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Recent experimental results from the LHC have placed strong constraints on the masses of colored
superpartners. The MSSM parameter space is also constrained by the measurement of the Higgs
boson mass, and the requirement that the relic density of lightest neutralinos be consistent with
observations. Although large regions of the MSSM parameter space can be excluded by these
combined bounds, leptophilic versions of the MSSM can survive these constraints. In this paper we
consider a scenario in which the requirements of minimal flavor violation, vanishing CP -violation,
and mass universality are relaxed, specifically focusing on scenarios with light sleptons. We find
a large region of parameter space, analogous to the original bulk region, for which the lightest
neutralino is a thermal relic with an abundance consistent with that of dark matter. We find
that these leptophilic models are constrained by measurements of the magnetic and electric dipole
moments of the electron and muon, and that these models have interesting signatures at a variety
of indirect detection experiments.
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I. INTRODUCTION

Extensive searches for supersymmetric particles, including the lightest supersymmetric particle (LSP) dark matter
candidate, have been carried out using a variety of approaches. The absence of any direct production of sfermions
at the Large Hadron Collider (LHC) excludes gluinos and 1st/2nd generation squarks (if degenerate) with masses
. 1 TeV, while the sbottom and stop must be heavier than ∼ 100 GeV [1]. Moreover, the discovery of a Standard
Model-like Higgs boson with mass mh ∼ 126 GeV [2] indicates mt̃ & O(1 TeV) [3]. Within the constrained Minimal
Supersymmetric Standard Model (CMSSM) [4–8], the most well-studied, yet restrictive, supersymmetrization of the
Standard Model, one necessarily assumes universal boundary conditions for all scalar particles, gauginos, and trilinear
scalar couplings at the scale at which the Standard Model gauge couplings unify. This universality, along with the
constraints from data, together imply that all sparticles in the CMSSM must be relatively heavy [9–16]. If the LSP is
a bino-like neutralino, as it is in much of the CMSSM parameter space, then large sfermion masses typically lead to a
small annihilation cross section, since processes mediated by sfermions are suppressed. In the absence of coannihilation
or some other annihilation-enhancing mechanism, the resulting dark matter relic abundance would be far in excess of
the value measured by the Planck satellite, ΩCDMh

2 = 0.1196± 0.0031 [17].

In spite of these tight constraints on the squark masses and the very limited viable parameter space of the CMSSM,
the current data still leave open the possibility of models that possess relatively light sleptons and an electroweak-scale
bino-like LSP, but with much heavier squarks. Bounds on the masses of sleptons are much weaker than on squark
masses; in particular, the selectron, smuon, and stau need only be heavier than ∼ 100 GeV [1]. In this context,
we examine a model that relaxes the standard assumptions of mass universality, minimal flavor violation, and CP -
conservation for the slepton sector. Essentially, the parameters of SU(3)QCD-charged sector of the theory and the
leptonic sector will be decoupled; the SU(3) sector will be chosen to ensure consistency with collider searches and the
Higgs mass measurement, while the leptonic sector will provide the annihilation channels required in order for the
lightest neutralino to have a thermal relic density that comports with astronomical observations.

However, for bino-like dark matter in the standard scenarios, there are well-known difficulties in obtaining an
annihilation cross section large enough to sufficiently deplete the dark matter relic density. In particular, the s-wave
part of the annihilation cross section is chirality-suppressed by a factor ∼ m2

f/m
2
χ, while the p-wave part of the

cross section is velocity-suppressed by a factor v2 ≈ 0.1 at freeze-out. But if one departs from the assumption of
minimal flavor violation in the slepton sector, then there can be large mixing of left- and right-handed sleptons,
which eliminates the chirality-suppression. We then find a new allowed “bulk” region in a scenario that constitutes a
minimal leptophilic version of the MSSM.

The great advantages of supersymmetric models include the elimination of quadratic divergences, precision grand
unification, and the presence of an acceptable dark matter candidate. Frameworks such as the CMSSM also elegantly
satisfy experimental constraints on flavor-changing neutral currents (FCNCs). The departure from the assumptions
of the CMSSM which we study will weaken some of these motivations; for example, because high-scale universality
of soft supersymmetry-breaking mass parameters is relaxed, FCNC constraints are not automatically satisfied, and
a little hierarchy may be introduced. However, given the significant tension with data which exists in much of the
parameter space of the CMSSM, it is quite possible that some of these motivations must indeed be weakened in
any model which can be consistent with observations. The scenario we consider thus represents a relaxation of the
motivated assumptions underlying the CMSSM in a way which allows one to cleanly reconcile the model with data.
Supersymmetric constructions with spectra similar to those studied here have been shown to arise in supergravity
grand unification models with gluino-driven radiative supersymmetry-breaking [18]. If one relaxes gaugino universality
and takes the SU(3)C gaugino field to be much heavier than the other gaugino and sfermion fields at the unification
scale, then the mass splitting between the electroweakinos and the gluino induces a mass splitting between the
sleptons and squarks. A similar mass spectrum can also be obtained in so-called split-family supersymmetry, where
the sfermions of the first two generations are lighter than those of the third generation. Explicit constructions leading
to such spectra are discussed in [19] and [20]. Here, we explore the phenomenology of generic MSSM scenarios with
electroweak scale bino-like dark matter and light sleptons. This study also serves as a guide for understanding the
phenomenology of models with singlet fermion dark matter that couples to scalar leptons.

