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Split Higgsinos are a compelling class of models to explain dark matter and may be on the verge of
detection by multiple current experimental avenues. The idea is based on a large split in scales between the
electroweak scale and decoupled scalars, with relatively light Higgsinos between the two. Such models
enjoy the merit of depending on very few parameters while still explaining gauge coupling unification, dark
matter, and most of the hierarchy between the Planck and electroweak scales, and they remain undetected
by past experiments. We analyze split Higgsinos in view of current and next generation experiments. We
discuss the direct and indirect detection prospects and further demonstrate promising discovery potentials
in the upcoming electron electric dipole moment experiments. The parameter space of this model is
analyzed in terms of experiments expected to run in the coming years and where we should be looking for

the next potential discoveries.
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I. INTRODUCTION

The existence and prevalence of dark matter (DM)
remains one of the most glaring gaps in the modern
understanding of physics [1,2]. One compelling class of
models to explain this issue is a set of supersymmetric
(SUSY) models in which the Higgsino is the lightest
superpartner (LSP), with high scale scalars and gaugino
masses between the two. We will refer to the Higgsino in
this class of models as a split Higgsino. Split Higgsinos can
come with many of the advantages of a SUSY model, such
as gauge coupling unification and an explanation for the
scale separation between the Planck and electroweak
energies. The Higgsino itself in these models is a form
of weakly interacting massive particle (WIMP) that can be
thermally produced in the early universe and is as yet
inaccessible to experiment. Many SUSY models like the
minimal supersymmetric Standard Model (MSSM) face
significant constraints from the following:

(i) Colliders place particularly strong limits on new
physics with colored particles, and can provide
generic limits on new physics up to a scale of the
order of a few hundred GeV. A number of detailed
reviews on the topic exist [3-5].
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(i) Flavor changing neutral current experiments place
precise limits on new flavor physics not protected
by some version of the Glashow-Iliopoulos-Maiani
mechanism [6,7]. Such constructions are not generi-
cally expected, and imply harsh constraints on
SUSY models [8-10]. For a detailed analysis of
the topic, also see Ref. [11].

(iii) The stability of the proton places severe limits on
dimension > 4 operators from new physics, which
in turn place limits through effective theories from
SUSY extensions [12—14].

(iv) Electric dipole moment (EDM) measurements limit
the CP violation of new physics, which can be
generically large in SUSY models, with large EDMs
particularly arising from one-loop corrections
involving scalar superpartners [15,16].

However, models with decoupled scalars remain open and
largely untested, as the above constraints largely depend
on scalar superpartners involved in the requisite inter-
actions. Previous studies have analyzed similar models with
various forms of neutralino DM [17-20], with some studies
analyzing models that have split Higgsino-like DM [21-23]
as is the focus here. We employ a particularly simple model
with the potential for near future discovery as we will detail
in this paper.

Split Higgsino models have a nearly pure Higgsino LSP,
with gauginos being somewhat heavier and all the non-
Standard Model scalars having decoupled. If we assume
standard cosmology and DM generation through thermal
freeze-out, as per the usual story for WIMPs [2], Higgsinos
comprise all the DM if the mass is mpy ~ 1.2 TeV [24,25],
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with a relic density independent of other model parameters
due to thermalization through weak interactions. Other
values for the mass are possible but require nonstandard
cosmologies. While many of the results discussed here will
be generic, we will focus in particular on the compelling
case of anomaly mediated SUSY breaking [26,27] gen-
erating the gaugino masses, reducing our model space
further, as discussed in Sec. II.

While split Higgsinos are difficult to detect by more
traditional approaches, such as colliders (see, e.g., [28]) and
direct detection experiments, they can still be accessible to
next generation indirect detection and electron electric
dipole moment (e-EDM) experiments, as we will detail
in this paper. In fact, we currently appear to be at the verge
of reaching this theory space with real data.

II. MODEL DETAILS

The main ingredients in a split Higgsino model are a
Higgsino LSP and heavy scalars from SUSY breaking
at a high scale [17,18,25,29]. While split Higgsinos may
require some degree of tuning in the Higgs potential
(however, see e.g., [30,31]), decoupling the scalars at a
high, nearly degenerate mass wipes clean the points
discussed in the introduction, and simplifies the vast space
of SUSY breaking parameters by decoupling many of
them. The remaining masses, those of the gaugino and
Higgsino, lie between the electroweak scale and the scalar
mass, forming the relevant new physics for phenomeno-
logical study.

