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1. Introduction

Despite plenty of evidence for the presence of dark matter (DM), we have almost no idea what
it is. Weakly-interacting massive particles (WIMPs) are the most promising class of candidates for
DM, since the observed DM density can naturally be explained by their thermal relic abundance.
Many beyond-the-Standard-Model theories predict WIMPs as their inevitable ingredients. Among
them, the minimal supersymmetric Standard Model (MSSM) offers a very attractive candidate for
WIMP DM: the lightest neutralino, which is an electrically neutral and colorless fermion composed
of a linear combination of bino B̃ (the superpartner of the U(1)Y gauge field), the neutral wino W̃3

(winos W̃a, a = 1,2,3, are the superpartners of the SU(2)L gauge bosons), and higgsinos Hu and
Hd (the superpartners of the Higgs boson). The stability of the neutralino DM is assured by the
R-parity if it is the lightest supersymmetric (SUSY) particle (LSP) [3].

On the other hand, the recent LHC results have imposed stringent constraints on TeV-scale
physics. Regarding SUSY models, multi-jets plus missing energy searches restrict masses of SUSY
particles, especially those of squarks and gluino [4]. In addition, the mass of the Standard Model
(SM) Higgs boson, mh ' 125 GeV [5], implies that SUSY partners are heavy, since large quantum
corrections to the Higgs mass by heavy stops are required in order to achieve the observed Higgs
mass in the MSSM. Consequently, the early LHC results might indicate that the SUSY scale is
much higher than the electroweak scale, contrary to the expectation before the LHC run.

Considering this situation, the questions we would like to address here are the following. Is the
neutralino DM still promising? Can we probe the neutralino DM in future experiments? To answer
these questions, it is important to list up the present allowed parameter regions for the neutralino
DM, and study their phenomenological consequences.

The constrained MSSM (CMSSM) is a widely studied benchmark scenario for SUSY models.
Recently, a parameter scan in the CMSSM was performed in Ref. [6]. This result shows that
the correct DM relic abundance can be obtained only in specific parameter regions (see Ref. [7] for
more detailed discussions). Most of the parameter points will be probed in future LHC experiments,
DM searches, or proton decay experiments [6, 7, 8].

On the other hand, SUSY models with a high SUSY-breaking scale, as high as 100–1000 TeV
[9], have attracted wide attention recently, especially after the Higgs discovery [10]. These models
are based on the assumption that there is no singlet SUSY-breaking field in the SUSY breaking
sector, which couples to the MSSM sector via a generic form of the Kähler potential. In this
case, all of the scalar particles except the SM Higgs boson have masses similar to the gravitino
mass, m3/2. The supersymmetric higgsino mass µ is also expected to be around m3/2, though
it depends on models. In what follows, we assume that a typical scale of soft masses, m̃ and
the higgsino mass µ is O(m3/2).1 The gaugino masses are, on the other hand, induced only by
quantum corrections, and thus suppressed by a loop factor compared with m3/2. Such quantum
effects include the anomaly mediation [15, 16] and threshold corrections by heavy Higgs bosons
[16, 17], extra vector-like multiplets whose masses are O(m3/2) [18], or particles appearing around

1In models where µ � m3/2, which can be achieved by means of a certain symmetry such as the Peccei–Quinn
symmetry [11], the neutral higgsino can be a viable dark matter candidate. See Refs. [12, 13] for concrete examples
for the realization of the higgsino LSP. Regarding the phenomenology of the higgsino DM scenario, see Ref. [14] and
references therein.
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Figure 1: Contours for the mass difference ∆M which achieves ΩDMh2 = 0.12.

the grand unification scale [19]. We therefore expect that the LSP is one of the gauginos, though
their mass spectrum depends on sizes of these quantum corrections.

In this case, there are two DM candidates; one is the neutral wino and the other is bino. The
wino DM is known to be a good DM candidate. Its thermal relic abundance agrees to the observed
DM density if the wino mass is ' 3 TeV [20]. This DM can be probed in both direct [21] and
indirect [22] DM searches. On the other hand, the bino DM often suffers from over production
due to its small annihilation cross section. Thus, some additional mechanisms are required to
reduce its thermal relic. In the present scenario, we can use coannihilation [23] with either gluinos
[24, 25, 26, 1] or winos [27, 25, 2]. We discuss these two scenarios in this article.