In this paper, we study the parameter space of this minimal leptophilic model, identify regions which are consistent
with observational constraints, and identify possible signals at current and upcoming experiments. In Section II, we
identify the key relationships between the parameters of the model (bino mass, slepton masses, mixing angles, and
CP -violating phases), and the relevant observables (the annihilation cross section and corrections to the e/µ mass
and electric and magnetic dipole moments). In Section III we describe the current state of the relevant experimental
bounds, arising from collider data, dipole moment measurements, and indirect dark matter searches. In section IV,
we identify the regions of parameter space that are consistent with current data, and prospects for finding evidence
for such models at upcoming experiments. We conclude with a discussion of our results in Section V.
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II. THEORY

A. Annihilation and the Relic Density

In general, MSSM neutralino mass eigenstates are a mixture of bino and neutral wino and Higgsino states. Neutral
wino and Higgsino states couple directly to Standard Model gauge bosons, resulting in efficient annihilations, and
therefore an underabundance of dark matter, unless the pure wino or Higgsino LSP is relatively heavy. Higgsino LSPs
must be heavier than ∼ 1 TeV and wino LSPs must be heavier than ∼ 2.8 TeV for the thermal relic abundance of
each to explain the entirety of the dark matter [21, 22]. If dark matter is electroweak scale (∼ 100 GeV) neutralinos,
they must be dominantly bino-like. In the absence of coannihilations, pure binos annihilate via sfermion exchange,
which becomes less efficient as sfermions become heavier. Electroweak scale bino-like dark matter is therefore a viable
option so long as some sfermions are sufficiently light to mediate the annihilation. This scenario with light sfermions
and an electroweak scale bino-like neutralino LSP has long been termed the “bulk” region in the CMSSM [4], though
it has been excluded for some time because it predicts light squarks and a light CP -even Higgs boson with a low mass
. 114 GeV.

If scalar mass universality is assumed, as in the CMSSM, the absence of supersymmetric particles found at the
LHC, the Higgs mass, and the lack of experimental evidence of deviations from Standard Model expectations for
rare decays all force the sfermion masses to be heavy, as well [9–16]. At the same time, the most natural version of
neutralino dark matter, wherein no special mechanism such as coannihilation or resonance annihilation is necessary
to suppress the relic abundance into the cosmologically-viable range, would include light sparticles to mediate the
annihilations (see, eg. [23]). Indeed, within the CMSSM and other supersymmetric frameworks in which scalar mass
universality is assumed, constraints from colliders and cosmology are at odds.

The abundance of astrophysical cold dark matter is known to be

Ωχ̃h
2 = 0.1196± 0.0031 (1)

from the most recent measurements of the cosmic microwave background radiation [17]. Assuming that dark matter
is a thermal relic, the freeze-out temperature is computed using the best fit solution to the Boltzmann equation, as
in [24],

xf = ln

[√
45

8

mχ̃MPlanck〈σv〉xf
g

1/2
∗ x

1/2
f π3

]
, (2)

where mχ̃ is the dark matter mass, MPlanck is the Planck mass, 〈σv〉xf and g∗ are the thermally-averaged annihilation
cross section and effective number of degrees of freedom, respectively, at freeze-out, and xf = mχ̃/Tf , where Tf is the
freeze-out temperature. The cold dark matter relic abundance is then simply [25]

Ωχ̃h
2 ' 8.77× 10−11 GeV−2

√
g∗
∫ Tf

0
dT
mχ̃
〈σv〉

. (3)

Since xf depends only logarithmically on the annihilation cross section, the relic density is roughly inversely propor-
tional to 〈σv〉xf . To obtain a relic density matching observation, one would need 〈σv〉xf ∼ 0.7 pb (see also [26]),
which is possible if sfermions are sufficiently light. Relaxing scalar mass universality allows us to revive scenarios with
electroweak-scale bino-like neutralino dark matter that annihilates via light slepton exchange, while heavy squarks
satisfy all collider constraints and boost the Higgs mass to the range measured at the LHC. We refer to this scenario
as the new bulk region.

