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The singlet-doublet model is an economical model of weakly interacting dark matter. We revisit it in
light of improved dark matter direct detection limits. We characterize the now well-defined regions of
remaining parameter space with suppressed direct detection cross sections and discuss features of the
spectrum accessible at the Large Hadron Collider. We discuss when and how parameters in these special
regions might be realized as the result of renormalization group evolution when starting with generic
ultraviolet initial conditions.
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I. INTRODUCTION

With the improvement in limits on the dark matter (DM)
direct detection cross section from the LUX-ZEPLIN (LZ)
experiment in 2024 [1], it is timely to consider the status of
the weakly interacting massive particle (WIMP) paradigm.
A particularly simple model of the WIMP is the so-called

singlet-doublet dark matter model [2–16]. For reviews that
discuss the singlet-doublet model among a range of other
WIMP possibilities, see [17–20], see also [21]. This model
includes a SUð2ÞL vectorlike fermion doublet that mixes
with a Majorana fermion gauge singlet; that is, it has
particle content in common with the Bino-Higgsino sector
of the minimal supersymmetric Standard Model (MSSM).
However, the Yukawa couplings present in the model are
not constrained by supersymmetry, so they need not be
proportional to gauge couplings. As such, this model is
a generalization of the neutralino DM of the MSSM.
Some regions of the parameter space reproduce the pheno-
menology of dark matter in split supersymmetry [22–29].
Moreover, while the renormalization group evolution of the
gauge couplings is not identical to the MSSM, the
introduction of the SUð2ÞL doublet fermions substantially
improves the quality of gauge coupling unification with
respect to the Standard Model (SM) [2]. The purpose of
studying this model is twofold. First, it is a simple model

for DM, and as such is of interest in its own right. Second,
because this model generates a thermal DM abundance via
interactions with the W, Z, and Higgs bosons, studying it
can give insight into the status of the WIMP paradigm more
generally.
In this paper, we discuss the status of the singlet-doublet

model in light of recent direct detection limits. We identify
parameter space as yet unconstrained by these bounds and
also the parameter space that will remain challenging to
probe with future direct detection experiments. We will
show how current direct detection bounds allow sharp
characterization of the remaining parameter space. The
model consists of three neutral Majorana fermions (the
lightest of which is the DM) and one charged fermion.
Because the parameter space is well constrained, it is
possible to make predictions for the mass spectrum of these
fermions. This is in particular true for the parameter space
that has DM within kinematic reach of the Large Hadron
Collider (LHC). This has implications for potential LHC
signals.
The structure of this paper is as follows. In Sec. II, we

review the details of the singlet-doublet model. We high-
light the most relevant couplings for direct detection and for
the determination of the relic density. Coannhilation [30]
plays an important role. In Sec. III we provide numerical
results where we scan over the parameter space of this
model, with emphases on (i) identifying regions that will
remain stubbornly difficult to probe via direct detection,
and (ii) the interplay between direct detection and the
DM relic abundance. We discuss the relevance of LHC
measurements as a complementary probe. In Sec. IV we
explore whether renormalization group (RG) evolution
might explain why the masses and couplings would reside
in a region with low direct detection cross sections. Finally,
we conclude.
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II. SINGLET-DOUBLET DARK MATTER

The singlet-doublet fermion model introduces three left-
handed Weyl fermions, which we call S, D, and D̄ (the bar
is part of the name and does not denote any sort of
conjugation). These three fermions are in the ð1; 1; 0Þ,
ð1; 2;− 1

2
Þ, and ð1; 2; 1

2
Þ representations of the SM gauge

group SUð3Þc × SUð2ÞL ×Uð1ÞY , respectively. The states
are odd under a Z2 symmetry while the SM states are all
even under the same Z2. This discrete symmetry ensures
the stability of the lightest new particle (i.e., our dark matter
candidate).
We denote the SUð2ÞL components of the doublets D

and D̄ as

D ¼
�
N

C

�
; D̄ ¼

�
C̄

N̄

�
; ð1Þ

where N and N̄ are neutral, and C and C̄ are charged under
Uð1ÞEM. As mentioned earlier, the field content of the
model is identical to that of the Bino-Higgsino sector of the
MSSM. The doublets correspond to the two Higgsinos,
while the singlet maps to the Bino.
The kinetic and gauge terms in the Lagrangian are

Lgauge ¼ iS†σ̄μ∂μSþ iD†σ̄μ∇μDþ iD̄†σ̄μ∇μD̄; ð2Þ

where ∇μ is the covariant derivative. After electroweak
symmetry breaking, these terms result in couplings
between the SM Z, W, and photon and the neutral and
charged SUð2ÞL components of the doublets.
The mass and Yukawa couplings of the new fields are

Lmix ¼ −
1

2
MSS2 −MDDD̄ − y1DHS − y2H†D̄Sþ H:c:;

ð3Þ

whereH ∼ ð1; 2; 1
2
Þ is the SM Higgs doublet, whose neutral

component contains the physical Higgs boson h, and
MS;MD; y1; y2 are the four new parameters introduced
in this singlet-doublet model. Via field redefinitions, with-
out loss of generality, we may consider the case where
MS;MD; y1 are positive and real, and the remaining
physical complex CP violating phase is solely contained
in y2. For this analysis we specialize to the case where this
CP violating phase vanishes and so y2 ∈R. For extensions
to the case of CP violation see, e.g., [9,13,31]. The case
with CP violation can have implications for electric dipole

moment searches. For y21 þ y22 →
g02
2
, we reproduce the

Higgs decoupling limit of the MSSM with a decoupled
Wino by the following identifications [10]

MD → −μ; MS → M1; −
y2
y1

→
1

tan β
: ð4Þ

After the SM Higgs field takes on its vacuum expectation
value v, the neutral components of the doublets and the
singlet mix.
In terms of the gauge eigenstate basis of the neutral states

ψ0 ≡ ðS;N; N̄Þ, the mass mixing is given by

Lmass ¼ −
1

2
ðψ0ÞTMNψ

0 − Cð−MDÞC̄; ð5Þ

where

MN ¼

0
BB@

MS
y1vffiffi
2

p y2vffiffi
2

p
y1vffiffi
2

p 0 MD

y2vffiffi
2

p MD 0

1
CCA; ð6Þ

and v ≃ 246 GeV is the SM Higgs vacuum expecta-
tion value.
Diagonalization of this mass matrix yields three neutral

Majorana mass eigenstates, which (borrowing notation
from the MSSM) we denote as χ0i with masses mi
(i ¼ 1, 2, 3). We order the neutral mass eigenstates from
smallest to the largest. The lightest neutral particle χ01 is the
DM candidate. Denoting the diagonalization matrix by V,
we have

diagðm1; m2; m3Þ ¼ V�MNV†; ð7Þ

and

χ0i ¼ Vijψ
0
j ; ð8Þ

where repeated indices are summed. The elements of the
diagonalization matrix Vij appear in the couplings of the
neutral states with the SM Higgs and gauge bosons, see
below. For the charged states, there is a single Dirac fermion
with mass m� (at tree level, this is just equal to MD).

A. Couplings and blind spots

The dark sector particles couple to the SM exclusively via
the SM gauge and Higgs bosons. In terms of four-component
neutral Majorana fermions Ψχ0i

≡ ðχ0i χ0†i ÞT and the charged

Dirac fermionΨχ− ≡ ðC − C̄†ÞT , referred to as χ0i and χ− in
the following, couplings to the photon Aμ, Z boson Zμ, W
bosons W�

μ , and the physical Higgs boson h are

L ⊃ eAμχ̄
−γμχ− −

e
sWcW

�
s2W −

1

2

�
Zμχ̄

−γμχ−

− gV
Wþχ−χ0i

Wþ
μ χ̄

0
i γ

μχ− − gAWþχ−χ0i
Wþ

μ χ̄
0
i γ

μγ5χ
− þ c:c:

−
1

2
ReðgZχ0i χ0j ÞZμχ̄

0
i γ

μγ5χ
0
j þ

i
2
ImðgZχ0i χ0j ÞZμχ̄

0
i γ

μχ0j

−
1

2
Reðghχ0i χ0j Þhχ̄0i χ0j þ

i
2
Imðghχ0i χ0j Þhχ̄0i γ5χ0j ; ð9Þ
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where e is the electromagnetic coupling, sWðcWÞ is the
(co)sine of the weak mixing angle, and

gV
Wþχ−χ0i

¼ e

2
ffiffiffi
2

p
sW

�
V�
i3 þ Vi2

�
;

gAWþχ−χ0i
¼ e

2
ffiffiffi
2

p
sW

�
V�
i3 − Vi2

�
;

gZχ0i χ0j ¼
e

2sWcW

�
Vi3V�

j3 − Vi2V�
j2

�
;

ghχ0i χ0j ¼
ffiffiffi
2

p �
y1V�

i2V
�
j1 þ y2V�

i3V
�
j1

�
: ð10Þ

Here, gZχ0jχ0i ¼ g�Zχ0i χ0j
, and ghχ0i χ0j is unsymmetrized in i and j

(i.e., ghχ0jχ0i ≠ ghχ0i χ0j for i ≠ j).