As the scalars decouple at low scales, we get an effective
Lagrangian £ = Lgy + L for, up to kinetic terms,

My sappa , Miggn o 5
—EeffZTW W +TBB+ﬂHu€Hd
HY
+ ﬁ (guaawa + g;B)Hu
HT€ ~ _ayia ~/ D\ [
+%(gd0 w +ddB)Hd+HC (1)

The couplings g, 4, when run up to the scalar mass scale,
are gsin S and gcos f respectively, [25] where tan f is the
ratio of the vacuum expectation values of the up- and down-
type Higgs, H,, H,, in MSSM. The couplings 7, , are
similarly defined, but for hypercharge ¢'. The parameter u
comes from the superpotential, but here is effectively the
Higgsino mass. The fields we, B, I:Iu, Hd are the wino,
bino, and two Higgsino gauge eigenstates respectively,
while H is the Higgs. Lastly, ¢¢ are the Pauli matrix three
vectors, and ¢ is the Levi-Civita tensor.

While there are a number of ways to construct split
Higgsino models, for illustration we consider the most
natural approach, beginning with adding a charged, chiral
supermultiplet S = S + /2@ + Fs6* to the theory. The
supermultiplet couples to the scalar superpartners, giving

them a SUSY breaking mass of order Fg/Mp,, which
coincides with the gravitino mass ms,,. A large value of F'g
gives large, nearly degenerate masses to the scalars. In
particular, ms3,, ~ O(PeV) is favored, as it generates the
correct Higgs boson mass [32,33], can allow full unifica-
tion of gauge couplings at high energies, and can generate
appropriate neutrino masses by coupling S to neutrinos and
the Higgs boson [34]. Gauge invariance protects the
gauginos and Higgsinos, which gain mass by a conformal
anomaly and a free parameter respectively. The SUSY
breaking masses, M, M,, M5, for the bino, wino, and
gluino respectively, are thereby suppressed from the scalar
mass by a loop factor, arising from mediating a conformal
anomaly. The resulting masses have a fairly strict relation-
ship, M5 ~10M, ~3M, [26], following the ratio of the
respective gauge coupling beta functions.

The resultant model is compelling because it relies on
very few fitted parameters, while providing a DM candidate
and retaining most of the benefits of a supersymmetric
model beyond admitting some limited tuning on the
electroweak scale. Taking PeV scale scalars, we arrive at
a M, ~3-10 TeV, with the other gaugino masses set
accordingly. The Higgsino mass is a free parameter, but
for the freeze-out WIMP scenario in a standard cosmology,
it must have mass ~1.2 TeV to account for the observed
dark matter abundance.

We expand our model space beyond this point to include
values of || from 10% to 10* GeV, and M, between 10?
and 10° GeV, taking |u| < M, to form a broad analysis of
split Higgsino models. We will also largely ignore low
values of |u| due to pressures from experiments like
colliders that place limits up to |u| ~ O(100) GeV.

We analytically calculate an electric dipole moment
following the formalism in Ref. [35]. This property can
arise due to complex phases in My, My, §,.4, 7, 4 OF i,
though through field redefinitions these are all equivalent to
phases in M; and M,. The e-EDM is compared against
recent and projected experiments for limits and expected
discovery reach.

The neutralino mass eigenstates differ from the gau-
gino and Higgsino states shown in Eq. (1) due to mixing
whose size is based on the relative scales of y and M,.
While we focus on the regime in which the lightest
neutralino is a nearly pure Higgsino, we will label mass
eigenstates as 7; and 7* for the neutralinos and charginos
respectively. While the mixing matrix for neutralinos
could not be solved analytically, analytic approxima-
tions can be made for M;, u> my. This calculation is
then entered into FEYNRULES [36], which is used to
generate model files for use in MictOMEGAs5.0 [37].
MicrOMEGAs5.0 is then used to calculate annihilation
and scattering cross sections for the DM Higgsino in
our model. These cross sections are compared to existing
limits and projected discovery reaches for future experi-
ments in the next two sections.
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III. DIRECT DETECTION

Direct detection, detecting DM through scattering
against a target material on Earth, is one of the most
generic techniques in the search for WIMP DM. The
leading limit comes from XenonlT [38], which uses two
tons of liquid xenon as a target, detecting events based on
scintillation and ionization from collisions between the DM
and the xenon. By observing a total of 14 months, this
experiment places significant limits on the product of the
cross section and velocity for DM scattering off nucleons,
as 71N — y;N. Such limits are naturally dependent on the
local DM density. The XenonlT collaboration assume an
isothermal DM profile for the galactic DM energy and
velocity distribution, which leads to some implicit depend-
ency on that profile in our direct detection study. However,
the primary astrophysical dependency is on the local DM
energy density which we take to be 0.3 GeV/cm?, which is
in agreement with recent calculations based on stellar
kinematics [39,40].

