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Studies of Dark Matter and Supersymmetry

Abstract

We perform four studies of beyond the Standard Model physics. First, we gen-

erally investigate operators that can explain dark matter’s decay or annihilation

to a keV photon line, and apply the analysis to the specific case of a 3.5 keV line in

Andromeda and galaxy clusters. Next, we present a non-standard supersymme-

try model, Stealth SUSY, which can evade bounds on superpartners from direct

searches. This is because of suppressed missing energy due to the model’s decay

patterns which are different from those in the Minimal Supersymmetric Standard

Model. We place limits on stops and gluinos using searches at the 8 TeV LHC. Third,

the current experimental constraints of dark matter composed of neutralinos are

summarized. Since an MeV mass splitting between neutral higgsinos is difficult to

prove experimentally, we consider whether the heating of white dwarfs by captured

higgsinos annihilating can test higgsino dark matter. We determine that observa-

tions of white dwarfs could be useful, if they are in regions of large dark matter den-

sity, such as dwarf galaxies. Finally, we perform a fit to current cosmological data

from the CMB, BAO, LSS and Lyman-alpha forest for a model of dark matter which

interacts with dark radiation. In this model, the dark matter transforms in the fun-
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damental representation of dark SU(N) and is the neutral component of an SU(2)-

weak triplet. From the fit to cosmological data, we find marginal evidence for the

dark matter-dark radiation model, so we forecast constraints on the model param-

eters by performing a Fisher forecast analysis with the LSST galaxy survey and the

CMB S4 survey.
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Let light shine through the darkness.

2 CORINTHIANS 4:6
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1
Introduction

1.1 Beyond the Standard Model

The Standard Model is the name for the theory of fundamental particles and their

interactions. When it was formulated in the 1970s, it described the current

knowledge of fundamental particles and also predicted as-yet undiscovered ones.

Since then, it has had remarkable success, for example in the prediction of the W
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and Z bosons, the charm and top quark, the gluons before they had been

experimentally observed, the anomalous magnetic dipole moment of the electron,

and the prediction of the Higgs boson, which was experimentally verified in 2012.

Despite the Standard Model’s accuracy, it has several failings. These include the

prediction of massless neutrinos, despite the observation of neutrino oscillations

which implies that neutrinos have mass, CP violation in cosmology, dark energy, the

Hierarchy Problem, and the absence of gravity in the model. These limitations

imply the existence of Beyond the Standard Model (BSM) physics. This thesis

presents investigations in two areas of BSM physics: dark matter and

supersymmetry.

1.2 Cosmology

According to inflationary theory, perhaps as early as 10−38 − 10−36 seconds, the

universe exponentially grew, which removed almost all irregularities. Whichever

irregularities remained were caused by the inflaton field’s quantum fluctuations.

Shortly later, the temperature of the early universe was high enough for it to be fully

ionized, and the radiation was thermalized by processes like bremsstrahlung and

Thomson scattering. While the universe expanded, it adiabatically cooled, and

eventually neutral hydrogen atoms could form from protons and electrons. This

period of the universe’s evolution is called the recombination epoch, and occurred
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when the universe was approximately 379,000 years old, and the temperature of the

universe was about 3000 K. Then, the universe became transparent because the

hydrogen atoms are electrically neutral and do not interact with photons, so the

photons could travel freely though the universe without being scattered. This time

period is called photon decoupling. The photons that have existed since this time

have been propagating through the universe, while their energy decreases due to

the expansion of the universe. This is the CMB (see [1] for a review). The current

temperature of the CMB is 2.72 K, and because of the adiabatic expansion, the

radiation retains a black-body spectrum.

Three observations can be made on the CMB: its frequency spectrum, its

temperature, and its polarization states. The observed average temperature is

isotropic to approximately one part in 100,000, however we are interested in the

deviations from the average, so we define

Θ(n̂) =
T (n̂)− ⟨T ⟩

⟨T ⟩
, (1.1)

where n̂ gives the direction in the sky, i.e. n̂ = (θ, ϕ). Since we observe the CMB

projected on a 2D spherical surface, the temperature field is typically expanded

using spherical harmonics:

Ylm =

√
2l + 1

4π

(l −m)!