We provide details on the couplings and explicitly
evaluate them in terms of the underlying model parameters
in relevant limits in the Appendix. The coupling of the
DM candidate χ01 to the Higgs boson generates the effec-
tive operator ðχ̄01χ01Þðq̄qÞ, and thus controls the spin-
independent (SI) direct detection cross section. The DM
coupling to the Z boson is responsible for the operator
(χ̄01γμγ5χ

0
1Þðq̄γμγ5qÞ, and thus spin-dependent (SD) direct

detection.
For certain areas of parameter space, the couplings gZχ0

1
χ0
1

and ghχ0
1
χ0
1
vanish. These points are called blind spots [4];

see [25] for a lucid discussion for the analogous phenome-
non in the context of the MSSM; see also [32,33] for an
analogous phenomenon in the singlino-Higgsino sector of
the NMSSM. When this occurs, the corresponding direct
detection cross sections also vanish at tree level. The blind
spots occur when the numerators of Eqs. (A7) and (A8)
vanish. Requiring the model inhabit blind spot(s) imposes
conditions on the underlying parameters of the model. In
this work, we discuss these conditions as a restriction on the
ratio of the Yukawa couplings. So, when we refer to a
“blind spot” we refer to a specific coupling ratio for fixed
values of the mass parameters.
The DM coupling to the Z-boson gZχ0

1
χ0
1
vanishes when

y2
y1

¼ �1; ðZ blind spotsÞ ð11Þ

independent of the mass parameters MS and MD. This
condition also restores a custodial SUð2Þ symmetry in the
dark sector.
For 0 < MS < MD, the coupling to the Higgs boson

ghχ0
1
χ0
1
vanishes when 2y1y2MD þ ðy21 þ y22ÞMS ¼ 0 [4]—

this condition can be derived by Higgs boson low energy
theorems—it says the DM mass does not depend on the
Higgs vacuum expectation value. It implies

y2
y1

¼ −
MS

MD

 
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
MS

MD

�
2

s !−1

: ðh blind spot; MS < MDÞ ð12Þ

One of the solutions is redundant; it may be obtained
through a relabeling of the model parameters, i.e., by the
exchange y1 ↔ y2. Here, without loss of generality, we
take the solution with the plus sign in front of the square
root, such that 0 < −y2=y1 < 1 for 0 < MS=MD < 1.
When 0 < MD < MS, the couplings of the dark matter to

the Higgs boson (ghχ0
1
χ0
1
) and Z (gZχ0

1
χ0
1
) can be simulta-

neously eliminated by the condition

y2
y1

¼ −1: ðdouble blind spot; MD < MSÞ ð13Þ

When MD < MS, the DM is predominantly doublet in
nature, and it behaves much like the Higgsino dark matter
in the MSSM.
These blind spots play a role in understanding the

remaining allowed parameter space for the model, as
proximity to the blind spot(s) is one way to avoid the
increasingly stringent direct detection bounds. The blind
spots derived above are tree-level relations. It is natural to
ask whether inclusion of loop corrections spoils any chance
of suppressing the cross section beyond the reach of

experiments. This is not the case. If the tree-level cross
section vanishes due to an accidental relation between the
model parameters and is not due to a symmetry, Ref. [34]
(in the related MSSM context) demonstrated that a blind
spot will typically exist despite the loop correction, just in a
location slightly shifted from the tree-level blind spot. For
the case where the tree-level cross section vanishes iden-
tically due to a symmetry, then the expected size of the
direct detection cross section would be given by the loop-
induced one. However, for our parameter space of interest,
this loop-induced cross section is expected to be below the
neutrino fog [35,36] and thus does not impact the results of
this analysis. In particular, it has no bearing on identifica-
tion of points that will remain stubbornly difficult to probe
via direction detection well into the future.
After imposing that the couplings relevant for direct

detection (nearly) vanish, one might wonder whether it is
still possible to achieve the observed dark matter relic
density. Conceivably, turning off these dark matter cou-
plings could force the dark matter to interact too weakly
with the Standard Model, and thus freeze-out to a too large
abundance. But even when the couplings of the Z and h
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bosons to the DM vanish, couplings of the Standard Model
to other particles of the dark sector need not. The relic
abundance can then be achieved via coannhilation [30]
when there are other dark sector particles within 5%–10%
of the DM mass. In the following section, we will discuss
the determination of the relic abundance in some detail.

III. VIABLE PARAMETER SPACE

In this section, we see how (i) direct detection bounds
and (ii) the observed relic abundance constrain the singlet-
doublet model. In Sec. III A, we present points that satisfy
these two conditions. In Sec. III B, we extract lessons for
the mass spectrum of the dark sector. Armed with this
understanding of the spectrum, in Sec. III C, we discuss the
early Universe processes that are important for realizing
the observed dark matter density. We then comment on
implications of the spectrum for production and decays at
colliders in Sec. III D.
In analysis of the model, we made use of SARAH v4.15.2

[37–40] to derive the interaction vertices and 2-loop RGEs.
We then employed SPheno v4.0.5 [41,42] to numerically
compute the physical masses and couplings of the neutral
Majorana χ01;2;3 and the charged Dirac χ� fermions. We
calculated relic densities1 and direct detection cross
sections using micrOMEGAs v6.0 [43]. The model files for
SPheno and micrOMEGAs are generated by SARAH. By default,
the micrOMEGAs package numerically solves the Boltzmann
equation and computes the relic density under the
assumption that the dark sector thermalizes. We discuss
this assumption in more detail below.
With a goal of identifying parameter space that simulta-

neously explains the observed relic density while avoiding
direct detection bounds, we performed a scan over the four-
dimensional parameter space (MS;MD; y1; y2). We scanned
∼50 × 106 points in the range 0.7≲MS=MD ≲ 1.2,
−1 ≤ −y2=y1 ≤ 1, 10−7 ≤ y1 ≤ 1.5, and 85 ≤ MS ≤
1500 GeV. Our focus on a region with a relatively small
hierarchy between MS and MD preferentially selected out
regions where coannhilation is possible. In additional
exploratory scans, we did not find points where the relic
density was achieved without coannihilation. For each
point in parameter space, we recorded the tree-level mass
eigenvalues, the elements of the mass-mixing matrix, the
spin-independent and spin-dependent direct detection cross
sections off both protons and neutrons, the freeze-out
temperature (i.e., xFO), as well as the leading three
processes contributing to freeze-out and the percentage
of the freeze-out that they are responsible for. Finally, we
investigated the minimum reaction rate between subcom-
ponents of the dark sector. These data for the subset of scan

points that reproduce the correct relic density are available
online [44].
The reaction rate between dark sector subcomponents is

important. For very small values of the Yukawa couplings
yi chemical equilibrium between the various species within
the dark sector may not be obtained. If parts of the dark
sector fall out of equilibrium, this must be taken into
account. For our analysis, we restrict ourselves to scenarios
in which the dark sector remains in thermal equilibrium.
Concretely, we require that the couplings are nonzero and
that Γ=ðHxFOÞ > 50 [43]. In practice, this involves restrict-
ing results to points where at least one Yukawa coupling is
larger than around 10−6. For discussion of this model in the
regime where thermalization does not occur and the related
freeze-in phenomena, see [45]. A closely related model is
discussed in this regime in [21].

A. Relic density and direct detection

In delineation of the surviving parameter space, the most
important constraints on the model are that it reproduce
the correct dark matter abundance and evade limits from
direct detection experiments. Figure 1 shows the spin-
independent cross section and spin-dependent cross section
as a function of dark matter mass for points that satisfy the
relic density constraint (light blue points). We require
0.9 × 0.12 < Ωh2 < 1.1 × 0.12. The experimental meas-
urement of the dark matter density [46] is more precise
than this; this range is chosen to accommodate both the
experimental and theoretical uncertainties involved in the
calculation. Shown are the 90% CL exclusion limits from
the LZ collaboration in 2024 [1], along with the neutrino
fog from Ref. [47]. Projections and previous results from
the LZ collaboration are found in Refs. [48,49]. Shown in
dark blue on the spin-independent (spin-dependent) plot are
the parameter space points that evade the spin-dependent
(spin-independent) bound. Although many points that
evade one bound are constrained by the other, the spin-
independent and spin-dependent direct detection cross
sections can both be small. Indeed, the existence of dark
blue points beneath the neutrino fog indicates that points will
remain stubbornly out of reach of direct detection going
forward. We note we have intentionally explored parameter
space that can simultaneously achieve the relic density while
having allowed direct detection cross sections. Had we not
done so, and had we, for example, uniformly sampled from a
larger parameter space, the vast majority of points would be
excluded by the direct detection bounds.
We have established small direct detection cross sections

are consistent with the observed DM density. We now focus
on characterizing these points, i.e., describing the param-
eter space that both evades the 2024 LZ constraints [1] and
reproduces the correct DM abundance.
Figure 2 shows where in the −y2=y1 vs MS=MD plane

these viable points lie. The color bar shows the MS values
for each of these points. The relation between the Yukawa

