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ABSTRACT: The dark matter (DM) blind spots in the Minimal Supersymmetric Standard
Model (MSSM) refer to the parameter regions where the couplings of the DM particles
to the Z-boson or the Higgs boson are almost zero, leading to vanishingly small signals
for the DM direct detections. In this paper, we carry out comprehensive analyses for
the DM searches under the blind-spot scenarios in MSSM. Guided by the requirement
of acceptable DM relic abundance, we explore the complementary coverage for the theory
parameters at the LHC, the projection for the future underground DM direct searches, and
the indirect searches from the relic DM annihilation into photons and neutrinos. We find
that (i) the spin-independent (SI) blind spots may be rescued by the spin-dependent (SD)
direct detection in the future underground experiments, and possibly by the indirect DM
detections from IceCube and SuperK neutrino experiments; (ii) the detection of gamma
rays from Fermi-LAT may not reach the desirable sensitivity for searching for the DM blind-
spot regions; (iii) the SUSY searches at the LHC will substantially extend the discovery
region for the blind-spot parameters. The dark matter blind spots thus may be unblinded
with the collective efforts in future DM searches.
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1 Introduction

The weakly interacting massive particles (WIMPs), which appear in many theories beyond
the Standard Model (SM), remain to be one of the most attractive candidates for cold dark
matter (DM) to explain the observed energy budget in the universe. The relic abundance
of dark matter particles is set by their annihilation cross section o g;lff /]\4]%M in the early
universe [1, 2]

2.2 x 10726 cm3
Qpah? = 0.11 x < X o /S>

<Uv>freeze (11)

To avoid over-closure of the universe, today’s relic abundance Qpysh? ~ 0.1 translates to
a limit on the dark matter mass as

2
Mpy < 1.8 TeV <§§> . (1.2)

The electroweak coupling strength and the TeV mass scale naturally appear, leading to
the notion of the “WIMP miracle”. This strongly motives the search for the WIMP dark
matter in the underground laboratories [3—13], in collider experiments [14, 15], as well as
indirect detections via gamma rays, positrons and neutrinos [16-23].



With the impressive improvement of sensitivities in the underground experiments [8—
11] for the dark matter direct detection, the null results have put stringent limits on the
dark matter-nucleon scattering cross sections, excluding much of the parameter region for
many WIMP dark matter models and thus challenging the WIMP miracle paradigm. On
the other hand, the WIMP DM interactions with the SM particles and the mass spectra
may be rather subtle. The annihilation cross section that governs the relic abundance and
the dark matter-nucleon scattering cross section that controls the direct detection may
not be from the same set of diagrams. It is therefore prudent to explore scenarios with
suppressed dark matter-nucleon scattering cross sections.

Supersymmetry (SUSY) remains to be the strongest contender for theories beyond
the SM. One of the desirable features for SUSY is the existence of a WIMP dark matter
candidate, the lightest supersymmetric particle (LSP), typically the neutralino (x9). It has
been realized recently that there are regions in the SUSY parameter space where the direct
detection cross section is highly suppressed due to subtle cancelations of the couplings.
These regions are dubbed as the “blind spots” [24] for the DM direct detection. It has been
shown [24] that the DM coupling to the Z-boson Zx{x? can be almost zero and thus the
spin-dependent (SD) scattering amplitude will be vanishingly small. Analogously, the DM
coupling to the Higgs boson hx{x{ can be almost zero, leading to the spin-independent (SI)
scattering amplitude to be vanishingly small. These would be very unfortunate scenarios
as far as the DM direct detections are concerned. One would wish to seek for other possible
means to search for the WIMP dark matter in those parameter regions.

In this paper, we carry out comprehensive analyses for the DM searches under the
blind-spot scenarios in MSSM. In particular, we explore the complementary coverage for
the theory parameters among the different searching schemes for the direct detections, the
indirect detections with astro-physical means, as well as the collider searches for SUSY
signals [25-31].

We find that the SI scattering blind spots may be rescued by SD scattering searches in
the future direct detection experiments. The neutrino detections from IceCube and SuperK
could approach the sensitivity on the SD scattering cross section for certain blind spots,
while the detection of gamma rays from Fermi-LAT may not reach the desirable sensitivity
for searching for the DM blind-spot regions. Furthermore, the SUSY searches at the LHC,
in particular the future upgrade to higher luminosities (HL-LHC), will substantially extend
the coverage for the blind-spot scenarios to large parameter regions. The dark matter blind
spots thus may be unblinded with the collective efforts in future DM searches.

This paper is organized as follows. In section 2, we define the blind spots for the
spin-independent and spin-dependent scatterings in DM searches. We further study the
constraints from the relic abundance for those scenarios in section 3. We discuss the DM
direct detection via the spin-dependent scattering, and quantify the DM indirect searches
at the Fermi-LAT from gamma rays and at the neutrino experiments in section 4. Before
presenting our collider studies at the LHC, we first examine the existing bounds on the
SUSY parameters in section 5. Our main results for the collider coverage are presented in
section 6. We summarize our results in section 7.
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Figure 1. Feynman diagrams for direct detection of SUSY neutralino LSP dark matter.

2 Blind spots

Direct detections of the SUSY WIMP dark matter (x!) in the underground laboratories
usually go through two classes of scattering diagrams via the Higgs and Z-boson exchanges,
as shown in figure 1. The WIMP scattering cross section sensitively depends on the cou-
plings of Ax{x{ and Zx{x?, which are governed by the components of the x{ admixture.
It is sometimes informative to think about the limiting cases, that for large |M;]|, |Ma],
11| > my, the lightest neutralino x{ is bino-like, wino-like or Higgsino-like, with mass be-
ing approximately M7, Ms, +u, whichever one is the smallest, respectively. Furthermore,
the neutralino LSP-nucleus scattering via the axial-vector interaction ZxJx? couples to
the spin of the nucleus (spin-dependent, SD) and that via the scalar interaction hx{x{ is
independent of the spin (spin-independent, SI). The scattering cross section off a heavy
nuclear target of an atomic number A for the SI interactions will be proportional to A2
due to the coherent effect of the nucleons. DM direct detections are thus more sensitive to
the SI interactions due to this enhancement. On the other hand, the SD interactions may
still be significant because of the stronger gauge interactions via the Z exchange.

2.1 SI blind spots

The spin-independent (SI) blind spots correspond to a vanishing hx?x{ coupling. Using the
low-energy Higgs theorem, we obtain the following condition on the theory parameters [24]:

1
(mx? + psin 2[3) <mx(1) — §(M1 + My + (M — M3) cos 29W)> =0. (2.1)

From this relation, we can extract the tree level 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 exactly equal to the mass of a pure gaugino or Higgsino state
(M7, M or |u|) as listed in the first column of table 1. 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 = M, = M. The additional condition on |u| guarantees

X
that the neutralino state with mass M; = M is the lightest neutralino and therefore
the LSP.

