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Disclaimer:


This is just my personal and probably biased view 



Electroweakinos as WIMP

• Bino singlet, Higgsino doublet and wino triplet:

the Higgs scalars replaced by their VEVs [eqs. (8.1.6), (8.1.7)]. This can also be written as

M
Ñ

=





M1 0 −cβ sW mZ sβ sW mZ

0 M2 cβ cW mZ −sβ cW mZ

−cβ sW mZ cβ cW mZ 0 −µ
sβ sW mZ −sβ cW mZ −µ 0



 . (8.2.3)

Here we have introduced abbreviations sβ = sin β, cβ = cos β, sW = sin θW , and cW = cos θW . The
mass matrix M

Ñ
can be diagonalized by a unitary matrix N to obtain mass eigenstates:

Ñi = Nijψ
0
j , (8.2.4)

so that

N∗M
Ñ
N−1 =





m
Ñ1

0 0 0
0 m

Ñ2
0 0

0 0 m
Ñ3

0
0 0 0 m

Ñ4



 (8.2.5)

has real positive entries on the diagonal. These are the magnitudes of the eigenvalues of M
Ñ
, or

equivalently the square roots of the eigenvalues of M†
Ñ
M

Ñ
. The indices (i, j) on Nij are (mass, gauge)

eigenstate labels. The mass eigenvalues and the mixing matrix Nij can be given in closed form in
terms of the parameters M1, M2, µ and tan β, by solving quartic equations, but the results are very
complicated and not illuminating.

In general, the parameters M1, M2, and µ in the equations above can have arbitrary complex
phases. A redefinition of the phases of B̃ and W̃ always allows us to choose a convention in which M1

and M2 are both real and positive. The phase of µ within that convention is then really a physical
parameter and cannot be rotated away. [We have already used up the freedom to redefine the phases
of the Higgs fields, since we have picked b and 〈H0

u〉 and 〈H0
d 〉 to be real and positive, to guarantee

that the off-diagonal entries in eq. (8.2.3) proportional to mZ are real.] However, if µ is not real, then
there can be potentially disastrous CP-violating effects in low-energy physics, including electric dipole
moments for both the electron and the neutron. Therefore, it is usual [although not strictly mandatory,
because of the possibility of nontrivial cancellations involving the phases of the (scalar)3 couplings and
the gluino mass] to assume that µ is real in the same set of phase conventions that make M1, M2, b,
〈H0

u〉 and 〈H0
d 〉 real and positive. The sign of µ is still undetermined by this constraint.

In models that satisfy eq. (6.5.27), one has the nice prediction

M1 ≈
5

3
tan2 θW M2 ≈ 0.5M2 (8.2.6)

at the electroweak scale. If so, then the neutralino masses and mixing angles depend on only three
unknown parameters. This assumption is sufficiently theoretically compelling that it has been made
in most phenomenological studies; nevertheless it should be recognized as an assumption, to be tested
someday by experiment.

There is a not-unlikely limit in which electroweak symmetry breaking effects can be viewed as a
small perturbation on the neutralino mass matrix. If

mZ % |µ±M1|, |µ±M2|, (8.2.7)

then the neutralino mass eigenstates are very nearly a “bino-like” Ñ1 ≈ B̃; a “wino-like” Ñ2 ≈ W̃ 0;
and “higgsino-like” Ñ3, Ñ4 ≈ (H̃0

u ± H̃0
d)/

√
2, with mass eigenvalues:

m
Ñ1

= M1 −
m2

Zs
2
W (M1 + µ sin 2β)

µ2 −M2
1

+ . . . (8.2.8)
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WIMP in the MSSM (and similar models)
• Pure bino needs co-annihilation

26 N. Nagata et al. / Physics Letters B 748 (2015) 24–29

Fig. 1. Ratio of the bino–gluino conversion rate to the Hubble rate as functions of 
MB̃/T . We set MB̃ = 1.5 TeV, !M = 50 GeV and m̃ = (200, 300, 400) TeV in the red 
solid lines; MB̃ = 0.5 TeV, m̃ = 300 TeV and !M = (50, 100, 200) GeV in blue and 
dashed lines and mB̃ = 3 TeV, m̃ = 100 TeV and !M = (50, 100, 200) GeV in green 
and dotted lines. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

m̃4

MPl
!