In the new bulk region, the leading dark matter annihilation channel is χ̃χ̃ → ¯̀̀ , through t-channel exchange of
sleptons (this scenario is also considered in [27], and the ` = τ scenario is discussed in detail in [28]). For simplicity,
here we assume a pure bino LSP1. The bino-lepton-slepton terms of the interaction Lagrangian are

Lint = λL ˜̀
L

¯̃χPL`+ λR ˜̀
R

¯̃χPR`+ λ∗L
˜̀∗
L

¯̀PRχ̃+ λ∗R
˜̀∗
R

¯̀PLχ̃, (4)

where the subscripts L and R denote the chiral eigenstates of the slepton. The slepton mass eigenstates are related
to the chiral eigenstates via the mixing parameter α by[

˜̀
1

˜̀
2

]
=

[
cosα − sinα
sinα cosα

] [
˜̀
L

˜̀
R

]
. (5)

1 Doping the LSP with some Higgsino content would enhance the annihilation cross section. We do not consider this case further, except
in a brief comment in Section IV.
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FIG. 1. The annihilation Feynman diagram

The CP -violating phase, ϕ, is absorbed in the coupling constants

λL =
√

2gYLe
iϕ2 ,

λR =
√

2gYRe
−iϕ2 , (6)

where the magnitudes of the constants are determined by the hypercharges YL, YR and the hypercharge coupling g.
The Lagrangian in Eq. 4 leads to the annihilation processes displayed in Fig. 1.

Because bino annihilation exhibits no s-channel resonances, one can expand 〈σv〉 in powers of T/mχ̃ [25, 29] as

〈σv〉 ∼ c0 + c1

(
T

mχ̃

)
, (7)

where c0 is the velocity-independent s-wave contribution,

c0 =
m2
χ̃

2π
g4Y 2

LY
2
R cos2 α sin2 α

(
1

m2
˜̀
1

+m2
χ̃

− 1

m2
˜̀
2

+m2
χ̃

)2

, (8)

and c1 is the v2-suppressed contribution2,

c1 =
m2
χ̃

2π
g4

(
(Y 4
L cos4 α+ Y 4

R sin4 α)(m4
˜̀
1

+m4
χ̃)

(m2
˜̀
1

+m2
χ̃)4

+
(Y 4
L sin4 α+ Y 4

R cos4 α)(m4
˜̀
2

+m4
χ̃)

(m2
˜̀
2

+m2
χ̃)4

+
2(Y 4

L + Y 4
R) sin2 α cos2 α(m2

˜̀
1
m2

˜̀
2

+m4
χ̃)

(m2
˜̀
1

+m2
χ̃)2(m2

˜̀
2

+m2
χ̃)2

+
Y 2
LY

2
R sin2 α cos2 α(m2

˜̀
1
−m2

˜̀
2
)2

2(m2
˜̀
1

+m2
χ̃)4(m2

˜̀
2

+m2
χ̃)4

[
3m4

˜̀
1
m4

˜̀
2
− 52m4

χ̃m
2
˜̀
1
m2

˜̀
2

+ 3m8
χ̃

−14m2
χ̃(m2

˜̀
1

+m2
˜̀
2
)(m4

χ̃ +m2
˜̀
1
m2

˜̀
2
)− 5m4

χ̃(m4
˜̀
1

+m4
˜̀
2
)
])
. (9)

Here we have assumed the fermion masses to be small, i.e. m`/m˜̀
i
→ 0 (note that c0 and c1 do depend on ϕ in terms

proportional to m`). In the subsequent analysis, we will use the full m`-dependent forms of c0 and c1. The effect is
only significant for annihilations to τ leptons.

If sin(2α) is small, then the p-wave term dominates the annihilation cross section, resulting in roughly a factor of
10 suppression in the cross section at freeze out, and yielding a negligible annihilation cross section in the current
epoch. But if sin(2α) ∼ O(1), then the annihilation cross section can be unsuppressed both at freeze-out and in the
current epoch.

B. Dipole moments

In this scenario, a contribution to the electric or magnetic dipole moments of the Standard Model leptons can arise
from one-loop vertex correction diagrams with the bino and sleptons running in the loop, as shown in Fig. 2. Because

2 The v2-suppressed terms arise from both the s-wave and p-wave matrix elements, but the s-wave terms will vanish in the sin(2α)→ 0
limit.
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FIG. 2. The dipole moment Feynman diagram

the dipole moment operators flip the lepton helicity, the contributions to the dipole moments from the bino-slepton
loops can be large if L-R slepton mixing is large. But the electric dipole moment can only receive a non-vanishing
contribution if the CP -violating phase ϕ is non-zero.

In the limit m` → 0, the contributions to the anomalous magnetic moment, a = g−2
2 , and the electric dipole

moment, d/|e|, of the associated lepton due to new physics are [30]

∆a =
m`mχ̃

4π2m2
˜̀
1

g2YLYR cosϕ cosα sinα

[
1

2(1− r1)2

(
1 + r1 +

2r1 ln r1

1− r1

)]
− (˜̀

1 → ˜̀
2)

d

|e|
=

mχ̃

8π2m2
˜̀
1

g2YLYR sinϕ cosα sinα

[
1

2(1− r1)2

(
1 + r1 +

2r1 ln r1

1− r1

)]
−(˜̀

1 → ˜̀
2) (10)

where ri ≡ m2
χ̃/m

2
˜̀
i
. Since charginos are assumed to be very heavy, diagrams with charginos and sneutrinos in the

loop do not contribute.
Because dark matter annihilation from an L = 0 initial state also requires a lepton helicity flip, one may relate

the s-wave part of the χ̃χ̃ → ¯̀̀ annihilation cross section to induced corrections to the electric and magnetic dipole
moments of `. In particular, in the limit where the ri are small, we find

c0 ∼ 32π3

[
(∆a`)