Higgsinos can interact with matter primarily via an
interaction mediated by a Z or Higgs boson. As shown
in the Lagrangian in Eq. (1), there is no direct coupling of
two pure Higgsinos to a Higgs or Z boson to allow for a
scattering process. However, the mixing of Higgsinos and
gauginos allows a Higgsino-Higgs-gaugino vertex to create
a coupling of two j, particles with a Higgs, with a similar
procedure for a Z boson. This dependency on mixing is the
reason, as discussed in detail below, such couplings tend to
fall off as M, gets large. Couplings via a Z or Higgs boson
require slightly different search strategies, as the Z boson
imposes a spin-dependent (SD) coupling, while the Higgs
interaction is spin-independent (SI). While it often has a
higher cross section, SD scattering is much harder to detect
in modern experiments. SD cross sections go as the spin of
the target nucleus, but SI cross sections tend to scale up
with the size of the nucleus due to coherent interactions
across the nucleons, which leads to several orders of
magnitude improvement for SI in xenon [41,42] as in
XenonlT. The end result is that the two types of scattering
have similar exclusion limits, with SI resulting in slightly
stronger limits [43—45], and so we will turn our attention
toward Higgs-mediated interactions.

The cross section for a tree-level, Higgs-mediated
interaction between Higgsinos and nucleons can be ana-
lytically calculated [41,46,47]. While going forward in this
paper we will use numerical methods due to issues arising
atlow |u| and M, — |u|, the analytic derivation is illustrated
in the Appendix for large (M, — |u|)/my . The approximate
result is

79.9 GeV  24.1 GeV\2
551z2.7x10‘43<99Ge Ge) m?

My —|u| — My —|ul

A\ (10 TeV\?
gl.6x10‘47<13—]>< M:’ > em?, (2)

for atomic mass A of the target material (131 for xenon),
and with the last form assuming M, = M,/3 > |u|. As a
reference, XenonlT [38], for DM mass mpy; well above
100 GeV, sets a limit following a rough power law,

m
Oxenon]T = 8 X 10740 (%) cm?, (3)

with the numerically calculated limit being roughly
M, Z 4 TeV, regardless of the value of u.

Comparing the two above equations directly at mpy ~
1 TeV gives M, ~ 1 TeV as the minimum allowed value
from current bounds, which violates the condition that
M, > |u|. It is therefore preferable to turn to computational
tools for more precise cross section calculations. The code
package MicrOMEGAs5.0 can calculate the cross section with
nuclei for our model in the Lagrangian in Eq. (1). Com-
paring the computational results to the constraints from
XenonlT yields the gray region in Fig. 1, and a similar
comparison against projections for LUX-ZEPLIN (LZ)
[48] yields the dashed orange curve in the same figure.
For the latter case, we can see that the limits from LZ lie at
high enough M, that Eq. (2) fits the result well, with LZ limits
following the same trend as in Eq. (3) for mpy; > 100 GeV,
but with a factor of 40 smaller cross section.

It is worth noting that the limits from direct detection
efforts are relatively weak for split Higgsinos in the large
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FIG. 1. Excluded region for Xenon1T [49] and projected reach

for LZ [48] in searches for Higgsino or wino DM with tan f = 10
and the complex phases of M|, equal to z/2. The gray shaded
region is excluded, while the region below the dashed orange
curve is expected to be within reach for LZ. The region above the
M, = u diagonal represents Higgsino DM.

035012-3



CO, SHEFF, and WELLS

PHYS. REV. D 105, 035012 (2022)

M, limit. This is because the leading order nuclear
scattering cross section is proportional to the degree of
mixing between the Higgsinos and gauginos. While the
limits are robust for small mass splittings, as M,/u grows
large, the LSP approaches a pure Higgsino, and the nuclear
cross section dramatically decreases, as shown in Eq. (2).
For sufficiently degenerate Higgsinos, limits from elastic
scattering, 71N — ¥ N, evade the issues of small mixing
parameters [50]; however, such scenarios require
M, =z 100 TeV, outside the scope of this study.

IV. INDIRECT DETECTION

Indirect detection is a powerful tool for DM searches, in
which telescope data are used to search for evidence of
DM particles colliding and annihilating in regions of high
DM density, such as the center of the Milky Way (for
a review of the topic, see Ref. [51]). The upcoming
Cherenkov Telescope Array (CTA) [52] is expected to
have significantly greater sensitivity than previous studies
to such annihilation signals. This adds a powerful set of
tools to DM detection, as the sensitivities depend on very
different parameters than direct detection searches.