(
MB̃

x f

)3

, (2)

which then gives an upper bound on the scalar mass scale m̃. Here 
x f ≡ MB̃/T f ∼ 20. Numerically, we have

m̃ ! 250 ×
(

MB̃

1 TeV

) 3
4

TeV. (3)

We find that when the DM mass is O(1) TeV the upper bound 
on the scalar mass scale lies around O(10(2−3)) TeV; indeed, many 
high-scale SUSY models [13–21] predict the SUSY breaking scale 
to be this order, with which the 125 GeV Higgs mass is naturally 
accounted for. Therefore, it is quite important to take into account 
the constraint on m̃ when we discuss the bino–gluino annihilation 
in the high-scale SUSY scenario.

To make the above discussion more accurately, we perform 
the numerical computation by solving the Boltzmann equation 
to obtain the bino–gluino conversion rate and the resultant relic 
abundance. First, in Fig. 1, we show the ratio of the bino–gluino 
conversion rate "B̃→g̃ with respect to the Hubble rate H as func-
tions of MB̃/T . Here, we set MB̃ = 1.5 TeV, !M = 50 GeV and 
m̃ = (200, 300, 400) TeV in the red solid lines; MB̃ = 0.5 TeV, 
m̃ = 300 TeV and !M = (50, 100, 200) GeV in the blue dashed 
lines; MB̃ = 3 TeV, m̃ = 100 TeV and !M = (50, 100, 200) GeV
in the green dotted lines. All of the squark masses are assumed 
to be equal to the universal mass m̃. When we evaluate the 
transition cross sections and (inverse) decay rate of gluino and 
bino, we use the effective theoretical approach to properly deal 
with sizable quantum corrections resulting from large difference 
between the gluino and squark mass scales; we first integrate 
out squarks to obtain a set of dimension-six operators which 
involve quarks, bino and gluino, and then evolve these opera-
tors down to the gluino mass scale by using the renormaliza-
tion group equations, which results in a several tens percent 
enhancement of the transition rate, compared to the tree level 
calculation [49–51]. The loop-induced dimension-five dipole op-
erator (gluon–bino–gluino) is found to be quite suppressed and 
thus its contribution is negligible in the present analysis. In ad-
dition, we include the so-called Sommerfeld effects [52] on the 

Fig. 2. Contour for the mass difference !M which makes the thermal relic abun-
dance of bino DM equal to the observed DM density #DMh2 = 0.12. In the red 
shaded region the bino DM is overproduced due to failure of bino–gluino coannihi-
lation. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

gluino annihilation. On top of that, p-wave contribution, finite-
temperature effects, the scale dependence of the strong coupling 
constant in the QCD potential [41], possible ambiguity in the ini-
tial state color arrangement2 due to thermal effects [53], and the 
bound-state effects on a pair of gluinos [43] may change the re-
sults by a factor of O(10)%. The above figure shows that the 
conversion rate decreases as m̃ or !M is taken to be larger. In 
particular, if the squark mass scale m̃ is several hundred of TeV 
with the DM mass being a relatively small, then the condition 
"B̃→g̃ & H does not hold any more when the DM abundance 
freezes out.

In Fig. 2, we plot on the MB̃ − m̃ plane the mass difference !M
with which the thermal relic abundance of bino DM explains the 
observed DM density #DMh2 = 0.12. In the red shaded region, the 
squark mass is too heavy for the coannihilation process to work 
well and therefore the DM is overproduced. We will discuss how 
to probe the parameter space shown in Fig. 2 at the LHC in the 
subsequent section.

3. Gluino lifetime

Next, we study the lifetime of gluino, which plays a crucial 
role in the discussion of the testability of the bino–gluino coan-
nihilation scenario at the LHC in the following section. As men-
tioned in the Introduction, in this scenario, a relatively light gluino 
mass is expected. Thus, the gluino pair production is suitable 
target for the hadron collider experiments like the LHC in this 
case. After the pair production, a gluino decays into a bino, a 
quark, and an anti-quark through the squark-exchange processes 
[49–51,54]. When the gluino is degenerate with the bino in mass, 
which is required in the bino–gluino coannihilation scenario, the 
decay length of the gluino, cτg̃ , is approximately given as fol-
lows:

cτg̃ = O(1) ×
(

!M
100 GeV

)−5 (
m̃

100 TeV

)4

cm. (4)