2 +

(
2m`d`
|e|

)2
]
m−2
` +O(ri)

∼ 3.9× 1011pb

[
(∆a`)

2 +

(
2m`d`
|e|

)2
]( m`

GeV

)−2

. (11)

This relation is similar to that found for scalar dark matter, as anticipated in [31]. However, c0 is maximized for
ri ∼ 1, rj 6=i → 0. In this limit, we find

c0 ∼ 72π3

[
(∆a`)

2 +

(
2m`d`
|e|

)2
]
m−2
` +O

(
(1− ri)2 or rj

)
∼ 8.7× 1011pb

[
(∆a`)

2 +

(
2m`d`
|e|

)2
]( m`

GeV

)−2

(12)

C. Mass correction

If the slepton mixing angle α is allowed to be non-zero, then there will be a new contribution to the mass correction
for Standard Model leptons arising from the diagram in Figure 3, with the bino and sleptons running in the loop.
Note that this contribution includes a term which does not scale as the bare lepton mass, implying that a small lepton
mass is no longer technically natural. Essentially, chiral symmetry no longer protects the fermion mass because it is
broken by the scalar mass mixing term. However, this correction is not logarithmic in the cutoff scale; the leading
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FIG. 3. The mass correction Feynman diagram

contributions from the two diagrams with the two slepton mass eigenstates running in the loop cancel (analogous to
the GIM mechanism). This contribution to the mass correction is then given by

δm` ∼
mχ̃

16π2
Re(λLλ

∗
R) sin(2α) log

(
m˜̀

2

m˜̀
1

)
, (13)

and leads to a little hierarchy problem with ∼ 1% fine-tuning. We make no attempt to address the flavor or naturalness
problems of the Standard Model, however, and thus will not treat this little hierarchy problem as an obstacle. Similarly,
we assume a priori that mixing is only allowed between sleptons of the same flavor, thus ensuring that no new FCNCs
are induced.

III. CONSTRAINTS

As discussed previously, the Planck satellite has very accurately measured the dark matter abundance to be Ωh2 =
0.1196 ± 0.0031 [17]. This requires the dark matter annihilation in any particular scenario to be sufficient to ensure
that dark matter was not over-produced in the early universe. This very restrictive constraint will limit the allowed
parameter space in these models.

If the left-right slepton mixing angle is large, then one may potentially generate new charge-breaking vacua. If one
demands that the charge-neutral vacuum be a global minimum, then very tight constraints are imposed on the mixing
angle. But these conditions are weakened if one only requires that the charge-neutral vacuum be metastable, with a
lifetime as long as the age of the universe; even maximal mixing is consistent with this metastability condition for the
range of masses we consider [32].

We also examine several other possible constraints as described below.

A. Sparticle Mass Limits

The current mass limits for supersymmetric particles are summarized by the Particle Data Group [1]. The limits
(under some minimal assumptions) that the right handed scalar particles must satisfy are: selectrons must be heavier
than 107 GeV; smuons must be heavier than 94 GeV; staus must be heavier than 82 GeV; and sneutrinos must be
heavier than 94 GeV. In addition, the LHC has placed bounds on these particles through searches for their direct
production. Limits on the slepton mass (both left and right handed selectrons and smuons) are presented by the
ATLAS collaboration in Ref. [33]. A left handed slepton with a mass of 170 GeV to 300 GeV is excluded at 95%
confidence level for a neutralino mass of 100 GeV. A right handed slepton is still unconstrained for a neutralino mass
of 100 GeV. The CMS collaboration also performs a similar search with slightly weaker results, although they only
provide limits for the left-handed sleptons [34]. As we are considering significant mixing, these LHC limits can only
be used as guidelines since a dedicated analysis including the effects of mixing would be required, which is beyond
the scope of this work.

B. Indirect Detection

The dark matter in our models will annihilate primarily to charged leptons (or neutrinos) leading to possibly
detectable signals at indirect detection experiments. Strong constraints on dark matter annihilation in the current
epoch are placed on these models by gamma-ray searches as well as by the nonobservation of distinct bumps in the
otherwise rising positron fraction.
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The Fermi collaboration has recently released the strongest constraints on dark matter annihilations to leptons
in the GeV to TeV mass range by looking at 25 Milky Way satellite galaxies [35]. There are currently no planned
gamma-ray experiments that would lead to significant improvements on these indirect detection limits in the channels
relevant to our models. The Gamma-400 satellite will have significantly better angular and energy resolution than the
Fermi-LAT, allowing it to perform very sensitive searches for strong spectral features such as gamma-ray lines [36].
The effective area will be smaller, however, leading to only minor improvements in the limits in the channels relevant
to our models [37].