The most straightforward way to look for DM through
indirect detection lies in the process jy7; — yy. This
creates a clean, monochromatic signal visible as a photon
line in gamma-ray astronomy. For a given cross section
times velocity for the annihilation process, ocv, we expect
the gamma-ray flux for a photon line at energy E through a
patch of sky of solid angle AQ to be [53]

doPM dN,(E
" (AQE) = 2 / )J(AQ), (4)
dE zmpy, dE
here ) s the ph dJis af
where dE 1S the p oton spectrum, and J i1s a factor

accounting for the DM density profile by integrating over
the DM along a view in that solid angle. For the pure
process y1¥; — 7, the flux integrates to just

ov

OPM(AQ) = J(AQ). (5)

TTMpHM

The J-factor is [53]

J(AQ) = / o / ® dspiny(r(5.0m)). (6)

where s is integrating along the line of sight from the
telescope, and 6, is the angle between that line and the
galactic center, which together can be used to calculate
the radius to the galactic center r, which in turn sets the DM
density ppy. The density profile ppy(r) of DM is still a
matter of significant study [54], and in particular, there is
debate between profiles with significant cusplike behavior
(sharply increasing density) near the Galactic Center,
which are based in simulation, and observational evidence

consistent with a core of constant density. For this reason,
we use a range of J-factors, from ones based in the heavily
cusped Einasto profile [55],

pealr) = msmexe{ =2 | (£) 1]} o)

to the Navarro-Frenk-White profile [56],

Po,
parw(r) = %’ (8)

Iy

and further to a cored FEinasto profile, in which the
region out to 3 kpc from the Galactic Center is set to
pom = p(3 kpe), and outside 3 kpc it simply follows the
Einasto curve [53].

In these profiles, r, is the scale radius (roughly 20 kpc for
the Milky Way [57]), a is a factor tuning the slope of the
cusp (roughly 0.17 for the Milky Way [58,59]), and the py’s
are normalization factors tuned to account for the local DM
density (roughly 0.3 GeV/cm? [39,40]).

y-ray telescope searches for line photons from DM
annihilation can be particularly powerful in split Higgsino
searches as the annihilation process depends significantly
less on the particulars of the model than other approaches,
depending almost exclusively on the Higgsino mass. On the
other hand, such searches can be more dependent on different
uncertainties, such as the DM profile, as described above, or
theory corrections. Theory corrections arise primarily [59]
due to Sommerfeld enhancement, low energy continuum
emission from cascade decays, Sudakov double logarithm
resummation, and inclusion of end point photons at energies
near the peak. The Sommerfeld enhancements, due to
corrections from electroweak particle exchanges at large
distances [60,61], have been calculated in Ref. [59], but the
remaining corrections are expected to yield O(1) corrections
to the prediction. Figure 2 shows possible theory predictions
extracted from Ref. [59] as solid lines, with the bands a factor
of 3 about the prediction curve as an illustration of the
uncertain corrections. As is visible in these curves, the
Sommerfeld enhancement induces a peaklike structure to
the theoretical prediction.

The nonsolid lines in Fig. 2 show the expected reach for
CTA, depending on the J-factor. The relative J-factors were
extracted from Ref. [53] and used to rescale the projected
discovery reach calculated in Ref. [59]. Of particular note,
adjusting the J-factor leads to O(10) changes in discovery
potential.

The discovery potential shown in Fig. 2 ranges from
profound, reaching any Higgsino of mass below 10 TeV,
along with a band about 40 TeV, to the conservative,
sensitive solely to bands centered between 6 and 10 TeV,
depending on the mass splitting.

Annihilation to massive gauge bosons makes up a large
fraction of the Higgsino total cross section. It is large
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FIG. 2. Expected Higgsino DM discovery potential through
searches for line photons in CTA, extracted from Refs. [53,59].
The limits are placed on expected annihilation cross section times
velocity for Higgsinos annihilating into photons, giving a
monochromatic “line” signal. The green line is the theoretical
prediction for the Higgsino annihilation cross section assuming
2 GeV mass splitting, while the blue line is a phenomenological
check at near-degenerate Higgsinos, both extracted from
Ref. [59]. The bands about each are factors of 3, representing
O(1) corrections in theory uncertainty. The expected reach for
CTA assuming an Einasto DM density profile (red dashed) is
extracted from Ref. [59]; the limit is offset (black dash-dotted and
purple dotted) based on projections from Ref. [53] to show the
reach due to the (NFW and cored Einasto) DM density profile
assumptions. A point in theory space is detectable by CTA if the
predicted line (blue or green) is above the limit curve (purple,
black, or red).