Two remarks are now in order. First, we note that loop corrections to the LSP mass

will slightly shift the exact location of the blind spots, but will not affect their existence.



myo condition signs

My (< Ma, |p)) My + psin2f =0 sign(My/p) = -1
Ma(< Ma, |pl) M; + psin28 =0 sign(Ma/p) = —1
|pl(< My, Ma) tan 8 = 1 sign(M2/p) = —1

Mio(<|ul) | Myi= My, |p|>|Miy/sin28| | sign(Mi2/p) = —1

Table 1. The SI blind-spot mass relations.

My condition signs
Mo | My = My, |u| > |Mya/sin2f] | Sign(M2/p) = -1
- tanf =1 -

Table 2. The SD blind-spot mass relations.

Second, if there is BSM new physics that has significant couplings to the LSP and the SM
quarks, then the additional contributions could change the above blind-spot conditions.
Examples include the heavy Higgs boson [32], light squark [33], and the singlet scalar in
NMSSM [34]. We will not discuss those cases further.

2.2 SD blind spots

The spin-dependent (SD) blind spots correspond to vanishing Zx{x? coupling. For a pure
Higgsino LSP, X?,z = %(FIS + ﬁg), the only non-zero coupling is Zx{x3, with vanishing
ZxxY and Zx9xY couplings. Pure bino or a pure wino states have no interaction with Z-
boson. For a mixed LSP state, the Zx!x! coupling must come from the Higgsino component
in x{. For tan 8 = 1 with restored symmetry of u <+ d, the LSP x{ also has vanishing
coupling with Z-boson as in the case of a pure states [24].

We have identified the following mass relation, corresponding to a vanishing Higgsino
component in the LSP — a photino-like LSP, which also leads to a SD blind spot:

. Sign <M1’2> = 1. (2.2)
o

Such a case has not been pointed out in the existing blind-spot studies [24]. In fact, this is

Mo
My = M, > |—=
! 2 I ‘sm2ﬂ

the same condition of a vanishing hx{x} 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 alll We note
that, eq. (2.2) with Sign(Mi2/pn) = +1 would also lead to a SD blind spot. However in
this case, M 2 will be smaller than Mz /2, and we will not study it further because of the
conflict with the collider bounds on the chargino/neutralino masses. The SD blind-spot
conditions under our consideration are listed in table 2.

In our analyses below, we choose the following benchmark cases which correspond to
ST and/or SD blind-spot regions:

Case A (SI Blind Spots): M; + pusin28 = 0, myo = My with My decoupled,
sign(%) =—1.



Case B (SI Blind Spots): My + psin28 = 0, m
sign(%) =—1.

Case C (SI and SD Blind Spots): M; = My, |u] > | 352, sign(M;’2> — 1.

0= My with M; decoupled,

For each case, we use SuSpect [35] to generate the corresponding parameter points.

For our collider analyses, we focus on Cases A and B in details. The collider phe-
nomenology of Case C would be similar to those of Case A and B given the nearly degen-
erate LSP and NLSPs made of bino and winos, with heavier Higgsino states. For the DM
relic density and indirect constraints, we also study Case C.

In fact, there is a condition that would lead to another blind spot both for SI and SD,
namely tan § = 1, as already listed in tables 1 and 2. We will not discuss this scenario any
further since this value of tan § is disfavored given the observed Higgs mass and because
the phenomenological features are similar to the usual electroweakino LSP studies, with
no characteristic mass scale for the NLSP states.

3 Dark matter relic density
Today’s relic density of DM from global fits to a variety of observations is [36]
Qparh? ~ 0.1184 £ 0.0012. (3.1)

The relic density for light wino and Higgsino are always under-abundant due to the rela-
tively large SU(2); coupling, while the relic density in the bino case is mostly over-abundant
due to the suppressed annihilation cross section.

Case A of the blind-spot region with the bino-like LSP is generically disfavored by relic
density analysis, except for the Z-pole region of M; ~ myz/2 with small |u|, or My ~ |p]
with small tan 8 and considerable amount of bino-Higgsino mixing, as shown by the various
contours labelled by the relic density values normalized to the observed value in the left
panel of figure 2. We calculate the relic density and the direct/indirect detection cross
section by the package micrOMEGAs [37-40]. In the right panel, we show the normalized
relic density as a function of the dark matter mass parameter M7, which clearly indicates
the viable region near the Z-pole. Lower values of |u| are more favorable.

A possible situation to allow a large viable parameter space for Case A is to introduce
co-annihilation for the LSP [41, 42]. In the left panel of figure 3, we present the normalized
relic density for Case A with Mz, = M; allowing the co-annihilation of the right-handed
stau with the bino-like LSP. The observed relic density can be achieved in most of the
M versus —u parameter space. The right panel of figure 3 shows the effect of the dM =
M3, — M on the relic density. Only when the stau is nearly degenerate with LSP with
OM < 3GeV, the effect of stau co-annihilation is strong enough to suppress the relic
density to achieve the observed value. Since such a nearly degenerate right-hand stau
would hardly affect our further results on electroweakino sector, we will always include
such stau to accommodate acceptable relic density for Case A for any further study.
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Figure 2. Case A: dark matter relic density normalized to the observed value. Left panel: contour
plot in the M; — p plane for various values of the relics. Right panel: as a function of M; for
p = —100 and —200 GeV. The values of tan S are fixed by the blind-spot relation M; 4+ psin28 =0
for both plots. They are also indicated by the dashed lines on the left-panel.
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Figure 3. Case A: dark matter relic density normalized to the observed value. Left panel: contour
plot in the M; — u plane for various values of the relics and tan 3, including the co-annihilation
effect with stau: Mz, = M;. Right panel: contour plot in the M; versus éM = M3, — M; plane
for p = —400 GeV.

However, in the wino-like LSP or Higgsino-like LSP case, the relic density is acceptably
under-abundant. In figure 4, we show the relic density compared to observed value for Case
B in My versus (—pu) plane (left panel) and for Case C with 4 = —8TeV and tan = 8
(right panel). For Case B, the relic density in almost all the parameter region is acceptably
under-abundant, only when the mass of the wino-like LSP is heavier than about 1.5 TeV,
the relic density will achieve the observed value. For Case C as shown in the right panel of
figure 4, the situation is similar to Case B. Since the wino annihilation dominates in this
case, the relic density does not sensitively depend on the value of p and tan S.

In the rest of the paper, whenever the relic density is concerned, we will adopt the
value in eq. (3.1) for Case A, and will use the predicted results of the under-abundant relic
densities for Cases B and C.
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Figure 4. Dark matter relic density normalized to the observed value. Left panel for Case B, in the
My — o plane for various values of the relics. Right panel for Case C, versus M o for p = —8TeV
and tan 3 = 8.