2 In our computation, we assume that the initial state gluinos have a definite 
color configuration, not thermal averaged one.
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FIG. 1. The scatter plots of bino-wino coannihilation on the
plane of m�0

1
versus m�0

2
. All samples satisfy the constraints

(1) and (2).

have a significant e↵ect on the dark matter relic den-
sity, its mass should be close to �

0
1 with a splitting

�m�±
1 ��0

1
/m�0

1
' 3%�10%. The dominant contribution

to achieving the relic density comes from �
0
2�

±
1 coannihi-

lation (⇠ 50%), which is followed by �
+
1 �

�
1 (⇠ 30%) and

�
0
1�

±
1 /�

0
2/�

0
1 (⇠ 20%) coannihilation processes. When

�m�±
1 ��0

1
⌧ MW , the wino-like chargino decays into a

pair of fermions and a bino-like neutralino, via an o↵-shell
W . The decay width of this process is given by,

�(�±
1 ! ff̄

0
�
0
1) '

4↵2

15⇡

(�m�±
1 ��0

1
)3

µ2

sin2 2�

sin2 2✓W
. (9)

Very recently, ATLAS has published its updated analysis
of searching for disappearing track events from the com-
pressed chargino decay [47], which excludes the chargino
with lifetime longer than about 0.2 ns and masses less
than 430 GeV. We checked that our samples can avoid
such ATLAS limits because the lifetimes of our charginos
are much shorter than 0.01 ns.

Next, we calculate the spin-independent (SI) and spin-
dependent (SD) neutralino LSP-nucleon scattering cross
sections, in which the form factors of proton and neutron
are taken as,

f
p
u ⇡ 0.020, f

p
d ⇡ 0.026, f

p
s ⇡ 0.13

f
n
u ⇡ 0.014, f

n
d ⇡ 0.036, f

n
s ⇡ 0.13 (10)

In Fig. 2, we show the direct detection results for all
samples satisfying the constraints (1) and (2). We can
see that the SI cross sections for bino-wino coannihila-
tion samples are very small because of the tiny couplings
of bino-like LSP with the Higgs boson 2. Most of them

2 In the top panel of Fig. 2, the separate bands for SI scattering
cross section are caused by our scan method, in which we scan the
parameter space for sign(M1/M2) = ±1 independently. The gap
between two regions will become narrow and disappear when the
number of samples for both sign(M1/M2) = ±1 increase enough.

FIG. 2. Same as Fig. 1, but for the spin-independent and spin-
dependent neutralino LSP-nucleon scattering cross sections.
The observed 90% C.L. upper limits are from PandaX-II with
a total exposure of 90.4 kg⇥yr [3], XENON1T (2017) with a
total exposure of 97.1 kg⇥yr [2], XENON100 (2016) with a
total exposure of 48 kg⇥yr [48] and LUX (2017) with a total
exposure of 129.5 kg⇥yr [49]. The projected LUX-ZEPLIN
with a exposure of 153.4 ⇥ 102 kg⇥yr [50] sensitivity limits
are plotted.

are even below the neutrino floor so that they can es-
cape the existing strong limits from PandaX-II(2017),
XENON1T(2017), XENON100(2016), LUX(2017) and
the future direct detection experiments, such as LUX-
ZEPLIN, which will improve the current sensitivity of
LUX by about two orders of magnitude. Besides, it
should be noted that the SD cross section of DM scat-
tering o↵ a neutron �

SD
�,n is largely determined by Z-

boson exchange and is sensitive to the higgsino asym-
metry, which can be approximately given by

�
SD
�,n ' 3.1⇥ 10�4pb · (

|N13|
2
� |N14|

2

0.1
)2. (11)

The values of |N13| and |N14| for samples in our scan
ranges are usually about O(10�2) and O(10�3) so that
�
SD
�,n is constantly around O(10�10) pb. Thus, it is mean-

ingful to explore the observability of this bino-wino coan-
nihilation in other experiments, such as the LHC.
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(a) (b)

FIG. 2: The mass di↵erence �m required to obtain the correct relic density as a function of

the LSP mass m�. Left: All allowed masses, only constrained by the stability of the vacuum.

Right: Requiring a Higgs mass between 122-128 GeV. The blue (green) band indicates the range

of mass splittings for a t̃1 (b̃L) NLSP due to the di↵erent values of the stop mixing angle. The

solid black lines indicate the naive expectation if only QCD processes contribute to the relic density

calculation. The dot-dashed black line marks the mass splitting consistent with only a right-handed

light stop contributing to co-annhilations.

coupling to the bino [cf. Eqs. (5)-(10)]. In this case, the processes �� ! tt̄, �t̃R ! tg/h,

t̃Rt̃
⇤
R ! tt̄/gg/hh are relevant [10].