1When calculating relic densities with micrOMEGAs, we employ
the fast calculation option (FAST=1) and neglect the off-shell
gauge bosons in the final state (VW/VZdecay=0).
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couplings that satisfy the Higgs blind spot condition
[Eq. (12)] is shown as a dashed line, whereas the Z blind
spots [Eq. (11)] are indicated as dotted lines. The Higgs
blind spot and one of the Z blind spots (−y2=y1 ¼ 1)
coincide for MD < MS, where we have shown them as a
dash-dotted line [Eq. (13)]. ForMS ≲ 850 GeV, we see that
it is possible to have MS=MD ≲ 1. As MS increases, the
mass ratio MS=MD increases, and for the highest masses,
points tend to cluster near the double blind spot (i.e.,

−y2=y1 ∼ 1). However, in this projection, many points also
appear far from the blind spot(s).
To elucidate what is happening for these points, in Fig. 3

we again show surviving points in the −y2=y1 vs MS=MD
plane but now color-coded by y1 value. In the left panel we
show the smallest y1 values (y1 < 0.1); the right panel
contains the remaining y1 values. For small y1, it is possible
to inhabit a wider range of parameter space. But for
y1 ≳ 0.1, y1 and y2 are required to be of opposite sign
(i.e.,−y2=y1 ≳ 0). The choice −y2=y1 ≳ 0 places the model
in the half-plane that contains both spin-independent and
spin-dependent blind spots, and couplings are generically
smaller in this region.
For even larger y1 values, −y2=y1 ≳ 0 is insufficient

to avoid direct detection constraints. Parameters must
be even closer to blind spots. For MS < MD, since the
spin-independent and spin-dependent blind spots do not
coincide, we find that the maximum y1 that can evade both
direct detection constraints is y1 ∼ 0.2. In the MSSM, the
analogous values of y21 þ y22 are fixed to be proportional to
the hypercharge gauge coupling. So, in the MSSM this
constraint on y1 may be reinterpreted as a constraint on
tan β in the regime where M1 < μ. Only tan β ∼ 1 are
allowed, which would be consistent with the observed
value of the Higgs boson mass only for heavy scalar
masses, i.e., split supersymmetry.
As MS → MD the blind spot suppresses couplings to

both the Z and Higgs bosons. As a result, direct detection
signals are suppressed and y1 ∼ 1 is allowed for points in
close proximity to this double blind spot. As MS continues
to increase past MD, values of −y2=y1 that depart further
from the blind spot are allowed. There are two reasons for
this. First, as we move into this region, the mass scale of the

FIG. 2. Coupling ratio −y2=y1 vs mass ratio MS=MD for
parameter scan points that evade the LZ 2024 direct detection
constraints [1] and reproduce the correct relic density. The color
bar indicates MS values for these points. The Z, h, and double
blind spots, corresponding to Eqs. (11)–(13), are shown as dotted,
dashed, and dash-dotted lines, respectively.

FIG. 1. Left: The spin-independent cross section as a function of dark matter mass for parameter scan points that satisfy the observed
relic density. The 90% CL exclusion limit from the LZ collaboration in 2024 [1] and the projected sensitivity [48] are shown in gold. The
neutrino fog [47] is shown in gray. Light blue points satisfy the relic density while dark blue is the subset of parameter points that evade
the LZ 2024 spin-dependent bound. Right: The spin-dependent cross section off neutrons for points satisfying the relic density. Here the
dark blue points are those that evade the LZ 2024 spin-independent bound.
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dark matter increases and the direct detection limits weaken
linearly with increasing mass. Second, as MS −MD
increases, mixing between the two states decreases for a
given choice of Yukawa couplings (see Appendix A 2).
This means that the dark matter can be closer to the pure
doublet DM limit, for which direct detection is suppressed,
even in the presence of larger Yukawa couplings.
In theMS > MD region of parameter space, there can be

multiple states that are close in mass. We now comment
on the case where the lightest two neutral states are very
nearly degenerate. In this case, the dark matter may scatter
inelastically into the companion state, potentially with a
large rate, mediated by a vector coupling to the Z boson.
That is, the dark matter becomes pseudo-Dirac in nature,
and in the limit of exact degeneracy, the value of the direct
detection cross section would approach that of a Dirac
neutrino, several orders of magnitude in excess of current
bounds. To avoid this possibility, we impose that the mass
difference between the two lightest neutral states be greater
than 200 keV. This provides an effective kinematic barrier,
due to the finite escape velocity in our galaxy [50,51]. For
fixed values of the Yukawa coupling, this effectively places
an upper bound on the value of MS. Also, in the limit of
very small mass differences, both states inhabit the bath at
freeze-out, and the χ02 eventually decays as χ02 → χ01γ,
adding to the dark matter density. After imposing the
minimum splitting discussed above, these decays occur
before big bang nucleosynthesis (BBN), and so will not run
afoul of cosmological constraints.
For both Figs. 2 and 3 the precise shape of the allowed

regions are influenced by the chosen scanning strategy.
However, that MS=MD ≳ .9 for all points shown is sig-
nificant—this indicates the necessity for coannhilation to
achieve the DM relic density. And while when MS < MD,
effective coannihilation requiresMS∼MD, whenMD<MS,
other states (i.e., the rest of the doublet) are automatically

close in mass to the dark matter independent of whether MS
is close toMD. Coannihilation, therefore, does not impose a
maximum value of MS=MD in Figs. 2 and 3.
In Fig. 4 we display how direct detection limits change

in the −y2=y1 vs MS=MD plane as MS and y1 are varied.
Because of the precision of the dark matter density
measurement, points that realize the correct relic density
appear as a curve in this plane. Also shown is how this
curve varies asMS and y1 are varied. We chooseMS ¼ 300,
850, 1200 (top to bottom) and y1 ¼ 0.025, 0.1, 0.25 (left to
right) as benchmark values. Since there is never any
relevant parameter space when −y2=y1 ≲ 0 and y1 ≳ 0.1
we restrict the figures to −y2=y1 ≥ 0 for the larger two y1
values.
The light blue (red) shaded regions correspond to regions

excluded by the LZ 2024 spin-independent (dependent)
bounds, respectively. Should LZ bounds improve to their
projected sensitivity, these regions will expand to the
dashed curves of the same color. The green curves denote
points that realize the observed dark matter relic abun-
dance. The h-blind spot is indicated with a gold-dashed
line; the Z blind spot for MS < MD is shown as a gray-
dotted line, and the double blind spot (for MD < MS) is
indicated by a black dash-dotted line. Consistency with
both the observed relic abundance and direct detection
bounds requires the green line to transit the unshaded
space. For example, no such points exist in the upper-
right panel (MS ¼ 300 GeV, y1 ¼ 0.25), but the entirety
of the green line is allowed in the lower-left panel
(MS ¼ 1200 GeV, y1 ¼ 0.025).
We note the following general trends. For a fixed

coupling strength y1, higher MS requires a larger MS=MD
value to achieve the observed relic density. This results in
the DM becoming more doubletlike. Also, for fixed y1,
raising MS relaxes both the spin-independent and spin-
dependent limits. For fixed MS, direct detection limits

FIG. 3. Coupling ratio −y2=y1 vs mass ratio MS=MD color coded by y1 values for all points that evade the LZ 2024 direct detection
constraints [1] and reproduce the correct relic density. The blind spots, defined in Eqs. (11)–(13), are shown as labeled. Left: In this plot,
we restrict to y1 < 0.1. We see that for small y1 values all values of −y2=y1 are allowed. Right: In this plot, we restrict to y1 ≥ 0.1. For
larger the y1, −y2=y1 must be closer to blind spots for consistency with direct detection constraints.
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require parameters that more closely satisfy the blind spot
condition(s) as y1 increases. Conversely, for the smallest y1
values we have shown, direct detection limits are fairly
weak and most of the −y2=y1 vs MS=MD plane is allowed,
i.e., the parameters need not be close to a blind spot.
It is notable that the green curves are insensitive to the

value of −y2=y1, especially in the regions allowed by both
the relic density and the direct detection bounds. This
indicates that neither interactions with the Higgs boson
nor the precise value of the mixing between the singlet
and the doublets plays a large role in the determination of
the relic density. Similarly, for a fixed value of MS, the

x intercept of the green line is essentially unchanged for the
two smallest values of the y1 shown. This also indicates
the relative insensitivity of the relic abundance to these
values of Yukawa coupling. We comment more on these
points in Sec. III C.