enough that despite the difficulty detecting gauge bosons
through the photons created in their decays as compared to
a photon line signal, such searches form a promising
detection avenue. Unlike the line photon signal discussed
above, corrections like Sommerfeld enhancement are
expected to be relatively small for this channel [20], so
we use MicrOMEGAsS.0 to calculate the annihilation cross
sections. The discovery channel is dominated by annihi-
lation into W bosons. For illustrative purposes, the result
from MictOMEGAs5.0 for 300 GeV < |u| < M, follows to
within a few percent as

TeV)?2
(00)7,7,px 2 5.1 x 1077 (e> em®/s,  (9)
u

where X is some particle(s) released either from the
annihilation process directly, or a shower from the prompt
particles. This can range from annihilation into Z bosons
which decay into showers and radiate off some number of
photons, to direct annihilation into a pair of photons. For
the Einasto DM profile, the reach for CTA is projected to be
roughly 6 x 10727 ¢cm? /s, which gives a maximum mpy; of
900 GeV.

We compared our calculated cross sections to projections
for the reach for CTA [53]. Our results agreed with
analytical calculations [62] (though they are slightly more
conservative than the results in Ref. [18]). The most
sensitive limits placed by previous data arise from
Planck measurements of the cosmic microwave back-
ground (CMB). These limits arise because annihilating
DM on cosmological scales can cause notable perturbations
to the CMB power spectrum. However, our calculations
find that the limits from Planck data do not place limits on
Higgsino-like DM in the region of interest. Further, the
maximum sensitivity possible due to cosmic limits is only
expected to push the limit on Higgsino-like DM to masses
of a few hundred GeV [63,64], and so limits from CMB
measurements are not shown in this work.

As shown by the region where the solid green line
exceeds the dot-dashed line in Fig. 2, CTA data is expected
to have significant discovery potential for Higgsinos lighter
than ~1 TeV. This result is independent of M, at large
M, /u, providing an exciting detection avenue covering a
large region of parameter space. This is again subject to
astrophysical uncertainties such as the DM profile,
whereby the most pessimistic profile leaves the Higgsino
undetectable through this channel.

V. ELECTRON EDM

Experiments measuring the electron electric dipole
moment, unlike the other approaches discussed above,
do not rely on the probed new physics composing the
entirety of the dark matter, nor on the cosmologies
involved. Rather they focus on how the new physics
changes the eey vertex in a charge-parity symmetry
violating way.

In the current leading experiment, Advanced Cold
Molecular Electron EDM (ACME) II [65], the e-EDM is
measured using one of the strongest electric fields yet
seen, the field inside a thorium monoxide molecule (ThO).
The experiment focuses on an electron in the H3A;
electronic state, with spin pumped by lasers to a plane
perpendicular to the field through a coherent superposition
of the up and down spin eigenstates. The electron precesses
as the molecule drifts through a chamber for a known
amount of time, and the precession rate is found by
measuring the final spin direction through fluorescence
from laser excitation. A series of such molecules are
aligned or antialigned in the field and give different
precession frequencies that differ solely by the product
of the dipole moment and the internal electric field.
Using a series of sophisticated techniques to cool the
molecules and shield them from ambient electromagnetic
fields, along with reducing systematics using generated
electric and magnetic fields, ACME II measured the
e-EDM to be consistent with zero, with d, < 1.1 x
107?°¢ cm to 95% confidence [65]. For comparison, the
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FIG. 3. One-loop contributions to EDMs from SUSY. The loop
is composed of a sfermion, f, that is either a selectron or a
sneutrino, with a neutralino or chargino (respectively) completing
the loop and the external photon line to be attached to the charged
internal line. These tend to be strongly suppressed for scenarios
with heavy scalars.

dipole moment for the electron in the Standard Model is
expected to be at most O(1073¥)e cm [66].

Phases introduced in SUSY breaking terms can cause a
large enough e-EDM at one-loop order to violate current
measurements in models, like the MSSM, that have low
scalar masses [67,68]. This is achieved through diagrams
shown in Fig. 3 in the simplest SUSY models. This issue is
sidestepped in the class of models discussed here by large
suppression due to high sfermion masses, usually required
by e-EDM limits to be ZO(10) TeV [16].