The precise value of the mass splitting depends strongly on the mixing in the stop sector.

This mixing controls both interactions with the Higgs boson and the bino, see Eqs. (5)-(9).

The variation in these couplings due to di↵erent mixings explains the width of the band of

consistent �m at each given value of the dark matter mass.

In Fig. 2, the allowed mass splitting for stop NLSPs broadens for higher dark matter

masses. Near m� ⇠ 500 GeV, it populates a band from ⇠ 35 � 60 GeV, but in the multi-

TeV range it can range from near degeneracy to mass splittings approaching 100 GeV. The

largest mass splittings require contributions from channels such as (t̃1t̃⇤1 ! hh) to be large –

realized by increasing Xt [cf. Eq. (5)]. The cut-o↵ in the maximal values of �m seen in the

13
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• ….or funnels


• Admixture of bino with higgsino needs a blind spot because of DD.

Figure 1: Regions of the parameter space allowing ⌦
�
0
1
h
2
 ⌦obs

DMh
2 in the decoupling limit (equiv-

alent to a SM Higgs sector). All the plotted points fulfill the bounds from XENON1T [27, 28] and

PICO-60 [29]. Moreover the condition |MD| > 100 GeV has been required to satisfy the LEP lim-

its [31] on charged fermions, in this case the charged components of the D�fields. The color code

indicates the relative density of points.

The results for ⌦
�
0
1
= ⌦obs

DM are very similar, except for the upper strip. The reason is that when

�
0
1 is a pure doublet, the annihilation is “too e�cient” except around 1 TeV, which is the only piece

of the upper strips that survives. On the other hand, in the well-tempered regime it is possible to

obtain the correct relic density with MS ⇠ |MD| ⇠ m
�
0
1
, but at the price of raising the y�couplings

in a way that DD excludes the model when MD > 0. In contrast, when MD < 0 the y�couplings

can be arranged according to the blind spot relation, Eq. (26) ' 0, thus evading DD bounds. Hence

the lower strip survives in this regime, albeit not as a particularly dense region. Consequently, apart

from the funnels and a narrow region at |MD| ' 1 TeV, all the regions rescued for ⌦
�
0
1
= ⌦obs

DM

correspond to the blind spot condition.

To perform the previous scan and those of the next subsection, we have implemented the model

in FeynRules [32,33], interfaced with CalcHEP [34]. More specifically, we have extended the publicly

available 2HDM model files [35], considering only tree level interactions, with a singlet fermion and

two doublet fermions as described in section 2. Then, the relic abundance and the elastic scattering

cross sections have been calculated with microOMEGAS [36]. The scan has been performed in the

following ranges of the relevant parameters:

MS 2 [10, 2000] GeV, MD 2 [�2000, 2000] GeV, y1, y2 2 [0, 1], (27)

with a log prior on MS and flat priors on the remaining parameters, using MultiNest for an e�cient

exploration of the parameter space [37–39]. To that end, we have constructed a joint likelihood

function, as follows

logLJoint = logL⌦DMh2 + logLXenon1T , (28)

where L⌦DMh2 is implemented as an upper bound with a smeared step-function [40], centered at the

observed value [41]. LXenon1T is calculated using RAPIDD [42], a surrogate model for fast computa-

tion of the expected DM spectrum in direct detection experiments, tuned to the latest XENON1T

results [27, 28]. Here and throughout the paper the DD cross section has been weighted by the

6
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• In a 2HDM with alignment without decoupling the parameter spaces opens:

Figure 2: The same as Fig. 1, but for the Type I 2HDM with tan� = 5 (left panel) and tan� = 30

(right panel) with mH0 = 300 GeV. The rest of the parameters are specified in Table 2.