B. Mass spectrum

In this Section, we examine the dark sector mass spec-
trum for the surviving parameter space. Understanding this
spectrum aids in comprehending both the early universe
annihilation mechanism and the present-day collider

FIG. 4. Direct detection bounds and relic density curves for different choices ofMS and y1. Areas currently excluded by the LZ 2024
spin-independent (spin-dependent) direct detection bounds [1] are shaded in light blue (light red). The dashed curves of the same colors
proximal to these regions indicate how these regions will expand when LZ reaches its projected sensitivity [48]. Points that satisfy the
relic density constraint lie along the green lines. The spin-independent (Higgs) blind spot forMS < MD is shown as a gold dashed line.
The spin-dependent (Z) blind spot forMS < MD is shown as a gray dotted line. The double blind spot forMD < MS is drawn as a black
dash-dotted line. Points that simultaneously satisfy the relic density while avoiding direct detection occur when the green line passes
through a white region. As discussed in the text, simultaneously achieving the right relic density and avoiding direct detection
constraints for y1 ≳ 0.1 requires y1 and y2 of opposite sign, so the y-axis range is smaller for the second and third column.
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signatures. For our viable parameter space, the mass eigen-
values written in terms of the mass parameters are m1 ≈
minðMS;MDÞ, m2 ≈MD, m� ≈MD, m3 ≈maxðMS;MDÞ.
Regardless of whetherMS orMD is larger, there is one state
near MS and three states near MD. The qualitative features
of the mass spectrum in the two regions are captured
in Fig. 5.
Figure 6 shows the mass differences between the differ-

ent states color-coded by the dark matter mass. Figure 7
shows another view of the mass spectrum specializing to
the difference between the mass of the charged state and
dark matter that is of particular relevance to collider
searches. In both of these figures, we show data points
that satisfy the relic density and have direct detection cross

sections beyond the LZ projected sensitivity. Extending to
include points between the current LZ bound and the
projected sensitivity does not change the main conclusions.
Each panel in Fig. 6 has a region of very near degeneracy

between the charged state and the dark matter (the points
huddled near the x-axis) as well as a region where this mass
splitting extends to several GeV. To understand what is
happening, it is useful to examine the color bar that displays
m1. We note that the transition between the two regimes
occurs for m1 ∼ 850 GeV. Back in Fig. 2 we saw that for
points consistent with the relic density, there is a region
where MS ≈MD that occurs for m1 ≈ 850 GeV. So, the
entire mass spectrum is very compressed at m1 ∼ 850 GeV

FIG. 5. Qualitative features of the mass spectrum above and
below m1 ≈ 850 GeV (MS ¼ MD). Below this point, the dark
matter mass is approximately equal to theMS parameter and there
are three states nearMD. The mass differenceΔm12 ≡m2 −m1 is
∼1–20 GeV. For MS > MD, the dark matter and two other dark
sector states are approximately equal to the MD parameter and
Δm12 can be less than a GeV. The heaviest neutral state can be
much heavier. There is a smooth transition from the left to right of
this figure as MS=MD increases.

FIG. 6. Left: Mass difference between the charged state and the DM ðm� −m1Þ vs mass difference between second lightest neutral
state and the DM ðm2 −m1Þ Right: Mass difference between the charged state and the DM ðm� −m1Þ vs mass difference between third
lightest neutral state and the DM ðm3 −m1Þ. In both panels, the color bar indicates the dark matter mass. Here, we show data points that
satisfy the relic density condition and have direct detection cross sections beyond the LZ projected sensitivity [48].

FIG. 7. Mass difference between the charged state and the DM
as a function of dark matter mass. We show data points that
satisfy the relic density and have direct detection cross sections
beyond the LZ projected sensitivity [48].
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(whenMS ¼MD). Belowm1 ∼ 850 GeV (whenMS <MD),
we have m1 ≈MS and m3 ≈MD. Numerically, this means
that for MS < MD, m�, m2, and m3 are all nearly de-
generate and m1 is ∼1–20 GeV lighter. As mentioned
above, the requirement that there are other dark states
nearby present in the bath at the time of freeze-out (i.e.
coannihilation is effective) means that in this regime,
MS ≳ 0.9MD. Above m1 ∼ 850 GeV (when MS > MD),
we have m1 ≈MD and m3 ≈MS. The dark matter with
massm1 and the charged state massm� are degenerate. The
other primarily doublet state m2 ranges from nearly
degenerate with m� to ∼1–20 GeV heavier. m3 can be
much heavier than any of the other states. The maximum
splitting betweenm1 andm3 in Fig. 6 is limited by our scan
region. Again, since χ02 and χ� are automatically nearly
degenerate with χ01 when MD < MS, MS need not be near
MD for effective coannihilation.
Here, we have computed the masses at tree level. Loop

level effects are important for the determination of mass
splittings between the degenerate states with mass near
MD [52]. These splittings play a potentially important role in
collider phenomenology (see below), but they are generally
irrelevant for cosmological histories. Temperatures in the
early Universe at freeze-out are well in excess of these loop-
induced splittings.
In the following Sections, we explore the implications of

this mass hierarchy on the relic density and collider
detection prospects of this model.

C. Early universe production

The only interactions between the dark sector and the
SM are mediated by the photon and Z, W, and Higgs
bosons. Figure 8 shows the vertices for these interactions.
These interactions must be sufficient to power a successful
freeze-out without inducing too-large direct detection.

Since the spin-independent and spin-dependent direct
detection bounds are strong, vertices (a) and (b) with i ¼
j ¼ 1 must be small. This means that the corresponding
annihilation diagrams with an intermediate h or Zmust also
be small. Therefore, diagrams involving the W boson or
diagrams involving (a) or (b) where both i and j are not
equal to 1 are important during freeze-out. All of these
diagrams involve at least one non-DM dark sector state.
It turns out (χ01χ

0
1 → anything) is never the dominant

annihilation process, and coannhilation dominates. Due to
differing amounts of Boltzmann suppression for particles
of different mass, the coannhilation rate is sensitive to the
mass spectrum like ∼e−xΔi where x≡m1=T and Δi ≡
ðmi −m1Þ=m1 [30]. This sensitivity to the mass splitting
allows the spectrum predictivity seen in Fig. 7.
To get a better picture of the processes relevant for

freeze-out, it can be helpful to understand the diagonaliza-
tion of the mass matrix, since the elements of the mixing
matrix appear in the couplings between the mass eigen-
states and the SM bosons. In Appendix, we discuss the
diagonalization of the mass matrix and the couplings in
detail. We also explicitly enumerate couplings for a few
cases of particular interest. Below, we will discuss the
processes of most relevance, and will refer the reader to the
Appendix for details as needed.
Let DS denote a generic dark sector particle and let f, f0

and V, V 0 denote SM fermions and gauge bosons respec-
tively. The interaction DSDS → ff0 is the most important
freeze-out process for nearly all viable parameter space.
The most important class of contributions comes from
χ�χ0i → ff0. Annihilations to gauge bosons,DSDS → VV 0

also contribute and become comparable to DSDS → ff0 in
corners of parameter space (for example, in the pure
doublet limit we expect annihilation to gauge bosons to
dominate, as is well known from the Higgsino limit of the
MSSM). Interactions of the form DSDS → hV also con-
tribute but are subdominant for all parameter space con-
sidered. Note that the DM candidate χ01 itself need not
always participate in the freeze-out processes. Often,
freeze-out occurs through coannihilations of heavier dark
sector states with other heavier dark sector states (e.g.,
χ�χ02 → ff0). The abundance of the dark matter is then
ensured by equilibrium between these states and the dark
matter.
We have seen above in Sec. III A that the direct detection

and relic density constraints favor two regimes. The first
has small Yukawa couplings. When yi are small, direct
detection cross sections can be small even for lighter
masses and even away from the blind spot(s). In
Appendix A2, we show the dark sector mass eigenvalues
[Eq. (A15)] and the couplings for the small yi limit [See
Eqs. (A16)–(A18)]. Even though the direct detection cross
sections are tiny, importantly, there are still two W
couplings to the DS and one (off-diagonal) Z coupling
that are of order the electroweak coupling constant g. It is

(a) (b)

(c) (d)

FIG. 8. Interaction vertices of the new, dark sector particles with
(a) the SM higgs boson, (b) Z boson, (c)W boson, and (d) photon.
Relevant vertices for the interaction of the new, dark sector
particles with the Standard Model. Details on the values of these
vertices can be found in Eqs. (9) and (10), and in the Appendix.
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these couplings that are relevant for freeze-out. Since all of
these couplings involve dark sector states beyond the dark
matter itself, this bolsters the earlier assertion that coanni-
hilations are important. Other diagrams that have two dark
matter particles in the initial state, with a dark sector
particle exchanged in the t-channel are subdominant.
The second regime is near direct detection blind spot(s).