(l +m)!
Pml (cos θ)eimϕ, (1.2)
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(a) COBE

(b) WMAP

(c) Planck

Figure 1.1: These images above show the CMB as observed by COBE (1990), WMAP (2001)
and Planck (2009), at the same color scale. Figure from http://planck.cf.ac.uk/science/cmb.
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so that the temperature fluctuations are:

Θ(n̂) =
l=∞∑
l=0

l∑
m=−l

almYlm(n̂), (1.3)

where

alm =

∫ π

θ=−π

∫ 2π

ϕ=0
Θ(n̂)Y ∗

lm(n̂)dΩ. (1.4)

The power spectrum of the fluctuations is

Cl =
1

2l + 1

l∑
m=−l

⟨|alm|2⟩, (1.5)

and the factor of 1
2l+1 arises because there are 2l + 1 independent m modes for each

multipole.

The monopole and the dipole terms are not included in Equation 1.3 for the

following reasons. The average temperature of the entire sky is the monopole term,

thus ⟨Θ⟩ = 0. Due to cosmic variance, we are prevented from measuring the

monopole temperature term accurately, since we cannot know if the average

temperature of the entire Universe differs from the average temperature that is

measured locally. For the dipole term, the CMB photons have a Doppler shift due to

the peculiar velocity of the Earth, causing an anisotropy that is larger than the true

cosmological dipole signal.

There are two types of anisotropies, primary and secondary. Primary anisotropies
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are created at last scattering, and secondary anisotropies are created along the

photon’s path. After last scattering, photons can be affected by a variety of events.

These include interactions with hot gas and potential wells, and reionization. Two

main effects influence the anisotropies: acoustic oscillations and diffusion damping.

In the early universe, the gravitational interactions of baryons tend to create

overdensities, while the pressure of photons removes anisotropies. The opposing

nature of these effects creates acoustic oscillations, and the peak structure in the

power spectrum. The peaks are the resonances at which the photons decouple

when a mode is at its peak amplitude. The angular scale of the peaks gives valuable

information about the universe. For the first peak, the angular scale determines the

universe’s spatial curvature. The ratio of the odd to even peaks, gives the reduced

baryon density. Additionally, the third peak determines the dark matter density.

Now we we go into specifics about how this occurs. Broadly, for the photon-baryon

oscillating system, the baryons are the load. As more mass is added to the “spring”,

it falls further into the gravitational field before rebounding. However, it returns to

the same position. The odd numbered peaks are associated with how much the

photon-baryon plasma compresses, so they will be enhanced by an increase in the

baryon density. On the other hand, the even numbered acoustic peaks are

associated with the rarefraction of the plasma. Hence, an increase in the baryon

density will intensify the odd peaks over the even peaks. Furthermore, with

additional baryons the frequency of the oscillation decreases, so the position of the

6



peaks shifts to higher multipoles. The fluctuations seen by COBE, WMAP, and

Planck are of the correct size such that all of the universe’s large-scale structure

formed from these fluctuations by gravitational attraction.

1.3 Dark Matter

After the observations of the accelerating expansion of the universe in 1998, the

ΛCDM model has become the standard model of Big Bang cosmology, successfully

predicting a wide range of observations. The two main ingredients of the model are

in its name: Λ, for a cosmological constant, and CDM for cold dark matter. Dark

matter is a form of matter that has been hypothesized as the solution to many

cosmological observations that suggest missing mass. This matter is dark because it

interacts at most weakly with radiation. An important consequence of this is that its

properties must be inferred from its gravitational interactions with ordinary matter.

To explain cosmological observations, the dark matter must be “cold”, i.e.

non-relativistic. There are many candidates for the composition of dark matter, of

which the main one is the WIMP, a weakly-interacting massive particle. A stable

supersymmetric particle is a leading WIMP candidate.

In many cosmological observations, from galactic to cosmological scales,

inconsistencies are observed, which can only be resolved by positing the existence

of unseen matter, or deviations from general relativity. A brief summary of these

7



observations follows.

1.3.1 Evidence

The first evidence for dark matter was discovered in 1933 by Fritz Zwicky [2]. The

evidence consisted of measurements of the velocities of galaxies in the Coma cluster

obtained from their redshifts. Zwicky found that the cluster velocity was too small

compared to the velocities of the galaxies for the cluster to be gravitationally bound.

The visible matter’s mass was lower by roughly a factor of ten. Since then, there have

been other observations of missing mass.