Strong constraints have also been derived from the nonobservation of bumps in the cosmic ray positron fraction
due to dark matter annihilations [38]. Although the rise in the cosmic ray positron fraction remains unexplained, and
could itself be due to dark matter with a mass large enough that a cutoff in the spectrum is not yet observed, lighter
dark matter (. 100 GeV) would produce a bump with a cutoff at the dark matter mass if the annihilation rate is
sufficiently high. Because the data are of extremely high quality, and no such bumps are observed, a limit on the
annihilation cross section can be derived for any dark matter model. For annihilations of 100 GeV WIMPs to charged
leptons, the constraints are near or even below the nominal thermal annihilation cross section, (σv)th. ≡ 3 × 10−26

cm3/s.
We also consider light sneutrinos, which might possibly lead to a detectable annihilation signal in neutrino telescopes.

The current IceCube limits are more than three orders of magnitude above the thermal relic scale for dark matter
annihilations [39]. A preliminary result from Super Kamiokande has improved this limit significantly [40], but it still
lies one to two orders of magnitude above the thermal relic scale.

C. CMB

If dark matter particles annihilate at a sufficiently high rate, they could affect the CMB power spectrum. One
of the benefits of this indirect detection technique is that it does not suffer from the astrophysical uncertainties of
local signals. The most recent limits on the dark matter annihilation cross section for annihilations to several final
states from the combination of various CMB, BAO, and supernovae surveys are given in Ref. [41]. For light WIMPs
with masses . 5 GeV, the constraints are quite strong, disfavoring thermal annihilation cross sections. However, the
constraints weaken for larger WIMP masses.

D. Dipole Moment Constraints

In Table I, we present the most recent measurements of the anomalous magnetic moments and electric dipole
moments of the Standard Model charged leptons [42–51], along with the expectations for the anomalous magnetic
moments within the Standard Model. The leading order contributions to the electric dipole moments of the charged
leptons within the Standard Model occur only at more than three loops [52], and are many orders of magnitude below
the current constraints.

TABLE I. Measured Dipole Moments and Standard Model Expectations

Measured Value SM Expectation

ae 1159652180.76(0.27)× 10−12 1159652181.78(0.06)(0.04)(0.03)(0.77)× 10−12

aµ 116592091.(54)(33)× 10−11 116591803(1)(42)(26)× 10−11

aτ 117721(5)× 10−8 −0.018(0.017)
de
e

(−2.1± 3.7± 2.5)× 10−29 cm
dµ
e

(−0.1± 0.9)× 10−19 cm ∼ 0

Re
(
dτ
e

)
(1.15± 1.70)× 10−17 cm

The 2σ ranges for the anomalous magnetic moments of the Standard Model charged leptons are

−2.66× 10−12 < ∆ae < 0.62× 10−12

128× 10−11 < ∆aµ < 448× 10−11 (14)

−0.015 < ∆aτ < 0.053,
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while for the electric dipole moments, we have

−3.54× 10−18 < 2me
de
e
< 5.71× 10−18

−1.82× 10−6 < 2mµ
dµ
e
< 2.03× 10−6 (15)

−0.00405 < 2mτ Re

(
dτ
e

)
< 0.00819.

Note that since we assume that the fundamental Lagrangian is CPT -invariant, all dipole moments are real. The
precision of the measurement of the magnetic dipole moment of the muon may be increased by up to a factor of 4
with data from E821 at Fermilab [46].

IV. ANALYSIS

In this leptophilic scenario, the squarks, charginos and neutralinos (except the bino) are all heavy and are chosen
to ensure that constraints from the Higgs mass measurement and direct sparticle searches at the LHC are satisfied.
This leaves five relevant parameters to explore for a given slepton: α, φ, m˜̀

1,2
, and mχ̃. For each annihilation channel

χ̃χ̃ → ¯̀̀ , the annihilation cross section and dipole moment corrections depend only on the superpartners of the
particular ` (and their associated mixing angles and CP -violating phases), with no dependence on any other sleptons.
As such, we can separately analyze each channel and simply sum the cross sections to determine the relic density if
more than one channel is relevant.

In Fig. 4 we show the dependence of various observables on α and ϕ for a case with light smuons, with all other
sleptons heavy. In this example, mχ̃ = 100 GeV, mµ̃1

= 120 GeV and mµ̃2
= 300 GeV. In the upper two panels, we

present the neutralino relic abundance (left) and the neutralino annihilation cross section today (right). In the lower
panels of Fig. 4, we present the angular dependence of the new physics contributions to the anomalous magnetic (left)
and electric (right) dipole moments of the muon.