Split Higgsinos are not immune to EDM measurements,
however. Chargino loops can induce an EDM at the two-
loop level which can still be large enough for modern
experiments to detect. There exist two classes of EDM
contributions based on whether heavy Higgs bosons H*,
HO, AY are involved. The contributions from H*, H°, A? are
suppressed in the limit of heavy Higgs bosons. We focus on
the case where only Standard Model Higgs and gauge
bosons are responsible for mediating the two-loop dia-
grams and comment on the regions of the parameter space
where heavy Higgs bosons become relevant. The contri-
butions to the electron EDM d, mediated by 4, Z, and W
are separable into three components

d, = dy, + dzp + dyw, (10)

where each d;; corresponds to the contribution to the
e-EDM arising from the respective diagram in Fig. 4. In
most cases within our region of interest, the hierarchy
between the resultant contributions to e-EDM are d,;, >
dzy > |dww| (dww is negative in this region). The full
expression is derived in detail in Ref. [35], with the scaling
evident in the limiting case, for M, u > my,

—eam, §,9, . M% Moy
~ sing,F,, | —=,— 11
T8 Moy 92 7h(/42 ms, (11)

e(4sin*0y — 1)am, §,3, i

d,, ~ in
zh 3273cos?0y, Moy 2
2 ap
m M M2,Lt
X Fy) (—; M3 Mop ) (12)
my, ut o om

s s

\
\
AN

FIG. 4. Barr-Zee diagrams [69] used to calculate the leading
contribution to e-EDM for split Higgsinos, where the external
photon line is to be attached to any charged internal lines. The left
diagram is a Z boson or a photon and a Higgs connecting the
electron line to a chargino loop, while the right diagram is two W
bosons connecting to a chargino-neutralino loop. The case of the
right diagram with two Z bosons has been found to be identically
zero [35].

P 2
—eam 3.94 . @) (M5 Mou
dww =~ ¢ F — —
YW 30 3sin20y, |:M2,u sin g, WW(/ﬂ ms,

9uTy . (1) (M% Mlﬂ)]

+Lsing F — | (13)
Mu ww u? mfl

where the Standard Model parameters, e, m,, a, and Oy, are
the electron charge and mass, the fine structure constant,
and the weak mixing angle, respectively. The angles ¢; are
the CP-violating complex phases on M; and M,, and all
other possible complex phases involved can be shifted
through field redefinitions back to solely those two. We
take the phases to be equal, and call them ¢, though they
need not be in full generality.

The functions F,,, Fz,, F (vyw are defined explicitly in
Ref. [35]. For the sake of intuition for [u| < M, < O(PeV),

F (v{/)W lie between 0.5 and 2, and the dyy contribution is
subdominant everywhere in the region of interest. The
former two functions may be approximated to within 20%
within the region of interest as

M3 Mop o\
F}/h T T 5 234 p—
uooomy TeV

m: M3 My lu| \03 (Tev 0!
Fpyl—2. =22 )~12(—~) (—) . (14
alnt e ) =12() () - 09

In either case, these functions have relatively small effects
on scaling laws over model parameters.

The phase ¢ was taken to be z/2 for maximal CP
violation and thereby a maximal e-EDM value. As the
scaling goes as sin¢, the e-EDM does not drastically
change while ¢ ~ O(1). The e-EDM calculation results
were also verified against those attained using a similar
model to ours in Ref. [16].

There are a few scaling laws of interest for the diagrams
in Fig. 4. First is that the e-EDM scales as sin /3 cos 3, due to
flavor changing vertices in the gaugino loops. Contrary to
what one usually finds for the one-loop e-EDM in SUSY,

035012-6



RACE TO FIND SPLIT HIGGSINO DARK MATTER

PHYS. REV. D 105, 035012 (2022)

105

103 . . M | . . L e
102 103 104
mMpm (GeV)
FIG. 5. Exclusion limits from the e-EDM limit,

d, < 1.1 x 107?¢ cm, obtained by ACME-II [65]. M, is as-
sumed to be 0.3M, and ¢ = z/2. The region very close to the
diagonal is removed due to complications from the neutralino
mass degeneracy, and below the diagonal is ignored as the wino
becomes the LSP.

the two-loop dipole moment falls off for large tanf. In
addition, the electric dipole moment, d,, falls both as u and
M,, as increasing their masses suppresses the chargino
loop. Lastly, the e-EDM varies directly as sin ¢, which is
expected as ¢ is the only CP-breaking phase involved. The
results of these calculations for the current sensitivity of
ACME 1I [65] are shown as the solid lines in Fig. 5 for
different values of tan f.