On galactic scales, the best evidence for dark matter is the observations of rotation

curves of galaxies. A rotation curve of a galaxy is a plot of the circular velocity of the

galaxy’s stars and gas vs. their distance from the galaxy’s center. From Newtonian

dynamics, circular velocity as a function of radius is

v(r) =
√
GM(r)/r (1.6)

inside the visible part of the galaxy, where M(r) = 4π
∫
ρ(r)r2dr, G is Newton’s

constant, and ρ(r) is the mass density as a function of the radius. Since at large r,

M(r) is constant, the velocity drops as v(r) ∝ 1/
√
r. However, observed rotation

curves are unexpectedly flat at large distances, even those beyond the visible disk.

An example of a galaxy’s rotation curve is shown in Figure 1.2, from [3]. This means
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Figure 1.2: Flat rotation curve for the galaxy NGC 3198 [3]. The flat rotation curve means
that a large amount of mass is needed far away from the galaxy’s center.

that there must be a dark halo that has a mass density of ρ(r) ∝ 1/r2, so that

M(r) ∝ r.

Another easily visualized example of the necessity for dark matter is the Bullet

Cluster [4]. This cluster has passed through another cluster, so that the hot gas,

which comprises the majority of the baryonic mass of the cluster, became

decelerated compared to the galaxies in the clusters. From gravitational lensing, the

dark matter component is indirectly detected. Gravitational lensing occurs when,

according to general relativity, a concentration of matter curves spacetime and

deflects light rays. From observing the angle of deflection of light from objects

behind a lens, the lens’ mass can be determined since the light’s deflection angle is

9



Figure 1.3: The first figure shows optical images from the Magellan telescope, where the
contours are the spatial distribution of mass inferred from gravitational lensing. The second
figure shows Chandra x-ray data on top of the contours of mass from the first figure. The x-
ray data gives the location of the hot plasma, showing that most of the mass doesn’t follow
the plasma.[4]

proportional to the mass.

In the Bullet Cluster, the lensing is strongest around the area of the visible galaxies,

implying that the majority of the clusters’ mass are two regions of dark matter. Dark

matter in those regions bypassed the hot gas during the collision, agreeing with the

weakly interacting hypothesis of dark matter. Observations of the Bullet Cluster are

shown in Figure 1.3, taken from [4].

To fit the flat rotation curves of galaxies with the observed mass of stellar

populations, it has long been hypothesized that spherical halos that consist of

unknown matter with large mass to light ratio must exist. Furthermore, the dark

matter must be of unknown origin. For instance, bremsstrahlung would be

observed if the dark matter in the halos was composed of ionized gas [5],[6]. The

dark matter cannot also be composed of neutral gas, because it would be ionized by

hot intergalactic gas, and would then be able to be observed [7]. The dark matter
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could also be composed of old dark stars, but it was determined that these cannot

account for the amount of matter needed [5]. These objects are called Massive

Astrophysical Compact Halo Objects, and further experiments were conducted to

search for microlensing caused by them. These experiments concluded that these

objects with masses of 10−6M⊙ − 10M⊙ contribute at most 20% to dark matter [8].

The dark matter could also not be composed of baryons, because then fluctuations

in the CMB of order 10−3 be be observed, which is not the case [9].

Measurements of the CMB by the Planck satellite have strengthened the evidence

for dark matter. See Section 1.2. Other surveys of large scale structure [10] also

uphold the necessity for dark matter in the universe’s formation, and find evidence

for baryon acoustic oscillations. From colliding galaxy clusters, 7.6σ evidence exists

for dark matter [11].

1.3.2 Distribution

The dark matter in the universe is concentrated in halos around galaxies, which was

determined from large-scale simulations, for example those of the rotation curves of

galaxies. In 1995, the first dark matter density profile was described by Navarro,

Frenk, and White [12]. Their NFW profile is

ρNFW = ρs
rs
r

(
1 +

r

rs

)−2

. (1.7)

11



Today, there are many proposed dark matter density profiles [13], that are motivated

by phenomenology. These are

Burkert: ρ(r) =
ρs

(1 + r/rs)(1 + (r/rs)2)
(1.8)

Einasto: ρ(r) = ρs exp− 2

α

((
r

rs

)α
− 1

)
(1.9)

Isothermal: ρ(r) =
ρs

1 + (r/rs)2
(1.10)

Moore: ρ(r) = ρs

(rs
r

)1.16(
1 +

r

rs

)−1.84

(1.11)

(1.12)

In the density profile equations, r is the distance from the center of the galaxy, and

rs and ρs are the scale radius and scale density, respectively. α in the Einasto profile

is the parameter that controls the steepness of the profile. From observational

results, rs and ρs can be determined.