4 Dark matter direct and indirect detections

There have been considerable efforts in searching for DM particles in the underground
experiments [6-12]. Since our Case A and Case B parameter regions are only SI-blind but
have unsuppressed SD cross sections, direct detection experiments aiming at constraining
spin-dependent dark matter-nucleon scattering cross section [6-8, 11, 12] could provide
important information for the theory parameter space.

The indirect detection of dark matter aims mainly at three kinds of detectable objects:
gamma rays, charged-particle cosmic ray and neutrinos, from the relic DM annihilations.
Constraints from indirect detection via gamma rays and charged-particle cosmic ray can be
translated into upper bounds on the thermal averaged annihilation cross section for different
dark matter annihilation channels.! Since limits from the charged-particle cosmic ray
depend heavily on the propagation model, we only consider the constraints from gamma-ray
detection [22]. Furthermore, indirect dark matter detection via neutrino coming from the
Sun can be used to put upper limits on the spin-dependent dark matter-proton scattering
cross section [19-21] under the equilibrium assumption.

4.1 Dark matter direct detection via SD scattering

The DM search sensitivity has been improved substantially over the years [13]. By design,
the blind-spot scenarios are the most difficult situations for the direct detection. However,
our Cases A and B are blind spots only for SI scattering, with unsuppressed cross sections
for SD scattering. The spin-dependent DM-neutron scattering cross section ogp, y, versus
the LSP mass are presented in figure 5 for Case A (left panel) and Case B (right panel).
Note that, when calculating the cross section involving dark matter, we have properly
treated the relic density for each case as stated at the end of section 3. The constraints
obtained from the direct detection are also shown there for LUX (upper solid curves),

1 This only works for an s-wave. For velocity dependent thermal averaged annihilation cross section, the
indirect detection only constraints (ov)today, N0t (0V)freeze out-
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Figure 5. Spin-dependent DM-neutron scattering cross section: left panel for Case A and right
panel for Case B. The 90% CL. limits from LUX, PandaX II, and the LZ projection are also shown.
The color code indicates the p values as labeled on the right-handed vertical axis.

PandaX II (middle solid curves) and the LZ perspective (bottom dotted curves). From
these figures, we find that LUX just reached the sensitivity near M; ~ 100 GeV in Case
A, and is still nearly one order of magnitude away in Case B. The bounds report by the
PandaX IT experiment [11] can exclude a region in the parameter space up to —u ~ 250 GeV
in Case A, but remains insensitivity in Case B. The projected reach of the future DM direct
detection experiment LZ [12] for spin-dependent scattering is expected to cover parts of
the blind-spot parameter regions with up to 700 GeV on M; for Case A and on My for
Case B as seen by the dotted curves.

On the other hand, the spin-dependent DM-proton scattering cross section osp p
is known to be somewhat smaller than that for DM-neutron scattering, and is shown in
figure 6 for Case A (left panel) and Case B (right panel). The constraints obtained from
the current direct detection experiments are not quite sensitive enough yet as shown by
the solid curves in the figure. The future projection for the LZ experiment may be able to
cover up to My ~ 400 GeV in Case A, and 100 GeV in Case B, as seen by the dotted curves.

4.2 Neutrino detection

The spin-dependent DM-proton scattering cross section osp y, can also be constrained by
indirect searches for neutrino signals coming from the Sun, assuming equilibrium of DM
capture and annihilation. We present the theoretical prediction for the scaled? scattering
cross section ogp ,p versus the LSP mass together with bounds from several neutrino tele-
scope experiments in figure 7 for Case A and figure 8 for Case B, respectively. Two DM

2While the SD x-p scattering cross section does not depend on the dark matter annihilation modes, the
experimental limits of the indirect detection via neutrinos do. Since it is difficult to show the experimental
limits for each parameter point, we choose to present the experimental limits assuming the observed DM
relic density and 100% annihilation fraction into a certain channel, while scaling the x-p scattering cross
section for each parameter point with the corresponding DM relic density and the annihilation fraction into
a particular final state.
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Figure 6. Spin-dependent DM-proton scattering cross section: left panel for Case A and right
panel for Case B. The 90% CL. limits from LUX, PandaX II, PICO, and the LZ projection are also
shown. The color code indicates the p values as labeled on the right-handed vertical axis.

annihilation channels to WW and 77 are shown on the left and right panels, respectively.
We see from figure 7 that the bounds from SuperK and IceCube are reaching the low mass
region for the Case A blind-spot scenario. In Case B, the IceCube bounds on the WIW
mode impose the most stringent limits. However, these bounds are still about an order of
magnitude away from the relevant blind-spot parameter space as shown in the left panel
of figure 8.3 For both Case A and Case B, we have combined all contributing channels to
compare with the IceCube-79 String results [19], and find that our parameter space is still
beyond the current reach, except for a small M; and |u| region as already seen in figure 7.

The observational aspects for Case C are more difficult since it is both a SD and a
SI blind spots. In addition to the absence of the DM direct detection signals, the indirect
detection via neutrinos is also difficult given the negligible SD interactions.

4.3 Gamma-ray detection

Gamma rays can be produced in dark matter annihilation through radiation, hadronization,
or direct pair production, with different spectrum for different annihilation channels. The
theoretical prediction (colored regions) for the velocity-averaged cross section (ov) are
presented on the left panels in figures 9, 10 and 11 for Cases A, B and C, respectively, for
the most sensitive channel WT™W~. The limits based on the gamma-ray observation from
the Fermi-LAT results [22] are shown by the solid black curves in all the three figures.
We see that the sensitivity from the WTW ™ channel is still not reaching the theoretical

parameter regions for the blind-spot scenarios.*

3In ref. [28], the authors pointed out that models where the dark matter is dominantly a wino-like
neutralino are strongly excluded by IceCube, and that the wino relic density close to the thermally produced
value satisfies the IceCube bound. This conclusion is consistent with what we found here for Case B, where
the DM is typically under-abundant.

“Ref. [43] mentioned that the Galactic center gamma-ray excess can be explained by a thermal-relic
neutralino of the MSSM annihilating into WW, ZZ, hh, tt and the DM blind spots could be a viable region
of MSSM parameter space. However, the blind-spot scenarios considered in this paper do not provide
sufficient annihilation to explain this excess since the Z-coupling from bino-Higgsino mixing is small for
bino-like DM, and the wino-like DM is typically under-abundant.
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handed vertical axis.