As expected, the annihilation cross section is maximized near maximal L-R squark mixing (α = π/4, 3π/4) and is
almost zero at α = 0, π, while being nearly independent of ϕ. The slight deviations from these above expectations
arise from terms which scale as m`/mχ̃; these terms are significant only for annihilation to the τ channel, and even
then amount to roughly a ∼ 5% effect. The dependence of the annihilation cross section on the slepton parameters
is largely independent of the choice of final state leptons; the distinction between annihilation channels arises instead
from the experimental constraints on the slepton masses and the dipole moment corrections. In Fig. 4, the thermal
relic abundance is not quite low enough to be within the 2σ Planck range for this particular choice of mχ̃ and mµ̃1,2

,
though this could easily be accomplished with only a small branching fraction to another final state, such as would
occur if there were also a relatively light stau, or with the addition of a very small Higgsino content to the LSP. The
annihilation cross section today clearly resembles the inverse of the relic abundance, with expected values ∼ 10−26

cm3/s. Neither the relic abundance nor the annihilation cross section today depend strongly on the fermion mass;
therefore these results are approximately valid for all lepton final states.

In the lower panels of Fig. 4, the planes are shaded according to the contribution to the anomalous magnetic
moment of the muon (left) and the electric dipole moment of the muon (right). In the darker red region in the lower
left panel this model fully accounts for the measured muon anomalous magnetic moment to 2σ, while in the lighter
red shaded region new physics provides a contribution that is comparable to the measured value in magnitude. The
contribution to the anomalous magnetic moment vanishes for ϕ = nπ/2 for n odd and for α = nπ/2 for integers n. In
the lower right panel, the electric dipole moment is unconstrained everywhere in the plane, and the shading indicates
the value of the contribution to the muon electric dipole moment, which reaches minima at (ϕ, α) = (π/2, π/4) and
(3π/2, 3π/4) of 2mµd/|e| ≈ −10−7, and maxima at (3π/2, π/4) and (π/2, 3π/4) of 2mµd/|e| ≈ 10−7. These values are
roughly an order of magnitude below the current sensitivity. The contribution to the electric dipole moment vanishes
for ϕ = nπ and α = nπ/2 for integers n. The only case in which contributions to both dipole moments vanish is that
of zero mixing.

In Fig. 5, we also examine how these observables depend on the masses of the smuons. We again choose a dark
matter mass of 100 GeV and α = π/4 + 0.02 (the angle that minimizes the relic density) and ϕ = π/2− 0.04. Within
the grey regions, one of the smuons would be the lightest supersymmetric particle (LSP). The contours of constant
relic density are shown and the red shading indicates the ±2σ region that would explain the measured value of the
anomalous magnetic moment of the muon. For light smuons, the maximum size of the electric dipole moment would
be of order 10−9, which is well below the current limits and is not shown for clarity. We are thus able to find viable
regions of parameter space for the light smuons that satisfy all constraints (including the relic density) and can even
explain the measured value for the anomalous magnetic moment of the muon.
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FIG. 4. The dependence of various observables on the smuon L-R mixing angle, α, and the CP-violating phase, ϕ, for mχ̃ = 100
GeV, mµ̃1 = 120 GeV, and mµ̃2 = 300 GeV. In the upper two panels, we present the neutralino relic abundance (left) and the
neutralino annihilation cross section today (right). In the lower panels, we present the contribution to the anomalous magnetic
(left) and electric (right) dipole moments of the muon. In the darker red region in the lower left panel this model fully accounts
for the measured muon anomalous magnetic moment to 2σ, while the lighter red shaded region provides a contribution that
is comparable to the measured value in magnitude. In the lower right panel, the electric dipole moment is unconstrained
everywhere in the plane.

To gain insight into how general these features are, we can marginalize over the relevant masses and examine the
constraints on the mixing angle and CP -violating phase. The three different charged lepton scenarios are shown
in Fig. 6. In each case, the greyed regions are excluded because the relic density would exceed the 2σ upper limit
measured by Planck. The blue and red regions are favored by constraints on the electric and magnetic dipole moments,
respectively.

Indeed, we see that the electron channel can be largely ignored for s-wave annihilation; applying the constraints in
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FIG. 5. The dependence of the relic density and anomalous magnetic moment on the masses of the two smuons for the case
of a 100 GeV dark matter particle with α = π/4 + 0.02 (the angle that minimizes the relic density) and ϕ = π/2− 0.04. The
grey region is disfavored because the smuon would be the LSP. The labeled contours show the relic density and the red shading
indicates the ±2σ region that would explain the measured value of ∆aµ. For this scenario, the size of the electric dipole moment
would be of order 10−9, which is well below the current limits and is left off the plot for clarity.

eqns. (14) and (15) to eqn. (12), we see that any choice of α and ϕ yielding c0 ∼ 1 pb would lead to a contribution to
either the electric or magnetic dipole moment of the electron far in excess of what could be consistent with experimental
measurements, absent some large fine-tuning with other new physics contributions. By contrast, annihilation to muons
or taus can play a significant role in dark matter annihilation in the current epoch. For muons, constraints on the
anomalous magnetic moment force ϕ ∼ ±π/2. In this case, the corrections to the muon dipole moment are almost
entirely CP -violating, and the contribution to the muon electric dipole moment is maximized at 2mµ|dµ/e| ∼ O(10−9).
At this point in time, the muon electric dipole moment experiments are much less constraining than those of the
magnetic dipole moment, making this scenario perfectly viable. For the τ channel, constraints on both the electric
and magnetic dipole moments are too weak to be of any relevance. As such, we see that the relic density constrains
α while the dependence of the relevant parameter space on ϕ is largely trivial.