Both of these scenarios require the lightest and the next-to-lightest particles to be highly de-
generate in mass, which makes it difficult to probe these scenarios with traditional LHC search
methods, since decay products of the next-to-lightest SUSY particle (NLSP) tend to be too soft.
Furthermore, it is also hard to detect the bino DM in DM searches since its interactions are ex-
tremely weak. It turns out, however, that in both of these scenarios the NLSP becomes long-lived,
which results in specific signatures at collider experiments. Thanks to this feature, we can probe
these coannihilation scenarios using displaced vertex (DV) searches [1, 2, 28], as we will see below.

2. Bino-gluino coannihilation

First we consider the case in which gluino is degenerate with bino in mass so that the relic
abundance of the bino DM can be sufficiently reduced because of the coannihilation mechanism.
In order for the coannihilation to work effectively, however, chemical equilibrium between bino
and gluino should be maintained until the time when the bino DM is decoupled from thermal bath
[26, 1]. This requires the transition rate of bino into gluino, Γ(B̃q→ g̃q), be much larger than
the Hubble expansion rate, H. This transition is induced by the squark exchange diagrams and its
amplitude is suppressed by m̃−2. Therefore, this requirement gives an upper bound on m̃. In Fig. 1,
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Figure 2: Current limits (red solid) and future prospects (blue dashed) of long-lived gluino searches [1].

we show contour lines for the required mass difference between bino and gluino, ∆M ≡Mg̃−MB̃
(Mg̃ and MB̃ are the masses of gluino and bino, respectively), to explain the observed DM density
ΩDMh2 = 0.12 with the thermal relic of the bino LSP. In the pink shaded area, bino is over produced
because the transition rate Γ(B̃q→ g̃q) is too small. From this figure we find that the bino-gluino
coannihilation scenario requires ∆M ' 100 GeV.

With such a small ∆M, gluinos tend to be long-lived. Gluinos decay into SM quarks and a
bino again via the squark exchange. The gluino decay length is roughly given by

cτg̃ '
(

∆M
100 GeV

)−5( m̃
100 TeV

)4

cm , (2.1)

and thus in the bino-gluino coannihilation scenario we expect O(1) cm decay length, which can be
a good target of the DV searches as we will discuss below.

The ATLAS collaboration has searched for DVs in the inner detector [29], and thus this search
is sensitive to decay lengths of 1mm . cτ . 1 m. Among the several search categories in Ref. [29],
the DV plus missing transverse energy (Emiss

T ) search is most sensitive to the present setup. Using
the data collected at the LHC 8-TeV run with an integrated luminosity of 20.3 fb−1, the ATLAS
collaboration has searched for such events, and has observed no signal. This result then gives a
lower limit on Mg̃ [29]; for instance, if the neutralino LSP mass is 100 GeV, a lower limit on Mg̃ is
given as Mg̃ & 1.5 TeV for cτg̃ ' 10 cm. We however note that we cannot directly apply this result
to the bino-gluino coannihilation case, since in this case we need to take into account the fact that
∆M is as small as 100 GeV. To that end, we simulate the reduction of trigger efficiency due to the
small ∆M by using HERWIG6 [30] and AcerDET [31], and reinterpret the ATLAS result. Here, we
require Emiss

T > 100 GeV for the 8-TeV run. For the estimation of the future prospects, we assume
the 14 TeV run with an integrated luminosity of 300 fb−1, and require Emiss

T > 200 GeV. In Fig. 2
we show the current constraints and future prospects for the long-lived gluino searches in red solid
and blue dashed lines, respectively. For cτg̃ < 1 mm, we use the ordinary limit from the gluino
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Figure 3: Mass spectrum and decay chains of the bino-wino system.

search based on jets plus Emiss
T only [32]. For 10−3 m < cτg̃ < 1 m, we show our estimate based on

the ATLAS DV search [29], while for cτg̃ & 10−1 m, we plot the limit from the R-hadron search
[33]. To estimate the uncertainty of our evaluation, we vary reconstruction efficiency for DVs
between 20–100% of that in Ref. [29], which is shown in the bands in the figure. We also show
the black contour lines along which the observed DM density is obtained with several values of m̃.
This figure shows that a wide region of parameter space favored by the bino-gluino coannihilation
scenario can be probed with the DV search. In particular, its sensitivity is found to be better than
those of the ordinary gluino searches based on multi-jets plus Emiss

T .