The above results are based on the assumption that the gamma-ray events in the Fermi-
LAT experiment is 100% from the WTW~. The similar assumption was also applied
to the analyses for the other channels such as bb, i, as well as 77. A more accurate
treatment would be to add those individual channels with appropriate efficiency factors
and the corresponding relic abundance to account for the observed inclusive gamma-ray
events. For a channel labelled by i, denote the total efficiency by A’ including the detector
efficiency, the cosmic related factors and so on. Then the 95% upper limit on the average
cross section for this channel (cw}gg)% satisfies:

(o050 X A' x Q2 = Nop© (4.1)

obs ?

where Ngg;% is the 95% upper limit on the events from DM annihilation based on the
observed events. The experiments will determine the efficiencies for each channel A?. If we

~10 -
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Figure 10. Case B: left panel shows the predicted cross section (ov) versus the DM mass (colored
regions) and the limits from Fermi-LAT gamma-ray observation for the W™~ channel (the black
curve). The color code indicates the u values. Right panel shows the normalized multiple channel
cross section by the color code in the Ms — u plane.

want to combine all the contributing channels, then the cross sections should satisfy

QQ
N > Z ov)t x A' x Q4 = NB% x Z X cheo ) (4.2)
95‘7 obs
This leads to an important relaltion we will use:
% Q2
00" Siheo (4.3)

i (O’U>é5% Qobs

which we call the “normalized multiple channel cross section”. Regions with the normalized
multiple channel cross section well below 1 are much more difficult to be probed by Fermi-
LAT gamma-ray observation, while regions with the normalized multiple channel cross
section close to 1 might be covered by the next generation experiments.
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Figure 11. Case C: left panel shows the limits from Fermi-LAT gamma-ray observation shown by
the black (upper) curve and the predicted (ov) for the W+ W™~ channel by the red (lower) curve.
Right panel shows the normalized multiple channel cross section versus M 7.

Improving the above WTW ™ channel results, we present on the right panels in figu-
res 9, 10 and 11 for Cases A, B and C, respectively, the normalized multiple channel cross
section. For Case A, the channel combination improves the observability somewhat, but
the current results from Fermi-LAT are still about one to two orders of magnitude weak to
provide any relevant bound even for the low mass region of Mj, as seen in figure 9. For Case
B, the relic density is far below the observation when the wino is light, so the relic density
scaling governs the outcome. With the WW channel dominant, the blind-spot region is
at least two orders of magnitude below the sensitivity of the gamma-ray experiments, as
seen in figure 10.> For Case C, the WW channel is also dominant but still at least two
orders of magnitude below the current sensitivity, as seen in figure 11, for 4 = —8 TeV and
tan 8 = 8. The dependence on p and tan 3 is very weak.

5 Current bounds from LEP

5.1 Z invisible width

Electroweak precision measurements at the Z-pole provide significant bounds on the SUSY
mass parameters. If the neutralino is light enough, mz > 2mX(1>, it can be produced via the
decay of a Z-boson. Such decays are strongly constrained by the measurements at LEP 1.
The invisible decay width of Z is constrained to be 'y, = 497.4 +2.5MeV [45], which can
be translated to an upper limit of non-SM contributions to the invisible decay width of the
Z-boson

IBSM < 3.1 MeV at 95% confidence level (CL). (5.1)

mv

This is a conservative bound before the Higgs discovery. A stronger bound can be obtained
using ZFitter [46] with the measured Higgs mass m; = 125GeV. We find the Z-boson

Ref. [44] showed that wino dark matter has been strongly constrained by the Fermi-LAT and HESS
data. However, these bounds do not apply to the blind-spot scenario in Case B since the wino is typically
under-abundant, which weakens the constraints.
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Figure 12. Z-boson invisible decay width to neutralinos for Cases A (left), B (middle), and C
(right). The two middle thick (red) contours indicate the exclusion bounds imposed by eqs. (5.1)
and (5.2).

invisible decay width to be Iiny XM = 501.7+0.2 MeV, which sets a stronger upper bound
on the BSM contributions to be

IBSM 1.1 MeV at 95% CL. (5.2)

In figure 12, we show the calculated partial decay width of the Z-boson into a pair of
neutralinos T'(Z — x¥x?), as well as T'(Z — x¥x9, x9x9) when appropriate, in the SUSY
mass parameter space for Cases A (left), B (middle), and C (right). The two middle thick
(red) contours indicate the exclusion bounds imposed by egs. (5.1) and (5.2). For a bino-
like LSP as in Case A, the coupling of the Z is proportional to the bino-Higgsino mixing
Ni3,14: 97x0x0 ™~ N123 — N2, [47]. At large Higgsino masses ||, the mixing becomes small
and therefore the coupling becomes highly suppressed [48]:°

9 B s,m?, cos(23)? B s4m%
T T2 M R - M)

(5.3)

The decay width T'(Z — x{x}) is sufficiently suppressed at large Higgsino masses and thus
the LEP bound is weaker as seen in figure 12 (left). The constraints are stronger for the
wino-like LSP (Case B) since the wino-Higgsino mixing is enhanced by a factor ¢, /s¥,
compared to the bino-Higgsino mixing as seen in figure 12 (middle). The constraints in
Case C are similar to those in Case B but with a cut-off induced by the blind-spot relation
as shown by the gray dash line in figure 12 (right). We can see that the electroweak
precision measurements exclude parameter regions

M; $ 43 GeV and |u| <110 — 150 GeV  for a bino-like LSP (Case A), and
My < 43 GeV and |u| £200 — 270 GeV  for a wino-like LSP (Case B), and
Mo S 43 GeV and |p| <220 —290 GeV  for a bino-wino mixing LSP (Case C, tan 8 = 5).

5In the last step we used the blind-spot relation from table 1.
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5.2 LEP2 chargino searches

Some of the strongest bounds on the blind-spot parameter space come from chargino
searches at LEP [49]. The DELPHI collaboration performed a search for charginos with a
sufficient mass splitting to the lightest neutralino produced in pair production by looking
for events with missing transverse momentum in association with jets or leptons [50]. Using
the data set up to 209 GeV, this search led to a mass bound

DELPHI: m & > 102 GeV for Am =m £ =My >5 GeV. (5.4)

X
Complementary to the above analysis, the ALEPH collaboration performed a dedicated
study to analyze the case of small mass splitting, taking into account both standard
chargino searches with energetic leptons and jet as well as signatures with an ISR pho-
ton balanced by missing energy [51]. This analysis found

ALEPH: m_+ > 93 GeV for Am =m_+ —m_ o <5 GeV. (5.5)
X1 X1 X1

We will take those results into account in the LHC searches in the next section.

6 Dark matter searches at the LHC

We now consider the searches for DM at the LHC in the blind-spot scenarios in the hope
to cover the parameter space that would be difficult for the direct and indirect dark matter
searches. The most common signature for the DM search at colliders would be the missing
transverse momentum (customarily called the “missing energy”) carried away by the DM
particles escaping from detection.