In this analysis, we have explored only mχ̃ = 100 GeV. If the neutralino mass is smaller, then lighter sleptons must
mediate the annihilations. Scenarios with very light neutralinos with 1 GeV < mχ̃ < 30 GeV and light sleptons have
been explored in [53] and [54], though both allow a non-negligible Higgsino content for the LSP. They find neutralinos
as light as 15 GeV with ∼ 100 GeV sleptons and ∼ 200 GeV charginos and next-lightest neutralinos are compatible
with all current collider constraints. Since we focus here on ∼ 100 GeV dark matter, a more relevant question is how
large the LSP mass could be while remaining in the new bulk. We find that if mχ̃ ∼ m ˜̀

1
, then the mediating slepton

must be lighter than ∼ 150 GeV, making this a well-defined region with quite small charged sparticle masses3.

3 Note that this conclusion is based specifically on the process χ̃χ̃ → ¯̀̀ via slepton exchange. If mχ̃/m ˜̀
1
≈ 1, coannihilation processes

may be important, in which case heavier LSPs and heavier sleptons are possible.
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Annihilation from an s-wave initial state can only be relevant to freeze-out (or current observations) if the mixing
terms are large. Since right-handed neutrinos have no hypercharge, the only relevant s-wave annihilation channels
are those with two charged leptons in the final state. The s-wave annihilation cross section can be expressed as

c0 ∼ (1.59 pb)
( m˜̀

1

100 GeV

)−2

sin2(2α)

(
2

r
1/2
1 + r

−1/2
1

−
m˜̀

1

m˜̀
2

2

r
1/2
2 + r

−1/2
2

)2

(16)

Assuming m˜̀
1
≤ m˜̀

2
, it is thus clear that c0 is maximized for m˜̀

2
� m˜̀

1
and sin(2α) = 1, with m˜̀

1
∼ mχ̃ and m˜̀

1

as light as possible, consistent with constraints from data. Interestingly, the maximum annihilation cross section is
determined by the mass of the lightest slepton, and cannot be increased by further decreasing the mass of the lightest
neutralino; collider bounds on the slepton masses thus place a firm bound on the s-wave annihilation cross section.
For staus or smuons with masses near 100 GeV and with maximal L-R mixing, the s-wave annihilation cross section
may be O(1) pb, providing a large enough annihilation rate to account for the dark matter relic density.

If sin(2α)� 1, then the v2-suppressed terms in the matrix element become important. In this limit,

c1
xf

= (0.6 pb)

(
20

xf

)( m˜̀
1

100 GeV

)−2

8
(
Y 4
L cos4 α+ Y 4

R sin4 α
)

(r1 + (1/r1))(
r

1/2
1 + r

−1/2
1

)4

+
r2

r1

8
(
Y 4
L sin4 α+ Y 4

R cos4 α
)

(r2 + (1/r2))(
r

1/2
2 + r

−1/2
2

)4


(17)

Assuming m˜̀
1
≤ m˜̀

2
, it is clear that these v2-suppressed terms are maximized for sinα = 1 in the charged lepton

annihilation channel, and for cosα = 1 for the neutrino channel. If m˜̀
1
∼ mχ̃, then annihilation to each charged

lepton can provide a contribution to the annihilation cross section of ∼ 0.6 pb; thus, annihilation to the e, µ and τ
channels together can deplete the relic density enough to satisfy observational constraints. Of course, if selectrons
are light, then the selectron L−R mixing angle must vanish to one part in 103 in order to satisfy the dipole moment
constraints; that is, if sin(2α) ≈ 0, then the dipole corrections are small. Note also that the contribution of the
neutrino channel is suppressed by a factor of 16 relative to the charged lepton channels, due to the hypercharge of the
left-handed neutrino. Thus, sneutrino mediation can only provide a small contribution to the total annihilation cross
section for a viable model. Although these p-wave annihilation channels can play a significant role in dark matter
annihilation at freeze-out, they have negligible impact on dark matter annihilation in the present epoch.

The prospects for indirect detection of these models are quite good. The sensitivity of the Fermi telescope to
gamma rays from dwarf galaxies [35] is relevant really only for the case of annihilations to taus: a 100 GeV dark
matter particle annihilating with the thermal cross section to τ̄ τ would be roughly a factor of 5 above the current
Fermi limit. The improved statistics due to the longer exposure and possible new dwarf galaxies discovered in the
southern hemisphere by upcoming large surveys makes this scenario potentially detectable. The electron and muon
cases are much less optimistic, however, with the current limits more than an order of magnitude above the thermal
cross section. Even the most optimistic assumptions would put these scenarios just on the edge of detectability.