1.3.3 Candidates for Particle Dark Matter

An obvious candidate for particle dark matter is neutrinos because they are massive

[14]. Since the neutrino relic density is Ωvh2 ≤ 0.07 [15], neutrinos are not massive

enough to account for the total observed dark matter density. Furthermore, enough

neutrinos cannot be drawn into gravitational potential wells because neutrinos
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were too relativistic in the early universe. This means that not enough structure can

form to correspond to that observed in galaxy surveys. Therefore, there must be

other, as yet undiscovered, particles to account for the universe’s dark matter

density, and these particles must be weakly interacting and non-relativistic. To be a

dark matter candidate, the following criteria must be satisfied

• A dark matter particle must be stable on timescales that are similar to the age

of the universe. If not, its creation and annihilation must be in equilibrium.

• A dark matter particle must be cold/non-relativistic when large scale

structures were formed. This is because the universe would be have less

clumps of matter today if there were relativistic particles.

• A dark matter particle must be weakly interacting, as shown with the Bullet

Cluster.

• Since the density of baryonic matter in the universe is less than the density of

all matter, dark matter is mostly non-baryonic.

Some particles which satisfy these characteristics follow, and these particles could

combine to form the total dark matter content.

Axions

The spontaneous breaking of the Peccei-Quinn U(1) symmetry, introduced as a

solution to QCD’s strong-CP problem, gives rise to pseudo-scalar axions. Their

theorized mass is ∼ 10−6 − 3× 10−2 eV, so they must be very abundant if they are a

relic remnant [16]. See [17] for a review of searches for cosmological axions.
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Sterile neutrinos

A neutrino that has no Standard Model gauge interactions is a sterile neutrino. The

neutrinos of the Standard Model have small non-zero masses, as evidenced from

neutrino oscillations. To generate masses for these left-handed neutrinos, sterile

neutrinos could be the solution, for instance through the see-saw mechanism. With

a right-handed neutrino, a Dirac mass term for neutrinos can be written, and since

right-handed neutrinos have no interactions with gauge fields, right-handed

neutrinos can also have a Majorana mass. The most general mass term is then

1

2
MDν̄RνL +

1

2
MDνcLν

c
R +

1

2
MLνcLνL +

1

2
MRνcRνR + h.c.. (1.13)

Diagonalizing the mass matrix

M =

ML MD

MD MR



gives the eigenvalues 1
2

[
(ML +MR)±

√
(ML −MR)2 + 4M2

D

]
. If we set ML = 0

(since it is forbidden in the SM), and MD ≪MR, there will therefore be a heavy and

a light neutrino with masses MR and M2
D

MR
, respectively. The massive neutrino will be

the dark matter candidate and cannot be too heavy, which would cause it to

decouple from the light neutrino, and be unable to annihilate.
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Weakly-interacting massive particles (WIMPs)

A particle whose interaction strength is on the order of the weak force, and whose

mass is close to the weak scale is a WIMP. The majority of dark matter candidates are

WIMPs, and they are further motivated by the WIMP miracle. See Section 1.3.4.

Non particle dark matter

Modified Newtonian Dynamics (MOND) is a theory in which the laws of gravity are

different to account for observations that suggest the presence of dark matter. It was

theorized in 1983 [18],[19] and modifies Newton’s law for objects with small

accelerations. The gravitational force for these objects is proportional to the

acceleration squared, Fg = GMm/r2 = ma2/a0. A fit to data gives a0 ≈ 10−10m/s2.

MOND predicts the observations of galactic rotation curves very well, but not for

globular clusters [20] and galaxy clusters [21]. For the Bullet Cluster that was

discussed above, MOND predicts that the missing mass should be in the center of

the colliding clusters, which contradicts with observation. Additionally, MOND does

not have a relativistic formulation, so it can’t be tested by cosmology, gravitational

lensing, and gravitational waves. Tensor-Vector-Scalar Gravity (TeVeS) was

proposed as a relativistic formulation of MOND. It is able to explain gravitational

lensing observations [22], as well as the other predictions of MOND. If dark energy is

included and neutrinos contribute significantly to the energy density [23], TeVeS
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can explain galaxy distribution observations and the CMB. On the other hand, the

height of the temperature power spectrum of the CMB can not be predicted as well

in TeVeS as in general relativity. Thus this prospect seems unlikely.