Focusing just on the region for the simple split
Higgsino model described in Sec. II, with standard
cosmology implying mpy =~ 1.2 TeV, we find the current
data only reaches very small tanf. However, the next
generation of e-EDM experiments are expected to be an
order of magnitude more sensitive [70]. We would then
be able to detect models with quite large tan /3, as one can
see comparing the curves in Fig. 6, where the blue solid
(dashed) line is the current constraint (future prospect) for
ACME. Even at a modest tanf = 10, we can see in
Fig. 7 that the next generation of EDM experiments can
have significant discovery potential. This makes a strong
case for future e-EDM experiments as probes of new
physics.

We now return to the e-EDM contributions involving the
heavy Higgs bosons [71],

de == dyHO + don + dWHi + dZHO + dZAO, (15)

40
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FIG. 6. Sensitivities both from ACME-II [65] and projected
next generation EDM limits [70], assuming u = 1.2 TeV,
M, =0.3M,, and ¢ = n/2. M, is restricted to be > 3 TeV to
keep a relatively Higgsino-like LSP.

where each d;; denotes the contribution from the two-loop
diagrams involving the corresponding heavy Higgs and
gauge bosons. The full expressions are given in Ref. [71].
These contributions are suppressed by the masses of H*,
HP, and A° but enhanced for large tan 3. In particular, they
are subdominant in our parameter space of interest to those
in Eq. (10) when my4 = (10,100,200, 1000) TeV for
tanf = (2,5,10,40). We leave thorough exploration of
the effects of these heavy Higgs bosons to future work.

VI. RESULTS

Accumulating the results of these three different tech-
niques together, we get the various sensitivity curves and
exclusion regions composing Fig. 7. The line photon results
from indirect detection, discussed in Fig. 2, are left out of
this figure due to the large uncertainties involved. There are
five different notable regions of the figure, each worth an
individual mention, labeled with corresponding capital
letters.

(A) This region is excluded by current experiments. For
M, < 4 TeV as shown, the Higgsino has a sufficient
cross section with nucleons that we would expect to
have seen scattering events at XenonlIT. Such low
gaugino masses also lead to a large enough electron
EDM to have been evident in ACME II data.

(B) This region is accessible to both indirect detection
and e-EDM methods, and to a limited degree direct
detection methods, in next generation experiments,
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FIG. 7. Collected limits from (gray region) direct detection by
XenonlT based on 2018 results, (orange dashes) projected reach
for LZ [48], (purple lines) indirect detection based on projected
CTA results looking at annihilation to gauge bosons, particularly
W*W-, with dotted and dashed reflecting Einasto and NFW DM
profiles respectively, and (blue) from EDM constraints from
ACME 1I data and projected future data, assuming split SUSY,
Higgsino LSP, M, =0.3M,, ¢ = n/2, and tanf = 10. The
capital letters indicate different regions where different search
strategies dominate as discussed in Sec. VL

such as CTA, Advanced ACME, and LZ respec-
tively. We see here the particular utility of the
approaches in concert, due to their independent
model dependencies. e-EDM measurements from
Advanced ACME will be sensitive even for exotic
DM density profiles or annihilation cross sections
corrections. Indirect detection results from CTA will
remain viable at large tanf and vanishing CP
violation phase. Direct detection at LZ will be able
to see Higgsino DM even for small annihilation
cross sections, and will depend only on the nucleon
cross section and local DM density.

(C) This region can only be reached by future indirect
detection experiments like CTA. Such techniques
shine here, as the low energy effective theory for this
model is simply the Standard Model with a new
heavy, fermionic WIMP. The annihilation rate for
the Higgsino WIMP varies only with its mass, so
such experiments can detect the Higgsino for arbi-
trarily high gaugino masses.

(D) This region is accessible to future e-EDM experi-
ments and direct detection, like Advanced ACME
and LZ respectively. Again, these two methods
complement each other, as the e-EDM does not

depend on the likelihood for a DM particle to
collide with another particle, while direct detection
does not depend on complex phases and varies
differently with model parameters. This area of
parameter space is of particular interest because it
neatly contains the preferred region for the most
simple version of the split Higgsino, outlined
in Sec. II, with standard cosmology creating Higg-
sino DM through freeze-out, scalar masses all at
O(PeV), and gaugino masses generated through a
conformal anomaly, which is all to say M, ~ 10 TeV,
u~1.2TeV.