Strong constraints, however, have been derived from the AMS-02 measurement of the cosmic ray positron frac-
tion [38]. For annihilations of 100 GeV dark matter particles to µ̄µ, (σv) & 2× 10−26 cm3/s is excluded. Though it is
certainly possible for our scenario to have escaped detection, a modest improvement in this constraint may completely
exclude our case of light smuons, assuming the only annihilation channel accessible is χ̃χ̃→ µ̄µ. For light staus, the
current constraints are still a factor of a few above the thermal annihilation cross section, so those models are viable
and will remain so for quite some time. And in all cases, the constraints are uncertain by a factor of a few in either
direction due primarily to the lack of knowledge about the local density and the energy losses experienced by cosmic
rays as they propagate throughout the Galaxy. Of course, if annihilations proceed to more than one final state, for
example with some nonzero branching fraction to both muons and taus, then the constraints from indirect detection
weaken in proportion to the branching fraction. We note that the constraints on lepton dipole moments would remain
as presented, as they are not sensitive to the annihilation rate.

Finally, the most recent limits on the dark matter annihilation cross section from the combination of various CMB,
BAO, and supernovae surveys are given in Ref. [41]. These constraints are still roughly an order of magnitude above
a detectable signal for thermal 100 GeV dark matter annihilating to charged leptons. That analysis also shows that
even a cosmic variance limited CMB experiment would still be a factor of a few above detection for a thermal 100
GeV dark matter particle.
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V. CONCLUSIONS

We have considered a minimal leptophilic version of the MSSM, in which the parameters of the squark and slepton
sector are decoupled. In particular, it is assumed that the squarks have large masses which are chosen to satisfy
experimental constraints from the Higgs mass measurement, direct collider searches and rareB decays. The parameters
of the bino-slepton sector can then be chosen to address the now decoupled problem of achieving the correct dark
matter relic density. The relic density depends only on the bino and slepton masses and the slepton mixing angle. In
this simplified sector, there arises a new bulk-like region, in which the correct relic density is achieved with bino dark
matter that annihilates through light mediating sleptons. The key region of parameter space is mχ̃ ∼ m˜̀

1
∼ 100 GeV,

with maximal L-R squark mixing.
The most relevant constraints on this scenario arise from direct slepton searches, and from the contribution of bino-

slepton loop diagrams to Standard Model lepton dipole moments. In particular, the only channels for which the dark
matter annihilation cross section in the current epoch could be ∼ 1 pb (subject to the above constraints) are τ̄ τ and
µ̄µ. Moreover, if (σv)χ̃χ̃→µ̄µ ∼ 1 pb, then there must be large CP -violation in the smuon sector. p-wave suppressed
dark matter annihilation to electrons could be relevant to dark matter freeze-out, but must be unobservably small in
the current epoch.

It would be interesting to consider the implications for this scenario if AMS-02 were to find evidence for dark matter
annihilation to electrons or muons with (σv) ∼ 1 pb, but not to taus or hadronic states (which could be distinguished
by the absence of the associated photons and/or antiprotons). If interpreted within the framework of the MSSM, this
data would imply that the LSP was largely bino-like, since any significant Higgsino or wino fraction would result in
the production of hadronic final states which would yield anti-protons. Moreover, if the only final states consistent
with the cosmic ray data were muons and electrons, then we could in fact conclude that the final state consisted of
muons and that the mass of the smuons must be relatively light (O(100 GeV)). A large bino annihilation cross section
to electrons would imply light selectrons and L-R mixing, which is ruled out by the electron electric and magnetic
dipole moment bounds (absent some large fine-tuning). Finally, we could conclude that there was large L-R smuon
mixing (in order to allow such a large annihilation cross section), and large CP -violation (in order to evade tight
bounds from the measurements of the muon magnetic dipole moment).

It is remarkable that so much information could be gleaned about the parameters of the MSSM in this new bulk
scenario with only data from AMS-02, even without new data from the LHC. But this new bulk region could be
sharply probed in the next physics run of the LHC. If the mass of the lightest slepton can be constrained to be
larger than ∼ 150 GeV, then it would not be possible to explain the observed dark matter relic density without
coannihilation in the early universe, and/or a non-trivial wino/Higgsino fraction.
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FIG. 6. The favored regions for the angles in the three different slepton cases after marginalizing over the slepton masses. The
upper left is the selectron, the upper right is the stau, and the bottom is for smuons. In each case, the greyed regions are
excluded because the relic density would exceed the 2σ measured value. The blue (red) show the regions for the angles where
at least one m˜̀

1
,m˜̀

2
mass combination produces an electric (magnetic) dipole moment within the current bounds. For the

selectron, there are no regions that satisfy all three constraints, whereas for the stau, both dipole moments constraints are too
weak to provide any limits so the regions are shaded purple (blue+red). For the smuon case, the electric dipole moment is
not yet constraining these models, while the purple shading shows |∆aµ| ≤ 4.5× 10−9 (the ±2σ region that could explain the
measured value of the anomalous magnetic moment of the muon).
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