3. Bino-wino coannihilation

Next, we discuss the case of the bino-wino coannihilation scenario [2]. It turns out that the
NLSP again tends to be long-lived over the parameter region favored by the bino-wino coannihila-
tion scenario. The relevant mass spectrum is shown in Fig. 3. As we will see below, the bino-wino
coannihilation scenario requires the bino-wino mass difference, ∆M, to be O(10) GeV. A neutral
wino can decay into the bino LSP via mixing with higgsinos. Therefore, the decay rate is sup-
pressed if µ is very large. It is found that in this case its dominant decay mode is induced by
an off-shell Higgs boson emission. Thus, the amplitude is also suppressed by small Yukawa cou-
plings. Notice that the Z boson exchange process is sub-dominant in this setup. The decoupling
features of these decay amplitudes with respect to large µ is studied in Ref. [2] using the effective
field theoretical approach. Moreover, there is an additional suppression factor due to the small
mass difference ∆M. For these reasons, the decay length of the neutral wino NLSP becomes about
1 cm–1 m, which can again be probed with DV searches [2, 34]. In Fig. 4(a), we show the decay
length of the neutral wino in the black solid (red dashed) contour lines in the MB̃–∆M plane, where
we set µ = 100 TeV and tanβ = 1 (µ = 25 TeV and tanβ = 30). The blue dashed line corresponds
to the parameter points where the observed DM density is explained by the thermal relic of the
bino LSP. As can be seen, the neutral wino has a decay length of & 1 cm over the parameter region
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Figure 4: (a) The decay length of the neutral wino. (b) The present limit (red) and future prospects (blue)
of the long-lived neutral wino search [2].

motivated by the bino-wino coannihilation scenario. On the other hand, a charged wino, which
has a slightly larger mass than a neutral wino because of the radiative corrections, decays into bino
promptly through an off-shell emission of the W boson as long as |µ|< O(104) TeV.

Similarly to the previous case, we reinterpret the ATLAS DV search result [29] to study the
current constraints and future prospects of the bino-wino coannihilation scenario. For this purpose,
we use the program packages Madgraph5 [35], Pythia6 [36], and Delphes3 [37] for the
estimation of the acceptance rate, while we use Prospino2 [38] for the computation of the cross
sections. In this analysis, we have dropped the PT condition for DVs adopted in Ref. [29], to
optimize this search for the bino-wino coannihilation scenario. In this case, a large Emiss

T results
from the back reaction of initial state radiations. We then obtain the current constraints and future
prospects of the long-lived neutral wino search, which is shown in Fig. 4(b) in red and blue lines,
respectively. Here, we set ∆M = 30 GeV and tanβ = 2. The bands represent the uncertainties of
our estimation, where we vary the acceptance rate by a factor of three. The black contour lines
correspond to the parameter points where the correct DM density is obtained for µ = 25, 100, and
500 TeV, respectively (from left to right). This figure shows that a wino with a mass of 400 (800)
GeV can be probed at the 8 (14) TeV LHC in the case of the bino-wino coannihilation scenario.

4. Summary

In this article, we discuss possibilities of bino DM in the high-scale SUSY scenario. In this
case, the observed DM density can be explained if gluino or wino is degenerate with the bino LSP
in mass. Because of the mass degeneracy as well as large masses of the exchanged particles in the
decay processes, the NLSP tends to have long lifetime, which can be probed with DV searches.
For the bino-gluino coannihilation scenario, the 14 TeV LHC run can reach a gluino mass of ∼
2 TeV, while for the bino-wino coannihilation scenario, the expected reach for the wino mass is
∼ 800 GeV.
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