The SUSY signatures are essentially governed by the mass different between the pro-
duced particles (mostly the chargino NLSP) and the decay final state (the neutralino LSP)
Am = m,+ — m,o. In general, four different search strategies are considered:

1. Charged Track: if the mass difference Am < m; is small, the chargino is long-lived
which leads to a charged track like a muon. The sensitivity for identifying charged
tracks in collider experiments is very high. LEP searches [51, 52] for chargino pair
production ete™ — xTx~ excludes such particles up to my+ < 102 GeV. Searches
at the LHC for long-lived charged particles exclude the production cross section of
relatively stable charginos to be above 4 b at 8 TeV using 20fb~! data (ATLAS) [53]
or about 1fb at 13TeV using 13fb~! data (CMS) [54]. However, in MSSM, loop
corrections to the chargino and neutralino mass typically induce a mass splitting of
a few hundred MeV. The charginos usually decay before traveling too far. Therefore
charged track searches for long-lived particles do not apply in our cases.

2. Disappearing Track: for intermediate mass differences m, < Am < a few GeV,
the chargino decays inside detector with soft decay products after travelling some
distance from the interaction point. This results in a disappearing track signature
which we will discuss in section 6.1.
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3. Electroweakino Searches: if the mass difference is large Am > few GeV, the
chargino promptly decays inside the detector with energetic decay products, leading
to observable leptons or jets plus missing energy. These searches will be discussed in
section 6.2.

4. Monojet/monophoton Searches: if we only consider the pair production of the
neutralino LSP (or with its degenerate charged partners), mono-jet or mono-photon
searches have been a standard channel for dark matter searches at colliders. These
searches will be discussed in section 6.3.

6.1 Disappearing track searches

Both Case B and Case C contain regions of parameter space with small enough wino-
Higgsino mixing that permits a disappearing track (DT) signal. ATLAS and CMS per-
formed a search for disappearing tracks using the 8 TeV data with 20 fb™! integrated
luminosity [55, 56]. We further projected the reach for 14 TeV with 300 or 3000fb~! in-
tegrated luminosity by scaling the 8 TeV result with parton luminosity [57]. We show the
results altogether in figure 13 for the 95% CL exclusion from disappearing track searches.
Results for Case B are shown in the left panel in the My — u plane, for ATLAS at 8 TeV
with 20fb~! (lower solid curve) and for 14 TeV at 300 (middle dotted curve) and 3000
(upper dash-dotted curve) fb~!, respectively. The vertical column with the corresponding
color code labels the mass difference Am = m,+ —m, o0, including two-loop corrections [58].
M less than about 250 GeV, 600 GeV, and 1100 GeV can be excluded at 95% CL at large
|p| case under three different luminosities, respectively.

Results for Case C are shown in the right panel of figure 13 in the tan g — M
plane, again for ATLAS at 8 TeV with 20fb~! (far left black region) and for 14 TeV at
300 (middle red region) and 3000 (right light-blue region) fb~!, with three different values
of —p = 8, 14 and 25TeV, respectively, for illustration. The coverage region is on the
left-side of the curves. Note that the blind-spot requirement |u| > My /sin 2 ensures the
neutralino to be lighter than the chargino. This relation imposes an upper bound for the
blind-spot parameter space on tan 3 for given Mj 2 and p as indicated by the gray lines
in the right panel of figure 13. We see the wide coverage for the mass parameters: the
larger |p| is, the better coverage because of the weaker mixing and thus a more efficient
disappearing track search. The coverage also gets better for large values of tan 5. While
the LSP mass is fixed by the blind-spot relation at tree level, myo = M; o, the chargino
mass at tree level is given by

2
2~y + 2 () sin 2 - M), (6.1)
For larger tan /3, the mass splitting between the chargino and neutralino state be-

comes smaller
2 2mi, Mo 2 My

A ~~ - 6.2
™A (tanﬁ rm)’ (6.2)

and therefore the sensitivity for disappearing track searches increases at large tan 3.
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Figure 13. 95% CL exclusion from disappearing track searches at the LHC. Left panel for Case B
in the My — p plane: ATLAS at 8 TeV with 20fb~" (solid curve) and the projection for 14 TeV at
300 (dashed curve) and 3000 (dash-dotted curve) fb~—!, respectively. Mass difference Am is shown
by the corresponding color code. Right panel for Case C in the tan 5 — M » plane: ATLAS at 8 TeV
with 20fb~1 (far left black region) and the projection for 14 TeV at 300 (middle red region) and
3000 (right blue region) fb~!, with three different values of u, respectively. The solid and dotted
gray lines in the upper-right corner indicate the upper limit on Mj o: M o/sin(28) = |u| for a
given value of |ul.

We would like to emphasize the significance of the coverage of the blind-spot parameter
space for Case C by the LHC searches, since it is the “most blind” scenario with vanishingly
weak SI and SD scattering signal, and thus hopeless for DM direct and indirect detections,
as pointed out earlier.

6.2 Electroweakino searches

In the previous section, we have discussed the case in which the NLSP is almost mass-
degenerate with the LSP. Once the mass splitting is sufficiently large, typically more than
a couple of GeV, the heavy electroweakino (EW) will promptly decay into the LSP and a
(virtual) W, Z or Higgs-boson.

The mass spectrum and the decay patterns of Case A is illustrated in figure 14 (left
panel). The LSP is a bino-like neutralino while the NLSPs are Higgsino-like neutralinos
and chargino. The wino-like states are decoupled and are assumed not contribute to the
collider phenomenology. The main NLSP production channels are

97 — X5x3, X33xi and x{xq- (6.3)
The heavy gaugino decays in Case A include
X33 = Zx1, hx and xi — WEXY. (6.4)
We therefore expect to observe the signatures
WW~ +Ep, WZ+ FBp, WhtFBp, ZZ+Ep, Zh+Ep and hh+ Ep. (6.5)

Note that introducing a right-handed stau to achieve correct relic density will not affect the
results of the collider search, as the decay rate of Higgsino-like NLSP into stau is negligible.
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Figure 14. Electroweakino mass spectrum for Case A (left), Case B (center) and Case C (right).
Possible decay channels into a Z-boson (blue), Higgs-boson (red) and WW-boson (green) are indicated.

The center panel of figure 14 shows the mass spectrum and the decay patterns for Case
B with a wino LSP. The mass difference among the wino triplet is very small and therefore
the decay products of the wino-like chargino state will be too soft to be appreciable. Hence,
the three wino-triplet states can be treated as LSPs. The Higgsino-like neutralinos and
chargino form the NLSP states while the bino-like states is decoupled. The main NLSP
production channels are

94— X5X3, X53Xy and X3 X3 - (6.6)
The heavy gaugino decays in Case B include
X33 = ZxY, hxY, WEXT and x5 — WEXD, ZxF, (6.7)
Comparing with Case A in eq. (6.5), we therefore have the additional final state
WEWE + B, (6.8)

coming from the process x3x3 — WEWHxTx7 or X(2)73X§E — WEWExFx{. This provides
a very clean same-sign dilepton final state with very low SM backgrounds.