The aforementioned points can be clearly appreciated for the Type I 2HDM in Fig. 3. As in the

case of a single Higgs in Fig. 1, the region rescued for ⌦
�
0
1
= ⌦obs

DM (not plotted) is very similar to that

of ⌦
�
0
1
 ⌦obs

DM. Once more, the only di↵erence between them are the narrow strips at m
�
0
1
' ±MD,

which are not especially dense regions for ⌦
�
0
1
= ⌦obs

DM, except at the “pure Higgsino” solution,

MD ' ±1 TeV. Aside from the various funnels visible in the plots at m
�
0
1
' mZ ,mh0 ,mH0 , . . . ,

all the allowed regions correspond to generalized blind spots, where y
e↵
DD, as given by Eq. (20), is

nearly vanishing, though not necessarily by a cancellation between terms. As expected, the blind

spot regions occur now for both positive and negative MD, but interestingly there are still more

solutions in the latter case. This is easily understood taking into account that in the Type I, the

heavy Higgs contribution to y
e↵
DD is suppressed by the prefactor

m
2
h

m
2
H

Cq = �
m

2
h

m
2
H

cot�. Then the light

Higgs contribution, Eq. (21), must be small as well, which can be more easily achieved for MD < 0,

as discussed in the previous subsection. Let us also mention that the allowed regions are very similar

for both tan� = 5 and tan� = 30.

The results for the Type II 2HDM, given in Fig. 3, are very similar. The only noticeable di↵erence

is that for tan� = 30 the allowed region is larger than for the other cases and, furthermore, it is

almost identical for positive and negative MD. The reason is the following. In the Type II, the

prefactor of the heavy Higgs contribution to y
e↵
DD reads

m
2
h

m
2
H

Cq =
m

2
h

m
2
H

tan� for the d�quarks. For

tan� = 30 this actually represents an enhancement, rather than a suppression. Hence, this term

can be cancelled in Eq. (20) with a sizeable light-Higgs contribution, and thus large y�couplings.

In consequence, the processes �
0
1�

0
1 ! h

0
! SM SM, �0

1�
0
1 ! h

0
h
0 can be now e�cient for DM

annihilation. This especially happens for m
�
0
1

>⇠ 80 GeV, i.e. above the W+
W

� threshold. Likewise,

since no small yh�i�i
coupling is required now, the MD > 0, MD < 0 regions look alike.

The enhancement of the allowed regions holds even for rather large values of the extra Higgs

states, especially above the mentioned H
0
Z threshold. This is illustrated in Fig. 4 for mH0 = mA =

mH± = 800 GeV and tan� = 5.

We have seen that the DD cross section can be suppressed in the 2HDM by a variety of mecha-

nisms, not necessarily a cancellation between terms. However, it is still true that, in order to obtain

extremely suppressed DD cross sections some kind of cancellation for ye↵DD is required. Consequently,

9

Figure 3: The same as Fig. 2 but for the Type II 2HDM.

Figure 4: The same as Fig. 1, but for the Type I 2HDM with tan� = 5 (left panel) and Type II

tan� = 5 (right panel) with mH0 = 800 GeV. The rest of the parameters are specified in Table 2.

the density of viable models is higher when the DD cross section is not much smaller than the future

experimental constraints, as illustrated in Fig. 5. This allows to be optimistic about the possibility

that a scenario of the kind depicted in this paper might be detected by the next generation of direct

detection experiments.

Finally, let us mention that there exist two additional 2HDMs, which are flavor changing neutral

current (FCNC) free: the so-called X (or “lepton-specific”) and Y (or “flipped”) models. The

corresponding Cq factors are the same as those of the Type I and Type II, respectively, so the results

presented in Figs. 2, 3 and 4 apply to them as well.

5 Summary and conclusions

Z� and Higgs-portals are the most economical frameworks for WIMP dark matter. They are

however under strong pressure (almost excluded), especially from direct detection experiments. One

exception to this situation occurs when dark matter particles annihilate in a resonant way, i.e. the
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Pure states 

• Pure Higgino (doublet): M=1.1 TeV


• Scalar doublet: M=540 TeV (possible ruled out by DD)


• Pure Wino (triplet): M=2.9 TeV (problems with ID)


• Scalar triplet: M=2.0 TeV (problems with the ρ-parameter)


• Higher representations require always non-renormalizable operator but they 
may be interesting??



• In the case of co-annihilation with colorful partners (gluino or stop) collider 
searches with not a lot of MET are needed. The region of compressed 
spectrum is of high interest from the DM point of view


• In the case of the wino collider searches may be more challenging due to the 
smaller cross-section.

Search strategies:



• Monojets vs. standard searches for electroweakinos


• Displaced vertices for “pure states” which charged companions.


• ……..