Other

Problems with ΛCDM can be removed by having dark matter that has other

interactions besides gravitational, and is not cold. For example, warm dark matter

can relieve the small scale structure problems [24], which can also be mitigated by

dark matter that has interactions with relativistic particles [25],[26], or is

self-interacting [27],[28]. The planar structure of satellite galaxies can be explained

by giving a self-interacting component to dark matter [29], and the bulges from

galaxies could be removed with warm dark matter [30]. The unexplained baryon

asymmetry could be solved by asymmetric dark matter, in which dark matter

particles are not self-conjugate so that there is an initial symmetry with nχ ̸= nχ̄.

1.3.4 WIMP Miracle

In the early universe, particles can be produced thermally or non-thermally. This is

important, because the type of production determines how their relic density Ω

relates to their couplings and masses. If a dark matter particle was produced

thermally, in the early universe it remained in equilibrium with the other particles
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via non-gravitational interactions. Dark matter can also be produced non-thermally

when its interactions are so weak that it is produced by the particles in the thermal

bath and is never in thermal equilibrium (called the freeze-in mechanism [31]), or

when other particles that could not be in thermal equilibrium decay. Particles in the

early universe were in thermal equilibrium, and they are annihilated with a rate

Γ = nσv, (1.14)

where n is the particle’s number density, σ their cross section, and v their relative

velocity. The expansion of the universe causes the gas of particles to dilute, and thus

makes it difficult for the DM particles to annihilate. Since the universe is cooling as

it expands, there is not enough thermal (kinetic) energy for the production of these

heavy particles. This is known as freeze out. The density of particles reaches a

constant, Ωh2, which is the thermal relic density. Freeze out occurs when Γ = H [32].

The number density of particles in the non-relativistic and relativistic limits is given

from statistical mechanics

nnon−rel ∝ exp
−m
T

(mT )3/2 for m≫ T (1.15)

nrel ∝ T 3 for m≪ T. (1.16)
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WIMPs are non-relativistic and thermal relics. The evolution of the number density

of particles is given by the Boltzmann equation:

dn

dt
= −3Hn− ⟨σv⟩(n2 − n2eq), (1.17)

where H is the Hubble constant, n is the number density of the dark matter, χ, neq is

the number density of the dark matter in thermal equilibrium, and ⟨σv⟩ is the

thermally averaged annihilation cross section. This equation shows that there are

three processes that the WIMP number density is controlled by: dilution caused by

the expansion of the universe, WIMP annihilation to Standard Model particles, and

WIMP creation. Additionally, there are two times when the number of dark matter

particles per comoving volume is constant: early in the universe when n = neq

(everything is in equilibrium), and when freeze-out of the dark matter occurs at

Γ = n⟨σv⟩ ≪ H . The number density today is obtained by integrating this equation

from a time when all particles were in equilibrium. Ωχ = mχnχ/ρc then gives the

relic abundance. The Boltzmann equation can be rewritten in terms of the ratio of

particle and entropy density, Y = n/s, and the ratio of DM mass to the temperature,

x = mχ/T to solve numerically (we follow [32]). Y ’s time derivative will be

dY

dt
=

d

dt

(n
s

)
=
dn

dt

1

s
− n

s2
ds

dt
, (1.18)
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and the time derivative of s is determined from

0 =
d

dt
(sa3) =

ds

dt
a3 + 3a2

da

dt
s, (1.19)

where sa3, the entropy per comoving volume, is constant, so the time derivative is

ds

dt
= −3Hs.

Combining the equations gives

dY

dt
= −s⟨σv⟩(Y 2 − Y 2

eq),

and rewriting in terms of x,

dY

dt
=
dx

dt

dY

dt
(1.20)

=
mχ

T 2

dT

dt

dY

dx
(1.21)

= 3Hs
x2

mχ

dT

ds

dY

dx
, (1.22)

such that

dY

dx
= −mχ

x2
1

3H

ds

dT
⟨σv⟩(Y 2 − Y 2

eq). (1.23)
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Figure 1.4: The relic density as function of x = mχ/T [33].