In Case C as seen in figure 14 (right panel), the mass spectrum of the bino-wino-like
states is compressed (M; = My) and therefore these states can be treated as (nearly de-
generate) LSPs. The Higgsino-like neutralinos and chargino form the NLSP states. If
the Higgsino mass is decoupled, no NLSP would be produced and therefore direct elec-
troweakino searches would not provide any constraint [59]. For smaller Higgsino masses
within the reach of LHC, all the final states will be similar to those in Case B and they
could be observed as well. In the discussion of the collider reaches below, we focus on Case
A and Case B only. We will comment on Case C at the end of this section.

In figure 15, we present the production cross section contours of the dominant channels
with gauge boson final states (ZW*, WTWT, W*W= and ZZ), for Case A in the M; —p
plane and Case B in the My — p plane, respectively. These cross sections take into account
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Figure 15. Cross section contours for Higgsino-like NLSPs pair production with subsequent decays
to the corresponding gauge-boson final states, ZW= (solid curves), W*WT (dashed), W*W=
(dash-dotted), and ZZ (dotted), at 14 TeV LHC for Case A in the M; — p plane (left), and Case
B in the M5y — p plane (right).

Production and Decay Search Channel 95% CL Exclusion Region
PP — XIXE — ZWHExI 2+2j+ Fr ATLAS [61): 100 <m g =+ <420 GeV
3+ Er CMS [60]: 100 <m, g & < 270 GeV
pp — ngf = hWEXNY | £+0b+ Ep, 6 +~yy+ Er | ATLAS [62]: 125 < Mg+ < 272 GeV
|

(0 + Fr, 30+ Br CMS [60, 63]: 130 <m g s+ < 215 GeV

Table 3. Current combined exclusion regions on the electroweakinos at the 8 TeV LHC, assuming

myo =0, My = Mg, and the NLSP decays to x{ with 100% branching fraction.

all possible NLSP pair productions yx with their decays to gauge bosons including the
decay branching fractions. We see that cross sections may reach the level of 1fb for the
NLSP mass parameter |u| ~ 800 GeV.

Both ATLAS and CMS performed direct electroweakino searches using NLSP pair
production. Current experiment limits of several combined channels are shown in table 3,
for Mo = 0 with strong assumptions that mys = My, and the NLSP decays to x{ with
100% branching fraction. The results in table 3 are meant to be a general guidance for the
current situation. However, they cannot be easily translated to the blind-spot scenarios
because of the hidden information such as the values of tan 8. The best sensitivity is
obtained in the W Z-channel, considering both the 3¢ and 2¢2j final state. The CMS limits
for the combined channel (24, 3¢) are slightly weaker than the ATLAS limits due to a 20
deviation in the CMS observed data from the expected results. We apply the CMS bounds
from [60] to the blind-spot scenarios Case A and Case B. The corresponding limits can be
seen in figure 16 as dark gray shaded region.

There have already been many studies analyzing the reach of electroweakino searches
in the context of MSSM at the LHC [64-71]. Those results cannot be directly translated
into bounds on the blind-spot parameter space described by the parameter relations given
in table 1. In the following we estimate the reach for electroweakino searches at 14 TeV
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LHC for the blind-spot regions by performing a detailed collider study. We use Madgraph
5/MadEvent v1.5.11 [72] to generate signal events in the relevant mass parameter plane.
Each signal sample consists 250,000 events and contains up to 1 additional jet. These
events are passed to Pythia 6.4 [73] to simulate initial and final state radiation, showering
and hadronization. The events are further passed through Delphes 3.1 [74, 75] with the
Snowmass combined LHC detector card [76] to simulate detector effects. We use the
backgrounds generated for the Snowmass Energy Frontier Simulations [76] without pile-
up. We include the main backgrounds with two or more leptons in the final state: V'V
(boson pair), VVV (triple boson), ¢t (top pair) and ¢tV (top pair plus boson) production.
To simulate the trigger, we require the events to pass one of the three selections:

either pry > 30 GeV; or two leptons pr e, ,pre, > 20, 10 GeV; or Fp > 100 GeV.
(6.9)
In this section, we do not consider a situation containing a compressed spectrum. The
trigger efficiencies are high for the lepton selections.

We separate these events into different signal regions which are discussed below. Each
signal region has a set of observables. These will be passed to a Boosted Decision Tree
(BDT) which is implemented in the Root package TMVA [77].7 Using HistFactory [78],
RooFit [79] and RooStats [80], the resulting BDT distribution is used to perform a hypoth-
esis test yielding the significance. We assume a 10% systematic error on the background
cross sections. Although this is a rather conservative choice, our conclusions would not
change much if we vary this value since the observability is dominated by the statistics.

For all signal regions, we include the following variables as input for the BDT: lepton
transverse momentum pry, for all leptons ¢;, missing energy 7 and the scalar sum of
hadronic transverse momentum H7. We distinguish different signal regions based on lepton
content of the final states:

e Same-Sign Dilepton (W*W¥ + F;): this signal region consists of events with
two same-sign leptons. This mainly targets the processes x3 xJ — WiVVixiniF
and X(2)73X§E — WEW*xTx{ (Case B) which have a same-sign dilepton plus missing
energy final state. The dominating backgrounds are vector boson-pair, top-pair and
top-pair vector boson associate production with leptonic decays. We use the following
variables as additional input for the BDT:

— Ry, pr e, mye: separation, transverse momentum and invariant mass of the two

leptons.

e Opposite-Sign Dilepton (W*WT 4 F): this signal region consists of events
with two opposite-sign leptons. However, this channel suffers from large tt, WW
and mono-Z backgrounds and therefore is insensitive in most parts of the parameter
space.

e Trilepton (W*Z + Fr): this signal region consists of events with three leptons.
This mainly targets the processes like XfQ X873 - W*Z xIx? which has a tri-lepton

"For each benchmark point we train a set of 1000 randomized BDT with a maximal depth of 3.
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plus missing energy final state. We require at least one opposite-sign, same flavor
lepton pair which will be identified as Z originated. The dominating backgrounds are
W Z production with sub-leading contributions from triple vector boson and top-pair
vector boson associate production. We use the following variables as additional input
for the BDT:

— ARgz, pr,z,mz: separation, transverse momentum and invariant mass of the
two leptons which are considered to be Z originated.