(E) This region is accessible only to monochromatic
photon signatures in CTA. As discussed in Sec. IV,
this is highly dependent on theory and DM profile
unknowns. Nevertheless, it is likely that some areas
in this region will be explored, particularly around
u~10 TeV where Sommerfeld enhancement im-
plies a particularly large total annihilation cross
section.

VII. CONCLUSIONS

We have analyzed split Higgsinos over a wide possible
parameter space, in particular focused on anomaly medi-
ated SUSY breaking for the gaugino masses. Over
a wide swath of this range, including the particularly
favored model point (thermal relic DM candidate) of
M, =0.3M, = 0.1M5 = 3-10 TeV, with |u| = 1.2 TeV,
singg =1, and tanp =10, we find previous experi-
ments incapable of excluding the model, while next
generation e-EDM experiments have substantial discovery
potential.

The relative reach can be appreciated along a ray of
M, = 3|ul|, with the same relative values of M, and M5 as
above. For |u| > 850 GeV, neither ACME II nor XenonlT
can observe new physics effects, but LZ can observe a split
Higgsino along this ray for |u| < 2.8 TeV, and Advanced
ACME can reach |u| < 4 TeV. Indirect detection is more
variable in where exactly it can reach along this ray of
model space, from the most optimistic dark matter
density profiles implying CTA will have a discovery
potential for |u| <10 TeV, and the most pessimistic
profiles having little discovery potential much above the
electroweak scale.

We see a real, significant discovery potential in the
next generation experiments along these avenues, which
is summarized by our Fig. 7. In particular, Advanced
ACME appears poised to present a robust, sizable and
somewhat complementary reach in the split Higgsino
parameter space, though depending on various astrophysi-
cal parameters it still has a race against indirect and direct
detection methods ahead of it. While much of this
analysis focused on a particular realization involving
anomaly mediated SUSY breaking, the conclusions tend
to be fairly robust across the space of split Higgsino
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models, depending primarily on Higgsino masses, or on
general neutralino mixing parameters that tend to depend
on gaugino masses in ways similar to those in the
construction discussed here.
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APPENDIX: DIRECT DETECTION SCATTERING
CROSS SECTION

The scattering cross section for Higgsinos scattering
off a nucleon follows the formalism described in Ref. [41].
The full nuclear cross section from a Higgs mediated
interaction is

4m? )
osim T (Zfy HA=ZLP (A
where A is the number of nucleons in the nucleus, Z is the

atomic number, and m, is the reduced mass an’j with

my the nucleon mass. f,/m, and f,/m, are the full tree-
level effective four-point vertex between 2 j;’s and 2
nucleons,

fo S 8
m—’; ~ ’{1—" ~ <;qur‘q,n - (nganG>>
~ (0.06 fo— 0.94(13% fq) ~—0.04f,, (A2)

where the f7,, and frg, are nuclear form factors for
quarks and gluons respectively. These form factors are for
the neutron [41] and are approximately the same as for the
proton (within 10% after summation). f, and f; are
effective four-point vertices between two neutralinos and
two quarks or gluons respectively.

For my, < p, M,,|M, — |, our tree-level effective ver-
tices with quarks are [47]

71.H,
( tan29W )
My = Jul M= [
s

Sm2

my,
( + sin 23)0.8¢%2, (A3)
where the mixing matrix Z is defined such that
ZMZ" = M), where M|, is the neutralino mass matrix,
and M, is the diagonal neutralino mass matrix. The form of
the final equation is taken from Ref. [47], with a factor of
0.8¢%% adjusting for the fact that the gaugino masses are
assumed to have z/2 phases, and holds up well to within
10%. The =+ sign matches that of x. We take p to be positive
here, though the end result is the same cross section up to a
factor of 2. The value of f, does not depend on the quark
due to flavor symmetry in the interaction. For gluons we
have a similar calculation, as a result of the effective vertex
arising from a heavy quark loop,

ag

fG:E

3fy (A4)

The extra factor of 3 arises from a sum over charm, top, and
bottom quarks. Combining Eqgs. (A3) and (A4), this gives
the cross section per nucleon of

4mj (Af,)*
=T TA

2
22 % 10-4° oA <79.9 GeV  24.1 GeV)

|Mo| = |u| M| = |u
2
213 %1047 em2 (A} (10 TeV*
131)\ ",

where the final expression assumes M| = 3M, and A is set
to the atomic mass of xenon A = 131.

Preliminary investigations indicate a moderate contribu-
tion at loop order [46,47,72], though the effects tend to be
most pronounced for mixed neutralinos, i.e., for M, near ||
and is not in the main interest of our analysis.
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