Since s ∝ T 3, and H2 = 8πGρ/3 ∝ T 4,

dY

dx
∝ mχ

x2
⟨σv⟩(Y 2 − Y 2

eq). (1.24)

This equation is integrated from x = 0 to x0 = mχ/T0, and plotted in Figure 1.4,

extracted from [33], which shows how the relic density evolves versus x. The

thermal equilibrium value is shown as the solid line, while the relic density at freeze

out is shown as the dashed line. Additionally, increasing ⟨σv⟩ results in a lower relic

density.

To compute the value of ⟨σv⟩, start with the Hubble parameter in terms of the
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energy density. From the Friedmann equation, this is

H2 =
8πG

3
ρ. (1.25)

The time at which thermal decoupling occurs is when H ≈ T 2/MP , where we have

used ρ ∝ T 4 during radiation domination, and 1/
√
8πG =MP . From the freeze out

condition above, n⟨σv⟩ ∝ H , so the number density at freeze out is

nf ∝
T 2
f

MP ⟨σv⟩
. (1.26)

Using the number density for non-relativistic particles from equation 1.15,

(mχTf )
3
2 exp−mχ

Tf
∝

T 2
f

MP ⟨σv⟩
, (1.27)

and rewriting with xf = mχ/Tf ,

√
xf exp−xf ∝ 1

mχMP ⟨σv⟩
. (1.28)

The dark matter relic density will be

Ωχ =
mχnχ
ρc

=
mχT

3
0 n0

ρcT 3
0

(1.29)
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∝
mχT

3
0 nf

ρcT 3
f

=
T 3
0

ρcMP ⟨σv⟩
. (1.30)

In the limit that x→ 1, n ∝ T 3x
3
2 → n ∝ T 3. Therefore n0/T 3

0 ∝ nf/T
3
f . Using these

relations and some constants [34],

Ωh2 ≈ (1.8− 4.5)× 10−27cm3/s
⟨σannv⟩

. (1.31)

The current value of Ωcdmh
2 from the Planck satellite is 0.118 [35], and

⟨σv⟩ ≈ (2− 5)× 10−26cm3s−1 ∝ G2
Fm

2
χ is needed to obtain the measured density.

Weak scale interactions have particle masses in the range of 100-1000 GeV, and cross

sections on the order of this scale, so they make natural candidates. This is known

as the WIMP miracle. A new stable particle is predicted in many supersymmetric

theories, known as the lightest supersymmetric particle (LSP), and is a natural

WIMP candidate.

1.3.5 Methods of Detection

Direct Detection

The most encouraging method to detect dark matter is direct detection, see [36] for

a more thorough review of the current experimental methods to detect dark matter.

Assuming that the Milky Way is filled with WIMPs, they will pass through the Earth,
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and we can detect them via their interaction with matter. The signal depends on the

WIMP-nucleus cross section, and the distribution of velocity and density of WIMPs

in the region of space around the Earth.

WIMP-nucleon scattering can be classified into two types in two ways: inelastic or

elastic, and spin-dependent or spin-independent. When a WIMP elastically scatters

off of a nucleus, the nucleus recoils, and with enough nuclear recoils, the recoil

energy spectrum can be measured in a detector. In the case of inelastic scattering,

the WIMP scatters off a nucleus to an excited state. We will see an example of

inelastic scattering in Chapter 4.

Spin dependent interactions arise from axial vector couplings, when the WIMP

couples to the spin content of a nucleon. In the case of spin-dependent couplings,

the cross sections are proportional to J(J + 1), and not the number of nucleons.

This is important because it means that using detectors with heavier nuclei does not

increase the cross section.

However, for spin-independent scattering, scattering via scalar interactions, the

cross section increases with the mass of the target nucleus. Therefore, it is usually

dominant over spin-dependent scattering in experiments with heavy atom targets.

(Scattering by vector interactions could also occur for WIMPs that are not Majorana

particles, but we will not discuss those here.) To measure the nuclear recoil due to

WIMP-nucleon scattering, experimental techniques include the observation of

ionization, scintillation, and photons.
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Figure 1.5: A summary of limits on the WIMP-nucleon spin-independent cross section
(solid curves). Also displayed are purported WIMP signals (shaded closed regions), and pro-
jected limits (dashed and dotted curves). Figure from [37].

Past experiments have placed strong limits on the elastic scattering cross section of

possible dark matter particles with nucleons. Since most current experiments use

target nuclei with large atomic numbers, spin-dependent scattering experiments

are not as sensitive, for most dark matter candidates, compared to

spin-independent scattering.