In this regime, yi can be larger because of the associated
suppression of the direct detection rates. Since both the SI
and SD direct detection signals must be suppressed, the
double blind spot (with MS > MD, y2=y1 ¼ −1) is of
particular interest. When y2=y1 ¼ −1, MS > MD, and
y1 ∼ 1, the relic density constraint favors ∼TeV scale dark
matter. The cross sections for annihilation to pairs of gauge
bosons with mass MV are enhanced by extra factors of
m1=MV when compared to the cross sections to go to pairs
of SM fermions, see, e.g., [53]. This explains the relative
importance of annihilation to vector bosons in this high-
mass regime. Mass eigenvalues and couplings at the double
blind spot are also reported in Appendix A 1 [See Eqs. (A9)
and (A11)–(A13).] Once again, although the direct detec-
tion cross sections completely vanish, there are still coup-
lings between dark sector particles that are of order the
electroweak gauge coupling and mediate freeze-out.
In fact, for both the small Yukawa and near blind spot

regimes, freeze-out largely proceeds via these full-strength
gauge couplings. So, the remaining viable parameter points
smoothly interpolate between these two regimes. To see
how this transition takes place and how close to the double
blind spot one needs to sit for different values of the
Yukawa couplings see Fig. 3.
Finally, we discuss an implication of allowed large

Yukawa couplings close to the double blind spot. In Fig. 9,

we have shown the DM mass as a function of MS=MD.
For MS=MD > 1, large Yukawa couplings are allowed, see
Fig. 3. The consequence is that early Universe annihilations
can be enhanced. This, in turn, allows the dark matter to be
heavier than in the case (m1 ≈ 1100 GeV) where only
gauge interactions are relevant. For the maximum allowed
value of y1 ¼ 1 in our scan, we find dark matter masses as
large as 1500 GeV. The effect of large Yukawa couplings is
lessened at larger MS=MD as mixing is reduced in this
regime, see Appendix.
Finally, when relying on coannihilation processes to

establish the correct relic density, it is necessary to confirm
chemical equilibrium is maintained between all dark sector
particles. We have applied a cut to ensure that this equili-
brium is indeed maintained. If it were not, a more careful
treatment is required, and coscattering and freeze-in can
become important. Discussion of this regime has appeared
in [45]. Analysis of the related singlet-triplet model (which
mimics the Wino-Bino system) in this regime appears
in Ref. [54].

D. Singlet-doublet model at the LHC

We next discuss the collider phenomenology of the singlet-
doublet model. For related work see Refs. [10,11,55–58]. We
focus on parameter space beyond the projected reach of LZ
and with dark sector states within reach of the LHC. The
strength of direct detection probes allows sharp statements to
be made about both the anticipated production rate for dark
sector states at the LHC as well as their decays.

1. Couplings and production

As can be seen above, the remaining viable parameter
space potentially within reach of the LHC will have
0.9≲MS=MD ≲ 1, with singletlike dark matter χ01 with
mass m1 ≃MS, and Yukawa couplings y1 and y2 with
relatively small magnitude. It can therefore be analyzed
using the expressions for the couplings between the dark
sector and the SM electroweak bosons in the small Yukawa
limit given in the Appendix [Eqs. (A16)–(A18)].
The largest couplings involve the doublet-like states χ02;3

and χ�, such as W∓ − χ� − χ02;3, Z=γ − χþ − χ−, and
Z − χ02 − χ03. All other couplings are small. Therefore,
the dominant production mechanisms for this model at
the LHC are via intermediate electroweak bosons, which
produce some combination of χ�, χ02;3.
Furthermore, pair production cross sections for the

dominant final states are expected to be very close to those
in the pure doublet limit, where χ02;3 ∼

N̄�Nffiffi
2

p [see text

surrounding Eq. (A14)] are nearly mass-degenerate at MD

along with χ�. This is illustrated in Fig. 10, where the
scatter points correspond to the points that reproduce the
correct dark matter abundance and lie beyond the projected
LZ reach, and the dashed lines correspond to the cross

FIG. 9. Dark matter mass m1 as a function of the mass
parameter ratio MS=MD, color-coded by the values of y1, for
parameter points that yield the correct dark matter abundance and
have direct detection cross sections below the LZ projected
sensitivity [48].
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sections in the pure doublet limit. The purple-shaded region
faded to the right of the plot highlights points potentially
within reach of the LHC. The different colored curves
denote different (combined) final states: χþχ02; χ

−χ02; χ
þχ03;

χ−χ03 (blue), χþχ− (red), χ02χ
0
3 (green), and all final states

(black) including the ones that do not occur in the pure
doublet case, i.e., χþχ01; χ

−χ01 and χ0i χ
0
j with i ≤ j and i,

j ≠ 2, 3. Note that for the region potentially accessible
at the LHC, collider production is well described by
the pure doublet limit. The vertical gray shaded region
(MD ≲ 101.2 GeV) corresponds to the 95% CL exclusion
from the Large Electron-Positron (LEP) collider [59],
inferred from the nonobservation of heavy charged leptons.
For viable parameter space likely near the edge of the

kinematic reach of the LHC, the green and blue points
can begin to deviate from the corresponding pure doublet
cross sections. This occurs as the dark matter candidate χ01
acquires a larger doublet component. Total cross sections
match the pure doublet limit when summing over all final
states (black points), or even just over the additional final
states arising through singlet-doublet mixing within each
color-coded final state category (i.e., blue points plus
χþχ01; χ

−χ01, and green points plus χ0i χ
0
j with i ≤ j and

i, j ≠ 2, 3). This is because the primarily singlet state
inherits gauge interactions entirely through mixing with the
doublet.

2. Decays

To understand the potential collider signatures of the
model, we now discuss the decays of those particles
produced with significant cross section (χ�, χ02 or χ03).
We seek to understand whether these particles are long-
lived and whether there can be cascade decays or whether
dark sector states immediately decay to χ01.
For parameter space within LHC reach, all mass

differences in the dark sector are less than MW , so three-
body decays are relevant. The dominant three-body decays
are mediated by off-shellW and Z bosons; off-shell Higgs-
mediated decays are suppressed by small SM Yukawa
couplings.
Three-body decay rates scale as ðΔmÞ5 with Δm the

mass difference between the initial and final dark sector
states. As seen in Fig. 5, for MS < MD, there are three
nearly degenerate (mostly doublet) dark sector states with
massesm2; m�; m3 ≈MD and a somewhat lighter DM with
mass m1 ≈MS. The mass difference between the DM χ01
and the next lightest state (Δm) is between ∼5–20 GeV
(see Figs. 6 and 7) and is typically much larger than the
mass differences between the nearly degenerate states
clustered near MD. These splittings are typically of
Oð100 MeVÞ or less. The strong ðΔmÞ5 scaling favors
decays directly to the dark matter (as opposed to a cascade).
We confirmed these decays are typically dominate by using
appropriately modified expressions for the three-body
decay expressions of MSSM neutralinos from Ref. [60].
Also, for most of our parameter space, the relatively

large values of Δm ∼ 5–20 GeV mean that the decays of
the heavier states are prompt. However, for sufficiently
small values of the Yukawa couplings, it is possible for the
decays of the heavy neutral states to result in displaced
vertices. This might lead to displaced lepton pairs.
Typically, for the parameter space studied in this work,
the lifetimes will be less than a second, and therefore not
interfere with BBN.
For the charged state, the decays are always prompt. This

is due to the existence of decays involving the pion within
the doublet sector, i.e., χ03 → χ�π∓ or χ� → χ02π

� [52].
Instead of ðΔmÞ5, these decays scale as f2πðΔmÞ3. Again,
these decays are typically subdominant to direct decay to χ01
for parameters of interest. However, in the limit of very
small Yukawa couplings these decays become important.
As in the case of the pure Higgsino of the MSSM, even
the radiative splitting between the charged and the χ02 is
sufficiently large to admit these prompt decays to charged
pions. For small values of the Yukawa couplings, mixing
with the singlet does not typically change that fact.

FIG. 10. Dark sector pair production cross sections at the LHC
with

ffiffiffi
s

p ¼ 13.6 TeV as a function of the doublet mass parameter
MD. Points shown satisfy the observed relic density and have
direct detection cross sections beyond projected LZ sensitivity.
Dashed lines show corresponding cross sections in the pure
doublet limit. The purple-shaded region (faded to the right)
highlights points potentially within reach of the LHC. They
satisfy 0.9≲MS=MD ≲ 1 with the dark matter mass m1 ≃MS,
see Fig. 5. Different colors denote different (combined) final
states: χþχ02; χ

−χ02; χ
þχ03; χ

−χ03 (blue), χþχ− (red), χ02χ
0
3 (green),

and all final states (black) including the ones that do not occur in
the pure doublet case, i.e., χþχ01; χ

−χ01 and χ0i χ
0
j with i ≤ j and i,

j ≠ 2, 3. The vertical gray shaded region is the 95% CL exclusion
from LEP [59].
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In specific corners of parameter space, it is possible to
overcome the ðΔmÞ5 scaling. For example, when y2 ¼ −y1
the χ03 − χ01 − Z coupling vanishes.2 In this case, χ03 could
decay first to a χ02 þ ff̄ (or possibly χ02π

0 or χ02γ depending
on the χ02 − χ03 mass splitting). Due to the small mass
splitting, the particles emitted in the χ03 → χ02 decay tend to
be quite soft. The χ02 can subsequently decay to the dark
matter. In the limit where the χ03 → χ02 decay is very slow in
addition to the χ03 − χ01 − Z coupling being turned off,
late time cosmological constraints from either BBN or the
cosmic microwave background could be relevant.
Taken together with the production cross sections of

the previous section, this discussion of decays means the
collider phenomenology is well specified. The final states
shown as blue points in Fig. 10 decay via an off-shell Z and
an off-shell W. This can yield contributions to a state with
three fairly soft leptons. The mass splitting relevant for the
decays can be seen in Fig. 7, recalling the states produced
χ02;3; χ

� are all nearly degenerate atMD; see also Fig. 6. The
final state shown as green in Fig. 10 decays via a pair of off-
shell Z bosons, which could in principle yield four-lepton
final states, but because of the relatively small cross section
and small Z branching ratio to leptons, this channel suffers
from small statistics.