— My, ARz, mzy: transverse mass of the W-originated lepton, separation and
invariant mass of the Z-candidate and the third lepton.

e Four Leptons (ZZ + Fr): this signal region consists of events with four leptons.
This mainly targets the processes like X9 x5 — ZZxYx? which has a four-lepton
plus missing energy final state. We require two opposite-sign, same flavor lepton
pairs which will be assumed to be Z originated. The dominating backgrounds are
Z Z, triple vector boson and top-pair vector boson associate production. We use the
following variables as additional input for the BDT:

— ARy, prz,,myz (i = 1,2): separation, transverse momentum and invariant
mass of the two leptons which are considered to be Z originated .

— A¢zz, ARzz, mzz: angular separation, separation and invariant mass of the
two Z-candidates.

For each signal region we independently perform an analysis for final states with one and
two lepton flavors, and combine the results afterwards. While the identification of the
Z-candidate is straightforward in the case of a two lepton-flavor final state, we choose the
opposite-sign lepton pair closest to the Z mass in the one lepton flavor final state case. We
do not include a search strategy targeting the decay channels with A in the final states due
to large backgrounds.

The results of our analysis are shown in figure 16. The LEP limits from electroweak
precision measurement and chargino searches, as discussed in section 5.2, are shown as
light gray shaded area in figure 16. While chargino searches exclude Ms = m o+ < 100 GeV
for Case B, only a small region with —u < 100 GeV is excluded in Case A. Bounds from
current LHC searches at 8 TeV [60] are shown as dark gray shaded area and exceed the LEP
bounds only in Case A for —u = 140GeV and M; = 70 GeV. We consider 14 TeV LHC
at an integrated luminosity of 300fb~! and take into account a 10% systematic error on
the background cross sections. The colored region shows the estimated 95% CL exclusion
reach for the same-sign dilepton channel (orange region with dashed line in the right panel),
tri-lepton channel (green region with dotted line), four lepton channel (blue region with
dash-dotted line) and a combination of all channels (yellow region with solid line). We
can see that the three lepton channel (green) provide the best reach in Case A. A similar
reach is obtained by the same-sign dilepton channel (orange) in Case B. The combined
reach in Case B is therefore about 100 GeV better than either the trilepton channel or the
same-sign dilepton channel. The reach in the four lepton final channel (blue) is limited
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Figure 16. Estimated 95% CL. exclusion reach for eletroweakino searches for Case A (left) and
Case B (right). The colored regions show the same-sign di-lepton (orange), tri-lepton (green) and
four-lepton (blue) channel as well as their combination (yellow). The combined 50 discovery reach
is indicated by the thick solid line next to the hatched region. Existing constraints from Electroweak
Precision Measurements, LEP [50, 51] and LHC [60] are shown in gray shaded regions.

due to the smaller xx — ZZ + Fr cross section (see figure 15) and the small branching
fraction Z — ¢. The thick solid line with next to the hatched area encloses the estimated
50 discovery reach for 14 TeV LHC with integrated luminosity of 300 fb~!. At the 14 TeV
LHC with 300 fb~! luminosity, the 95% CL reach with the combination of all channels in
|| is about 700 GeV for both Case A and Case B. The 50 discovery reach is about 500 GeV
for both cases.

We do not perform a detailed collider study for electroweakino searches for Case C.
The NLSP production rates vanish for a decoupled Higgsino masses when the NLSPs
are out of the LHC reach. If the Higgsino is within the reach of LHC, then the collider
phenomenology will be similar to that of Case B. In the most optimistic case, in which the
Higgsino has the lightest possible mass allowed by the blind-spot relation, u+ M, sin 28 = 0,
the reach is expected to be very similar to Case B. Thus we do not further study the collider
phenomenology of Case C in detail.

6.3 Mono-jet searches

While the production of only an LSP pair is unobservable at colliders, the LSP pair pro-
duction in association with a hard ISR jet (or photon) provides a clean and distinctive
signature in dark matter searches. The main SM background to this mono-jet final state
comes from Z+jet production in which the Z-boson decays into neutrinos. The rate for this
process is small and hence making searches for such events with large missing transverse
momentum balanced by an energetic jet (or photon) a promising tool for neutralino LSP
at colliders.

If the LSP is bino-like, its coupling to the Z-boson is proportional to the bino-Higgsino
mixing, which quickly decreases at large Higgsino masses (see discussion in section 5.1).
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Therefore the LSP pair production rate is strongly suppressed and no limit based on mono-
jet searches can be obtained in Case A.

Both ATLAS [15] and CMS [14] have performed a monojet search at 8 TeV LHC using
20.3fb~! and 19.7fb~! integrated luminosity respectively. For Case B, using the same cuts
used by ATLAS and the upper limit set by ATLAS [15], the current exclusion bounds
are rather weak. Only the region where LSP mass is less than about 100 GeV have been
excluded by current 8 TeV results. These limits have a similar reach as the mono-photon
search at LEP.

To estimate the collider reach and expected bounds at 14 TeV LHC, we perform a MC
analysis.® As signal we consider the pair production of both wino-like states generated with
up to two additional jets. We use the backgrounds generated by the Snowmass Energy
Frontier Simulations [76] without pile-up. We consider the main backgrounds including
large missing energy: W/Z + jets and vector boson pair production.

For jet identification, we use the anti-k; jet algorithm with R = 0.4 to find jets with
pr > 30GeV and |n;| < 4.5. Similar to the CMS 8 TeV analyses [14], we require events
to either pass the missing energy trigger Fp > 120GeV, or the MET+Jet trigger with
Fr > 105GeV and a leading jet with pr > 80GeV and |n| < 2.6. Events with more
than two jets are rejected. Events with leptons (e, u,7), photons and tagged jets (b, 7)
are vetoed. Following the analysis in [68] we assume a systematic error of 1 — 2% on the
background cross section. Two signal regions are defined based on the number of jets: 1
jet + Ep and 2 jets + Fp. As input for the BDT we use fp, Hr, the jets transverse
momentum and rapidity pr; and 7; as well as the angular separation between jet and
missing energy or the two jets, A¢(Fr,j) and Aé(7, 7).

We find that typically the W/Z+jets backgrounds dominate while the sub-leading
vector boson pair background has a similar cross section as the signal. The mass reach is
shown in figure 17. Both the one and two jet channels contribute about equally. Combining
both channels, we obtain a 95% CL exclusion reach of 100 — 210 GeV (130 — 280 GeV)
at 14 TeV LHC with 300 (3000) fb~—! assuming a systematic error on the background cross
section of 1% — 5%, as indicated by the wide bands in figure 17 (the left panel). Increasing
the systematic error from 1% to 5% would lower the mass coverage by almost 100 GeV or
more. These limits are in agreement with the results found for a pure wino LSP in [68].
The mono-jet search limits for Case C is very similar to that of Case B.