Figure 1.5 from [37] shows a summary of upper bounds on the WIMP-nucleon cross

section vs. the dark matter mass for current/completed experiments, and the

predicted sensitivities for future experiments.

While this figure shows a limit on the cross section from multiple experiments, we

note that the DAMA experiment claims discovery of a 60 GeV WIMP with scattering
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cross section ≈ 10−41cm2. The DAMA experiment claims to have discovered a

modulation in event rates that implies a dark matter particle with these properties.

The DAMA experiment is not considered to be a definitive signal of dark matter, and

is in strong tension with other experiments.

1.3.6 Indirect Searches

Other than directly detecting the interactions of WIMPs by these methods, their

products of annihilation or decay, such as gamma rays, neutrinos, and positrons,

can be observed. See [38, 39] for more information on dark matter searches. The

best locations to look for annihilation are regions of high dark matter density. This is

because the flux of the radiation scales as the annihilation rate, which is

proportional to the dark matter density squared. For the case of decay, the flux is

proportional to the density.

Gamma rays

Gamma rays can be produced from dark matter annihilation or decay directly from

the dark matter, called “prompt” gamma rays, or from the products of the dark

matter annihilation. One example of prompt gamma rays is a monochromatic

photon signal, such as that from the process, χχ→ γγ, when dark matter

annihilates directly into photons, usually via a loop since dark matter is neutral. In
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this process, the mass of the dark matter is about equal to the energy of the photons

that are detected. In the direction of the Galactic Center, a line signal was observed

at 511 keV [40]. Some explanations of this signal are light dark matter’s annihilation

in [41] or the decay of an excited dark matter particle which emits an e+e− pair that

annihilates [42]. However, the most accepted explanation was positron emission by

x-ray binaries, as the signal was asymmetric about the Galactic Center like that for

x-ray binaries [43]. In the Andromeda galaxy [44], the Galactic Center [45], and some

galaxy clusters [46] a 3.55 keV line was observed. Dark atomic transitions, the decay

of a sterile neutrino of mass 7.1 keV [46], the decay of a scalar [47] (see Chapter 2),

and potassium emission lines [48] are possible explanations for this line.

Another example of prompt gamma rays is a continuous spectrum of photons,

which would occur when the products of the annihilation or decay hadronize or

bremsstrahlung. This case is illustrated in Chapter 4, where we set constraints on

higgsino dark matter by its annihilation to W bosons. Assuming that a continuous

photon spectrum is caused by dark matter, it will be cut off at the mass of the dark

matter particle. The dark matter-photon coupling is small, usually one-loop, so a

line signal is much smaller than the signal from a continuous spectrum of photons.

Gamma rays can also be produced from e+e− created in the annihilation/decay;

these are secondary radiation. These photons can be produced through

bremsstrahlung, inverse Compton scattering, and synchrotron radiation.

A complication with the observation of cosmic gamma rays is that at the energies of
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interest (GeV to TeV), gamma rays cannot reach telescopes on the Earth.

Specifically, at this energy range, photons interact with matter by electron-positron

pair production, with an interaction length of about 40 g cm−2. The thickness of the

Earth’s atmosphere, 1030 g cm−2, is much thicker than this interaction length, so the

gamma rays do not reach the surface of the Earth, however there are still

ground-based experiments to detect gamma rays indirectly. When a gamma ray

interacts with particles in the Earth’s atmosphere, an electromagnetic cascade of

secondary particles is produced. The ground-based telescopes can then detect the

secondary particles and the Cerenkov light that occurs when these particles pass

through the atmosphere. A complication of this method is that there is a

background from Cerenkov light from gamma rays arriving isotropically, so an

excess of events in the direction of the source must be observed. There are also

astrophysical sources of gamma rays that are backgrounds to dark matter searches.

Some of the main experiments that are relevant in this case are Hess [49] and the

future Cherenkov Telescope Array (CTA) [50], and gamma rays are also searched for

by satellites such as Fermi-LAT [51].

Neutrinos

Compared to gamma rays, neutrinos are more difficult to observe, because they

have weaker interactions with matter. However, because they are not absorbed
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easily by matter, they can be observed in underground experiments, where there is

low background. The easiest way to observe GeV-TeV energy neutrinos is to detect

muon tracks. These are muons that are produced by charged current interactions

with the neutrinos and matter inside the detector or nearby. The muons that are

produced pass through the detector, and emit Cerenkov light. The experiments,

such as Antares [52] and Icecube [53], are designed as large photomultipliers to

detect the Cerenkov light emitted by the muons. The tracks of the muons can then

be reconstructed.