IV. RENORMALIZATION GROUP FOCUSING

As argued in previous sections, to achieve sufficient
annihilation in the early universe while evading direct
detection constraints requires special relationships between
the model parameters. It is possible that these relationships
are accidental, but an interesting alternative is that special
relationships might hold in the infrared (IR) because of a
renormalization group focusing effect [63]. That is, a
relatively wide range of initial conditions in the ultraviolet
(UV) might result in special relationships in the IR.
In the present context, we are interested in whether

renormalization group evolution can focus us into regions
of parameter space near the blind spots and/or where
coannihilation is possible. That is, our interest is in whether
RG focusing causes parameters to evolve into regions with
large early-universe annihilation cross sections but sup-
pressed direct detection cross sections. In this Section we
study whether RG focusing can reproduce these qualitative
features; we do not necessarily seek to reproduce specific
points in parameter space that precisely satisfy the relic
density constraint. We find this focusing is often difficult to
achieve, but there are regions of parameter space where it
could be of relevance.

Our analytic analysis below is carried out at the one-loop
level. This is sufficient for a qualitative picture. In our
numerical results, we incorporate two-loop effects.
We begin by defining the following ratios

rm ≡ MS

MD
; ry ≡ y2

y1
: ð14Þ

In terms of these ratios, the blind spots [Eqs. (12) and (11)]
may be written

rSD-BSy ¼ �1 ðZ blind spotÞ ð15Þ

for the Z (i.e., spin-dependent) blind spot and

rSI-BSy ¼−rm
�
1�

ffiffiffiffiffiffiffiffiffiffiffiffi
1− r2m

q �−1 ðHiggs blind spot; rm < 1Þ
ð16Þ

for the Higgs boson (i.e., spin-independent) blind spot
when rm < 1. When rm > 1, ry ¼ −1 becomes both a spin-
independent and spin-dependent blind spot.

rDBSy ¼ −1 ðDouble blind spot; rm > 1Þ: ð17Þ

We use SARAH to calculate the one-loop beta function for
each of these ratios. The result for ry is

β1ðryÞ ¼
3A
2
ryðy21 − y22Þ ¼

3A
2
ryy21ð1 − r2yÞ ð18Þ

where A≡ 1=16π2 is the loop factor. We note that when
jy1j and jy2j are similar (or equivalently jryj ∼ 1) then
ry evolves slowly. The stationary points of this beta
function are

r�y ¼ 0;�1: ð19Þ

While it may be possible to have focusing to r�y ¼ 0, it is
not of particular interest because it does not live near a blind
spot. On the other hand, the presence of the stationary
points at �1 reflects an enhanced custodial symmetry.
Once the model departs from this point of enhanced
symmetry, it would be surprising if RG flow restored this
symmetry. We verify this intuition by exploring perturba-
tions around these points. We write ry ¼ r�yð1þ δyÞ and
then find the evolution for δy. If the value of δy were to go to
zero as energy decreases, then it is possible to focus to the
these stationary points in the IR.

2We find that the loop induced decay χ03 → χ01γ also vanishes
for this coupling combination [61,62].
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We have

βðδyÞ ¼ −
3A
2
y21δyð1þ δyÞð2þ δyÞ;�

r�y ¼ �1; ry ¼ r�yð1þ δyÞ
�
: ð20Þ

For small δy, βðδyÞ and δy have the opposite sign. So, the
absolute value of δ increases with decreasing energy scale,
and RG evolution moves the couplings away from the point
of enhanced symmetry in the IR.
Now, we apply a similar analysis to the ratio rm. The

one-loop beta function for rm is given by

β1ðrmÞ ¼ A
�
2ryy21ð4 − r2mÞ þ Brm

� ð21Þ

where, as above, A≡ 1=16π2 is the loop factor, and we
define B≡ 3

2
y21ð1þ r2yÞ þ 9

10
ðg21 þ 5g22Þ. Since S and D

have different gauge quantum numbers,MS andMD evolve
differently under the renormalization group, even in the
case when y1 and y2 are set to 0. This effect is encompassed
by the last term of Eq. (21) above. Setting β1ðrmÞ ¼ 0 we
find pseudostationary points

r�m ¼ B
4y21ry

∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4þ

�
B

4y21ry

�
2

s
ð22Þ

where, as above, B≡ 3
2
y21ð1þ r2yÞ þ 9

10
ðg21 þ 5g22Þ. We

work in a convention where rm > 0. So, for ry < 0 we
take the minus sign in front of the square root and for
ry > 0 we take the plus sign in front of the square root. (If
ry ¼ 0, the only solution is rm ¼ 0). Note r�m is not a true
fixed point. It is a function of couplings that themselves
experience RG evolution. In general, the evolution of the
mass ratio in Eq. (21) will not match the evolution of the
zero of the beta function, i.e., rmðμÞ ≠ r�mðμÞ. In other
words, if rm ¼ r�m at a some energy scale, this relation will
not precisely hold as evolution continues into the IR.
However, evolution away from this point will be slow,
as it will be formally of higher loop order. What about
evolution toward this pseudostationary point in the first
place? For a particular scale μ̂, rmðμ̂Þ > r�mðμ̂Þ ⇒
βðrmðμ̂ÞÞ > 0 and rmðμ̂Þ < r�mðμ̂Þ ⇒ βðrmðμ̂ÞÞ < 0. This
means that, provided the evolution of r�mðμÞ is not too rapid,
rm will move toward r�m in the IR.
Below, we explore applications of the above RG analysis

to some particular cases of interest. For each case, we
explore the range of parameter space in the UV where, after
undergoing RG evolution, we end up with features of
interest (i.e., small direct detection, and large early universe
annihilation) at the electroweak scale.

A. Small Yukawa couplings

As we have seen, small y1 and y2 suppress the direct
detection cross sections. In this case, it is possible to stray
further from the blind spots while maintaining consistency
with current experimental bounds. In this regime RG
focusing plays no role. When the Yukawa couplings are
small β1ðryÞ ∼Oðy21Þ and β1ðrmÞ ∼ 0.01rm þOðy21Þ. The
factor of 0.01 comes from plugging in the values of the
SM gauge couplings. Moreover, when the Yukawa cou-
plings are small, the running for y1 and y2 themselves are
suppressed. Since RG evolution is slow, this means that if
one starts out in the UV in a particular region of parameter
space (e.g., with small Yukawa couplings or near a blind
spot) these relations will be approximately preserved under
RG evolution. However, if one starts away from the special
regions of parameter space, there will not be any significant
focusing into the special regions in the IR.

B. Double blind spot

The area of parameter space where ry ¼ −1 and rm > 1

is of particular interest because both the spin-independent
and spin-dependent direct detection cross sections are
suppressed. As mentioned above, ry ¼ −1 is a point of
enhanced symmetry of the model and is a fixed point under
RG evolution. We can therefore consider the case where the
theory respects this symmetry (i.e., fix ry ¼ −1) and then
inquire about the behavior of rm.
Although rm does not have a true stationary point, we

expect there should be some focusing due to the existence
of r�m—see Eq. (22). In Fig. 11, we fix rIRy ¼ −1 and

FIG. 11. RG evolution of the mass ratio starting from rIRy ¼ −1
and rIRm ¼ 1. The different colors correspond to different values of
yIR1 . The dotted lines indicate contours along which the RG-
evolved y1 reaches 2 and

ffiffiffiffiffi
4π

p
in the UV, as labeled.
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rIRm ¼ 1 and then RG evolve the mass ratio to higher
energies. By examining how values well away from
MS=MD ¼ 1 in the UV end up with MD=MS ≃ 1 in the
IR, we can gain perspective on the amount of focusing that
occurs. The different colored lines represent different
values of yIR1 . Since we are fixed at the double blind spot
in the IR, a large range of yIR1 values are compatible with
experimental constraints (see Fig. 3).
When starting from a large y1 value in the IR, it is

possible to run into a Landau pole before reaching the
Planck scale. For this reason, we show the contours (dotted
lines) along which the RG-evolved y1 reaches 2 and

ffiffiffiffiffiffi
4π

p
in

the UV, with the intersection of the solid and dotted lines
indicating the cutoff scale at which the coupling becomes
nonperturbative. Above the cutoff scale, wewould require a
UV completion that would be responsible for setting the
initial conditions of the running.3

Interestingly, in Fig. 11 we see that for yIR1 ≳ 0.6 it is
possible to start out with a relatively small ratio of MS and
MD in the UV but end up with MS ≳MD in the IR. This is
significant: the RG evolution focuses the values of the
model into a region where coannihilation is possible.
As a side note, Fig. 11 also indicates the possibility of

starting out with a larger ratio ofMS andMD in the UVand
evolving toward rm ¼ 1 in the IR. This focusing is less
important from a coannihilation perspective because we
always have coannihilation when MD < MS. However, it
does provide some extra motivation to study the region
where 1 ≤ rm ≤ 1.2 that we have analyzed in this work.
That said, it is perfectly possible to start with values of
MD < MS in the UV, and also end with this relationship in
the IR without resorting to focusing. The result is a
(generalized) version of nearly pure Higgsino dark matter
with mass near a TeV.