A scenario similar to our Case C, with M; =~ My and decoupled p resulting in a
compressed spectrum, has been studied in the literature [81] using signatures of large
missing energy and soft leptons. At 95% CL, the reach is M; ~ My > 150 — 200 GeV
at LHC with 300fb~! luminosity assuming a systematic error of 1% on the background
cross section. Ref. [82] proposed a search for VBF production of bino-wino LSP pairs
with two forward jets. At 14TeV LHC with 300fb~! luminosity, a 95% CL reach of
M, = My > 200 GeV for tan f = 5 can be obtained. However, given that S/B ~ 2 — 3%,
the results heavily depends on effective control of the systematic errors.

8More details about the methodology can be found in section 6.2.
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Figure 17. Left: mass reach in the monojet channel with 1-jet and 2-jets events at 14 TeV LHC
with 300fb~! (green) and 3000fb~! (yellow) integrated luminosity. The bands are generated by
varying the background systematics from 1% (dashed far-right curves), 2% (solid middle curves),
to 5% (dotted far-left curves). Right: exclusion and discover reach at 14 TeV LHC assuming 1%
systematic uncertainty on the background cross section.

7 Summary and conclusions

In this paper, we carried out comprehensive analyses for the dark matter (DM) searches
under the blind-sport scenarios in MSSM. We first summarized all the theoretical con-
ditions for blind spots, and listed three distinctive situations (Cases A, B, C) at the end
of section 2. We identified a new blind-spot condition for both spin-independent (SI) and
spin-dependent (SD) scattering (Case C) that was not studied in the literature [24]. We
then quantified the requirements of acceptable DM relic abundance for the blind-spot sce-
narios as shown in section 3. We found that Case A was disfavored by the relic density
considerations because of the bino nature of the DM candidate with a low annihilation
rate, as seen in figure 2. However, including co-annihilation effects with a light slepton
could help to enhance the annihilation cross section and render the relic density at an ac-
ceptable level, as shown in figure 3. Cases B and C can readily provide an acceptable relic
density since winos are typically under-abundant as long as they are not too heavy, as seen
in figure 4. Co-annihilation could also help to extend to heavier winos by enhancing the
annihilation cross section and thus to yield a desirable relic density. Note that including
light slepton, e.g. T, will not have notable effects in the DM direct and indirect detections,
as well as collider searches for the gauginos.

We set out to explore the complementary coverage for the blind spots in the MSSM
theory parameters, for the projection of the future underground DM direct searches, the
indirect searches from the relic DM annihilation into photons and neutrinos, and for collider
DM searches including the current bounds from the existing LEP and LHC results, as well
as the future LHC upgrade to higher luminosities (HL-LHC). We found that

e The SI blind spots for Cases A and B may be rescued by the SD direct detections,
as seen in figures 5 and 6, with y-n scattering more promising than that of y-p
scattering.
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Blind spots in section 2.2/Searches: | Direct detection | Indirect detection LHC searches
Case A (SI) yes (SD) maybe (SD) yes (EW)
Case B (SI) yes (SD) maybe not (SD) | yes (DT, EW, jets)
Case C (SI & SD) no no yes (DT, EW, jets)

Table 4. Blind spots as defined in section 2.2 and their search sensitivities in various means as
discussed in the text. Notations and details can be also found in this summary section.

e The neutrino detections from IceCube and SuperK are approaching the sensitivity
on the SD scattering cross section for the blind-spot region for Case A in the best
WW channel and the next 77 channel, as seen in figure 7, but still about an order
of magnitude away for Case B, as in seen figure 8.

e The detection of gamma-rays from Fermi-LAT may not reach the desirable sensitivity
for searching for the DM blind-spot regions, as shown in figures 9, 10 and 11.

e The Z-invisible decay searches at LEP1 already excluded the small-mass region for
mpy < 45 GeV as discussed in section 5.1 and in figure 12. The chargino searches
at LEP2 also imposed some bounds as seen in section 5.2.

e The Disappearing Track (DT) search of winos at the LHC experiments are partic-
ularly sensitive to the large values of |u| and tan 8 when the mixing with Higgsi-
nos are small. The projected 95% CL sensitivity at the 14 TeV LHC could reach
My ~ 600 (1100) GeV with 300fb~! (3000 fb~1) for Case B, and M5 ~ 1 (2) TeV
with 300fb~! (3000 fb~1) for Case C, as shown in the two panels of figure 13, respec-
tively.

e Cross sections for the electroweakino (EW) pair production and decay to
WW/WZ/ZZ channels at the 14 TeV LHC are plotted in figure 15. The SUSY
search sensitivity with 300fb~! may cover the blind-spot regions of Case A up to
M; ~ 300GeV (400GeV) for 50 (95% CL), and Case B up to My ~ 260 GeV
(380 GeV) for 50 (95% CL), and || ~ 500 GeV (700 GeV) for 5o (95% CL), as shown
in figure 16. With 3000 fb~! luminosity, the reach in || is about 150 GeV better.

e The searches of mono-jet signal at the 14 LHC with 300 fb~! luminosity may reach a
sensitivity to cover the blind-spot regions of Case B up to My ~ 130 GeV (210 GeV)
for 50 (95% CL) as shown in figure 17. The coverage can be improved by about 30%
in the mass reach with 3000 fb~".

Our results are summarized in figure 18 for Cases A and B and tabulated in table 4, where
we see the complementarity for the blind-spot coverage, including the current bounds from
LEP and LHC, future DM search via the SD scattering, and collider reach at the 14 TeV
LHC and the HL-LHC extension for the SUSY blind-spot parameters. Proper treatments
of the DM relic densities have been taken into account, as stated at the end of section 3.
In conclusion, the SUSY WIMP dark matter would be difficult to discover in the blind-
spot regions via the leading direct detection means via the SI scattering, as well as via the
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Figure 18. Summary plot for the blind-spot reach including the current bounds from LEP and
LHC, future DM search projection, and 95% CL exclusion reach at the 300 fb~! 14 TeV LHC and
the HL-LHC. Left panel for Case A in the M; — p plane and right panel for Case B in the Ms —
plane. “DT” denotes the disappearing track search.

indirect detections with gamma rays. We point out that the SI scattering blind spots [24]
may be rescued by SD scattering searches in the future direct detection experiments. The
neutrino detections from IceCube and SuperK are approaching the sensitivity on the SD
scattering cross section for the blind-spot Case A. Furthermore, the SUSY searches at the
LHC will substantially extend the coverage for all the three blind-spot scenarios to large
parameter regions, in particular including the “most blind” scenario Case C. After all,
the dark matter blind spots may be unblinded with the collective efforts in future DM
searches. In the optimistic situation with a discovery for the SUSY signals at the LHC, it
is of ultimate important to determine the parameters both for the masses and couplings
to check against the DM properties as well as the blind-spot relations. Only with those
achievements of a fully consistency check, can one reach the conclusion for the identification
of the SUSY dark matter.
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