eq. 6

becomes negative and destructive interference cannot happen. In this region, the �SI
p < 10�11 pb requirement does not set

an upper bound for MA but only a lower bound, though it is still possible to tune MA to achieve resonant annihilation for

m� high enough.

We have used MicroOMEGAs (with SuSpect 2.41) to calculate the spectrum, SI and
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Figure. 8: Net exclusion status of the well-tempered region and the A-funnel region. Each data point represents a point

with the proper relic density. Data points are first checked for exclusion by CMS, then by ATLAS, then by the CMS elec-

troweakino searches (see the following section), with the color-coding of each data point corresponding to the method by

which it is first excluded. Values of MA are labeled next to selected data points. The sparseness of points in the A-funnel

region reflects its narrowness relative to the well-tempered region, as seen in Fig. 6.

B. Electroweakino Search

The � ! ⌧⌧ searches leave open a small region of parameter space whereMA is su�ciently

large to avoid these constraints, with M1, |µ|< 200 GeV. The neutralinos and charginos are

light in this region, so electroweakino searches at LHC become relevant. The most stringent

constraints are obtained from studying the decay products of the associated production of

charginos and neutralinos, e�0
2e�±

1 . Since our slepton masses have been set high, the branching

ratio for the decay of the second lightest neutralino and the lightest chargino e�0
2, e�±

1 , into

sleptons is negligible. In addition, since me�0
2
' me�±

1
< MA +m�̃0

1
, the decay of e�0

2 , e�±
1 into

heavy Higgs bosons is also negligible. This leaves e�0
2e�±

1 ! WZe�0
1e�0

1 and e�0
2e�±

1 ! Whe�0
1e�0

1
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Figure. 10: Plot analogous to Fig. 8 with MA chosen at the upper limit consistent with �SI
p = 10�11 pb. Only exclusions

from the CMS � ! ⌧⌧ search are shown.

[58]. Even considering there are two higgsinos, the total higgsino production cross section

is about half the wino production cross section, so the true bounds on our data are weaker

than those presented in [53]1. We find that these electroweakino searches do constrain this

region, as shown by the yellow points in Figs. 8-10. Although the displayed bounds are

generous for the Higgsino-like electroweakinos in our data, we will show in subsection D

that this region of parameters is also excluded by recent IceCube results [60].

The High Luminosity-LHC would extend the scope of the electroweakino searches, and

could probe up to 150 GeV to 600 GeV depending on the mass of the LSP [59, 61]. A 100

TeV collider can further extend the reach. For instance, when m�̃0
1
is below 500 GeV, a

100 TeV collider with 3 ab�1 can make a discovery of a higgsino on the order of 1.5 TeV in

1For a recent analysis, see Ref [59]
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the trilepton channel [62, 63]. In addition, in the well-tempered region, where M1 ⇠ |µ|, a

future 100 TeV collider with 3 ab�1 can be sensitive to a mixed bino-higgsino LSP up to 1

TeV, and can reach 5� discovery for m�̃0
1
. 165 - 420 GeV depending on the mass di↵erence

between the two lightest neutralinos and the treatment of systematics [64].

Figure. 11: Leading order cross sections for various electroweakino pair productions. Each data point corresponds to a blind

spot with small M1 and |µ| in the well-tempered region (µ ' M1) that was not excluded by the � ! ⌧⌧ searches, although

one outlier is not shown for the sake of readability. The plot incorporates points from all values of tan�, since tan� does

not have a significant e↵ect on �. For these data points M1 ' |µ|, and changes in the sign of |µ|�M1 can occur between

data points. Thus the composition of the electroweakinos changes between data points as well. This results in bumps in the

depicted curves since bino-like electroweakinos have lower cross sections than Higgsino-like electroweakinos of comparable

mass.

C. Precision Higgs Measurements

In the well-tempered region, asMA is light, there could be some tension with the precision

Higgs data. At the tree level, the 125 GeV Higgs coupling to bottom-quarks in the MSSM

is given by [65]
ghbb
gSMhbb

= � sin↵

cos �
= sin(� � ↵)� tan � cos(� � ↵). (7)

The first term in the left-hand side of this expression, sin(� � ↵), gives the ratio of the

coupling of the Higgs to weak vector bosons to its SM value. In order to reproduce the