C. Spin-independent blind spot with rm < 1

As discussed in Sec. II A, when rm < 1, the spin-
independent and spin-dependent blind spots no longer
coincide. Instead, the value of ry corresponding to the
spin-independent blind spot becomes a function of rm [see
Eq. (12)]. Since the SI direct detection experimental bounds
are especially stringent, evading them prioritizes parame-
ters near the SI blind spot. But since rm experiences RG
evolution as a function of energy scale μ, the blind spot
condition also evolves as a function of μ. The RG evolution
of the blind spot [i.e., rSI-BSy ðrmðμÞÞ] and of the ratio of

couplings ryðμÞ do not coincide. So, couplings that satisfy
the blind spot relation at high energy will not maintain this
relation down to low energies. Moreover, since the spin-
independent blind spot when rm < 1 does not necessarily
coincide with a stable fixed point of ry, focusing to this
point under RG evolution should not be expected. Ending
up near the spin-independent blind spot in the IR would
be a coincidence. Figure 12 shows an example of how
this might occur. It shows rSI−BSy ðrmðμÞÞ and ryðμÞ evolu-
tion for the particular choice rIRm ¼ 0.95, MD ¼ 300 GeV,
yIR1 ¼ 0.1, and yIR2 ¼ −0.082. These choices for rm, MD,
and y1 are chosen to be in parameter space of interest as
shown in Sec. III.
The spin-independent blind spot in Fig. 12 is frozen at

ry ¼ −1 for many decades in mass scale, only beginning to
evolve around ∼TeV scale. Until this scale, rm > 1, and
so the blind spot is fixed at −y2=y1 ¼ 1. It is only once
rm < 1 that the blind spot evolution kicks in, and then
rSI−BSy ðrmðμÞÞ goes like some negative order one number
times the mass ratio beta function, −Oð1Þ × βðrmÞ.
Meanwhile, the ratio of Yukawa couplings evolves very
slowly. This is because the Yukawa couplings in this area of
parameter space are Oð0.1Þ, and the β function for ry in
Eq. (18) is proportional to y21. As seen in Fig. 12 and for
most of parameter space jβðrmÞj ≫ jβðryÞj. So, over the last
few decades of evolution, the blind spot steeply descends
from −ry ¼ 1 while ryðμÞ continues to evolve slowly. It is
possible (but would be coincidental) for these to nearly
coincide near the TeV scale as shown. This emphasizes
that this blind spot requires a tuning of the underlying
parameters.

FIG. 12. Evolution of the coupling ratio required to sit at the
spin-independent blind spot rSI−BSy ðrmðμÞÞ as compared to the RG
evolution of the coupling ratio ryðμÞ. These two quantities could
end up near each other at low energies but it is not guaranteed.

3For the largest values of the Yukawa couplings in the IR, the
Landau pole appears before the grand unification scale. Then,
improved gauge coupling unification properties cannot be used as
a motivation for the singlet-doublet model. There is tension
between this focusing mechanism and unification.
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D. RG focusing summary

In this section, we have studied the one-loop RG
evolution of the mass ratio rm and the coupling ratio ry.
In the case of ry, there is a fixed point and we studied its
stability. In the case of rm, we argued that, although it does
not have a true fixed point, it is possible to get RG focusing.
We applied our analysis to three areas of parameter space

of interest—(1) the small Yukawa coupling limit, (2) the
double blind spot, and (3) the spin-independent blind spot
when rm < 1. For (3), RG focusing does not enforce the
coupling ratios required to end up in the spin-independent
blind spot when rm < 1, and ending up at the blind spot is a
coincidence. In case (1), Yukawa couplings are small, and
no significant focusing occurs. Case (2) is of the most
interest. When ry ¼ −1 the symmetry of the model is
enhanced and the coupling ratio exhibits a stationary point.
This means that if couplings obey ry ¼ −1 in the UV, this
ratio is maintained under RG evolution. We showed that in
this case it is possible for MS to take on values well below
MD in the UV but end up larger than MD in the IR. Then,
the model could inhabit the double blind spot in the IR.

V. CONCLUSION

We have discussed the remaining parameter space for
the WIMP singlet-doublet dark matter model. To evade the
increasingly stringent direct detection bounds, the model is
forced to either have small Yukawa couplings or live near a
blind spot. In these regimes of parameter space, coannihi-
lation (and thus a compressed mass spectrum) is required to
achieve the correct relic density. The direct detection cross
section can lie beyond the projected sensitivity of LZ and
even below the neutrino fog. We show how these hard-to-
detect areas of parameter space will appear at the LHC.
The viability of the singlet-doublet model relies on

special relationships between the model parameters. In
the last part of this work we studied the RG evolution of the
model parameters and showed that, for large values of the
Yukawa couplings it is possible to focus the mass ratio
MS=MD → 1 in the IR and end up near the double blind
spot. This could be of particular interest if there were a
reason to favor values of MS < MD in the UV. Another
perfectly viable scenario is for MD < MS in both the UV
and IR, where the model largely mimics the pure Higgsino
of the MSSM. This scenario is difficult to probe at both the
LHC and direct detection experiments but might be in reach
of a high-energy lepton collider.
This publication made use of JaxoDraw [64]. This work

made use of WEBPLOTDIGITIZER,4 NumPy [65], SciPy [66],
and Matplotlib [67].
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APPENDIX: MASS MATRIX DIAGONALIZATION
AND COUPLINGS

The neutral sector of the singlet-doublet model consists
of three states. The mass matrix for these states is given by

MN ¼

0
BB@

MS
y1vffiffi
2

p y2vffiffi
2

p eiθ

y1vffiffi
2

p 0 MD

y2vffiffi
2

p eiθ MD 0

1
CCA; ðA1Þ

where, as in the main text, MS, MD, y1, and y2 are our
model parameters, v is the standard model vacuum expect-
ation value, and θ is a phase. In this work, we specialize to
the case θ ¼ 0, and we choose a convention such that
MS;MD; y1 ∈Rþ, and y2 ∈R. To determine the mass
eigenstates in the neutral sector and the couplings of these
states to the SM Higgs and gauge bosons, we need to
diagonalize this matrix.
The mass eigenvalues λ satisfy the characteristic equa-

tion jMN − λIj ¼ 0, which yields

ðλ −MSÞðλ −MDÞðλþMDÞ ¼ ðλ −MDÞ
ðy1 − y2Þ2v2

4

þ ðλþMDÞ
ðy1 þ y2Þ2v2

4
:

ðA2Þ

Generically, solutions to this equation are complicated
cubic roots. However, we focus on a few key limits
motivated by finding the parameter space that avoids the
very strong direct detection bounds. These limits include
the small Yukawa coupling regime and regions near the
blind spots, where the dark matter couplings to the h and/or
Z boson vanish. In these limits, the expressions for the
masses and couplings greatly simplify. A discussion of para-
meter space with small Yukawa couplings appears in A2.
First, we consider the blind spots. The blind spots in

Eqs. (11)–(13) correspond to the following special cases of
the characteristic equation:4https://automeris.io/WebPlotDigitizer/
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ðiÞ λ ¼ MS∶
y2
y1

¼ −
MS

MD

 
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
MS

MD

�
2

s !−1

; ðh blind spot; MS < MDÞ

ðiiÞ λ ¼ MD∶
y2
y1

¼ −1; ðZ blind spot or double blind spot; MD < MSÞ

ðiiiÞ λ ¼ −MD∶
y2
y1

¼ 1: ðZ blind spotÞ

To diagonalize the mass matrix, we can use Takagi
diagonalization (see, e.g., Refs. [68,69]).

V�MNV† ¼ diagðm1; m2; m3Þ; ðA3Þ

with physical massesmi ∈Rþ for i ¼ 1, 2, 3. Our goal is to
find the entries of the matrix V.
To find the entries of V, we note that, since in our case

(i.e., no CP violation) MN is a real, symmetric matrix, we
can find an orthogonal matrix O such that

OMNOT ¼ diagðϵ1m1; ϵ2m2; ϵ3m3Þ; ðA4Þ

where physical masses mi ∈Rþ and signs ϵi ¼ �1. If we
can find such a matrix O, then we can find the unitary
matrix that diagonalizes MN via

V ¼ diag
� ffiffiffiffiffi

ϵ1
p

;
ffiffiffiffiffi
ϵ2

p
;
ffiffiffiffiffi
ϵ3

p ��O: ðA5Þ

Using Eqs. (A2), (A4), and the fact that OTO ¼ I, we
can express Oij in terms of ϵi and mi,

Oi3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y21v
2 þ 2ϵimiðMS − ϵimiÞ

2M2
D þ ðy21 þ y22Þv2 þ 2ϵimið2MS − 3ϵimiÞ

s
;

Oi2 ¼ Oi3
2MDðMS − ϵimiÞ − y1y2v2

2ϵimiðMS − ϵimiÞ þ y21v
2
;

Oi1 ¼ −
vffiffiffi
2

p y1Oi2 þ y2Oi3

ðMS − ϵimiÞ
; ðA6Þ

where no summation over i is implied in ϵimi.
The couplings gZχ0

1
χ0
1
and ghχ0

1
χ0
1
, in terms of the DM mass

m1 and the input parameters, are given by [4,5,10,17]

gZχ0
1
χ0
1
¼ mZvðy21 − y22Þ

ðy21 þ y22Þv2 þ 2M2
D þ 2ϵ1m1ð2MS − 3ϵ1m1Þ

;

ðA7Þ

ghχ0
1
χ0
1
¼ −2vϵ1ð2y1y2MD þ ðy21 þ y22Þϵ1m1Þ

ðy21 þ y22Þv2 þ 2M2
D þ 2ϵ1m1ð2MS − 3ϵ1m1Þ

:

ðA8Þ

Below, we report the couplings for a few cases of particular
interest to this work.

1. Double blind spot

First, consider the double blind spot, y2 ¼ −y1 when
MD < MS [see Eq. (13)]. In this case, the physical
masses are5

m1 ¼ MD;

m2 ¼
1

2

�
MD −MS þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMS þMDÞ2 þ 4y21v

2

q �
;

m3 ¼
1

2

�
MS −MD þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMS þMDÞ2 þ 4y21v

2

q �
; ðA9Þ

with signs ϵ1 ¼ −ϵ2 ¼ ϵ3 ¼ 1, such that the three eigen-
values λ ¼ ϵimi (no summation over i) satisfy the charac-
teristic Eq. (A2) for y2 ¼ −y1.
We also obtain the following values for the entries for O

using Eq. (A6)

O13 ¼ O12 ¼
1ffiffiffi
2

p ;

O23 ¼ −O22 ¼
y1vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ðMS þMDÞðMS −m3Þ þ 4y21v
2

p ;

O33 ¼ −O32 ¼
y1vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ðMS þMDÞðm3 þMDÞ þ 4y21v
2

p ;

ðA10Þ
and the entries Oi1 can be determined from Oi3 and Oi2.
Using Eq. (9), we obtain the couplings of the dark sector

to the SM Higgs and gauge bosons. Explicitly, the vector
and axial W couplings are

gV
Wþχ−χ0

1

¼ g
2
; gV

Wþχ−χ0
2

¼ igffiffiffi
2

p O23; gV
Wþχ−χ0

3

¼ 0;

gAWþχ−χ0
1

¼ 0; gAWþχ−χ0
2

¼ 0; gAWþχ−χ0
3

¼ gffiffiffi
2

p O33:

ðA11Þ
The Z couplings are,

gZχ0
1
χ0
1
¼ gZχ0

2
χ0
2
¼ gZχ0

3
χ0
3
¼ gZχ0

2
χ0
3
¼ 0;

gZχ0
1
χ0
2
¼ igffiffiffi

2
p

cw
O23; gZχ0

1
χ0
3
¼ gffiffiffi

2
p

cw
O33: ðA12Þ

5In deriving these expressions we have also assumed that
0 < y1 <

MD
v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2rmðrm − 1Þp

.
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The unsymmetrized couplings to the Higgs boson are,

ghχ0
1
χ0
1
¼ ghχ0

1
χ0
2
¼ ghχ0

2
χ0
1
¼ ghχ0

1
χ0
3
¼ ghχ0

3
χ0
1
¼ 0;

ghχ0
2
χ0
2
¼ ghχ0

3
χ0
3
¼ 2y21v

ð2m3 þMD −MSÞ
;

ghχ0
2
χ0
3
¼ i

2y1ðm3 þMDÞ
ð2m3 þMD −MSÞ

;

ghχ0
3
χ0
2
¼ −i

2y1ðm3 −MSÞ
ð2m3 þMD −MSÞ

: ðA13Þ

2. Small Yukawa couplings

Now we turn to the small Yukawa coupling limit. In
this regime, it is particularly convenient to express the
mass mixing of the neutral states, as given in Eqs. (5)
and (6), in terms of the rotated gauge eigenstate basis
ψ̃0 ≡ ðS; N̄þNffiffi

2
p ; N̄−Nffiffi

2
p Þ,

Lmass ⊃ −
1

2
ðψ̃0ÞT

0
BB@

MS
yþv
2

− y−v
2

yþv
2

MD 0

− y−v
2

0 −MD

1
CCAψ̃0; ðA14Þ

where the small Yukawa coupling combinations y� ¼
y1 � y2 appear off-diagonally, and the mass parameters

MS and MD, which are much larger than jy�vj, appear on
the diagonal.
We expand the mass eigenvalues and the orthogonal

matrix that diagonalizes the mass matrix above [via
Eq. (A4)] in powers of v accompanying the small Yukawa
couplings, and solve iteratively up to order Oðv2Þ. The
physical masses of the neutral states are

ma ¼ MS −
v2y2þ

4ðMD −MSÞ
þ v2y2−
4ðMD þMSÞ

;

mb ¼ MD þ v2y2þ
4ðMD −MSÞ

;

mc ¼ MD þ v2y2−
4ðMD þMSÞ

; ðA15Þ

with signs ϵa ¼ ϵb ¼ −ϵc ¼ 1, and the unitary matrix that
diagonalizes the mass matrix is determined from Eq. (A5).
Here, we have used a, b, c to label the three eigenvalues
because they are not necessarily in order—the ordering
depends on, e.g., the relative size of MS and MD. When
MS < MD, then we have a ¼ 1. When MD < MS, we
have b ¼ 1.
In the small y limit, the vector and axial Wþ − χ− − χ0a

couplings are given by,

gV
Wþχ−χ0a

¼ −
g
4

vyþ
ðMD −MSÞ

; gAWþχ−χ0a
¼ −

g
4

vy−
ðMD þMSÞ

;

gV
Wþχ−χ0b

¼ g
2

	
1 −

v2y2þ
8ðMD −MSÞ2



; gAWþχ−χ0b

¼ −
g
2

v2yþy−
8MDðMD −MSÞ

;

gVWþχ−χ0c
¼ i

g
2

	
1 −

v2y2−
8ðMD þMSÞ2



; gAWþχ−χ0c

¼ −i
g
2

v2yþy−
8MDðMD þMSÞ

: ðA16Þ

Note that the magnitude of both gV
Wþχ−χ0b

and gV
Wþχ−χ0c

to leading order are g=2 even in the small Yukawa couplings as they

connect the charged and neutral part of the SUð2ÞL doublet.
The couplings of the neutral states to the Z boson are,

gZχ0aχ0a ¼
g

4cw

v2yþy−
ðM2

D −M2
SÞ
;

gZχ0bχ0b ¼ −
g

8cw

v2yþy−
MDðMD −MSÞ

;

gZχ0cχ0c ¼ −
g

8cw

v2yþy−
MDðMD þMSÞ

;

gZχ0aχ0b ¼ −
g

4cw

vy−
ðMD þMSÞ

¼ g�
Zχ0bχ

0
a
;

gZχ0bχ0c ¼ i
g

2cw

	
1 −

v2y2þ
8ðMD −MSÞ2

−
v2y2−

8ðMD þMSÞ2


¼ g�Zχ0cχ0b

;

gZχ0aχ0c ¼ −i
g

4cw

vyþ
ðMD −MSÞ

¼ g�Zχ0cχ0a : ðA17Þ
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Note that gZχ0bχ0c to leading order has magnitude g=2cw in the small Yukawa coupling limit, as this coupling connects SUð2ÞL
doublet states.
The unsymmetrized couplings to the Higgs boson are

ghχ0aχ0a ¼ −
vy2þ

2ðMD −MSÞ
þ vy2−
2ðMD þMSÞ

;

ghχ0bχ0b ¼
vy2þ

2ðMD −MSÞ
;

ghχ0cχ0c ¼
vy2−

2ðMD þMSÞ
;

ghχ0aχ0b ¼ −
v2yþ

4ðMD −MSÞ
	

y2þ
ðMD −MSÞ

−
y2−

ðMD þMSÞ


;

ghχ0bχ0c ¼ i
vyþy−

2ðMD þMSÞ
;

ghχ0aχ0c ¼ −i
v2y−

4ðMD þMSÞ
	

y2þ
ðMD −MSÞ

−
y2−

ðMD þMSÞ


;

ghχ0bχ0a ¼ yþ

	
1 −

v2y2þ
4ðMD −MSÞ2

þ v2y2−
8ðMD þMSÞ2

MSð3MD þMSÞ
MDðMD −MSÞ



;

ghχ0cχ0b ¼ −i
vyþy−

2ðMD −MSÞ
;

ghχ0cχ0a ¼ −iy−
	
1 −

v2y2−
4ðMD þMSÞ2

−
v2y2þ

8ðMD −MSÞ2
MSð3MD −MSÞ
MDðMD þMSÞ



: ðA18Þ

Note that the couplings ghχ0bχ0a and ghχ0cχ0a to leading order are yþ and y−, respectively, in the small Yukawa coupling limit.

These couplings connect the SUð2ÞL doublet states N̄þNffiffi
2

p and N̄−Nffiffi
2

p in the rotated gauge eigenstate basis to the SUð2ÞL singlet

state S.
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