Anti-protons and Positrons

The spectra of cosmic positrons and anti-protons can also give evidence for dark

matter annihilations. A major difference, however, between this and the detection

of gamma rays and neutrinos, is that these particles are charged, so they will be

influenced by galactic magnetic fields, and their direction will not point towards

their source.

1.4 Supersymmetry

1.4.1 Gauge coupling unification

In the Standard Model, bosons and fermions are fundamentally different. Thus a

symmetry that relates them would be desirable. This symmetry, called
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supersymmetry (SUSY), is also helpful because it aids in the unification of gauge

couplings. (For a review of SUSY see [54]). With Standard Model particles, the

coupling constants don’t unify. The electromagnetic force and the weak force are

unified into the electroweak force, so it seems logical that all forces should be

unified. As demonstrated in Figure 1.6 (dashed lines), obtained from [55], the

strengths of the electromagnetic, weak, and strong forces become similar, but not

identical. However, with supersymmetry at the TeV scale, the coupling constants

unify at 1016 GeV, as shown in Figure 1.6 (solid lines), because additional particles

affect the running of the couplings. Since a Grand Unified Theory (GUT) predicts

that the gauge couplings unify below the Planck scale, their unification under

supersymmetry suggests a GUT.

1.4.2 The hierarchy problem

SUSY also gives a solution to the hierarchy problem. The hierarchy problem arises

due to the very large difference between the Planck scale and the electroweak scale,

and is visible in the radiative corrections to the Higgs boson mass. While fermions

receive radiative corrections to their masses which scale as the logarithm of the

high-energy cutoff, scalars receive corrections that scale as the square of the high

energy-cutoff,

δm2
s ∝

α

2π
Λ2. (1.32)

29



Figure 1.6: The running of the inverse gauge couplings as a function of the logarithm of the
energy for the SM (dashed) versus the MSSM (solid) [55].

Since the Higgs boson has a mass of 126 GeV, the electroweak scale’s stability is

ruined if Λ is on the order of the Planck mass. SUSY solves this problem because it

includes new particles with masses similar to the Standard Model particles, but

whose spin differs by one-half. In this case, the radiative corrections to the scalar

masses, at the 1-loop level, become

δm2
s ∝

α

2π
(Λ2 +m2

B)−
α

2π
(Λ2 +m2

F ), (1.33)

which is now independent of Λ.
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1.4.3 The MSSM

The simplest form of SUSY is the Minimal Supersymmetric Standard Model (MSSM),

which contains the smallest field content required for the inclusion of the Standard

Model’s fields. This is done as follows:

• Fermions get scalar superpartners: squarks and sleptons.

• Gauge fields get fermionic superpartners: gauginos. In particular, for the B

boson, the bino, for the gluons, the gluinos, and for the W bosons, the winos.

• The case of the Higgs boson is slightly more complicated, as we now need to

have an additional Higgs field to give masses to up and down-type quarks.

This corresponds to two Higgs doublets, and five physical Higgs states. Each

Higgs boson then has associated with it a Higgsino superpartner.

The MSSM particle content is displayed in Table 1.1. The MSSM also requires the

conservation of R-parity. The multiplicative quantum number is expressed as

R = (−1)3B+L+2s, (1.34)

where B is baryon number, L is lepton number, and s is spin. R-parity will be

conserved if B − L is conserved, because (−1)2s is conserved. All SUSY particles,

sparticles, have an R-parity of −1, and all Standard Model particles have an R-parity

of 1. The main consequence of this is the stability of the lightest sparticle, since

sparticles can only decay to Standard Model particles plus an odd number of

sparticles.
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Table 1.1: This table shows the particles of the MSSM. The tilde denotes the SUSY fields.

Names spin 0 spin 1/2
squarks, quarks Q (ũL d̃L) uL dL

(×3 families) ū ũ∗
R u†

R

d̄ d̃∗R d†R
sleptons, leptons L (ν̄ ẽL) (ν eL)

(×3 families) ē ẽ∗R e†R
Higgs, higgsinos Hu (H+

u H0
u) (H̃+

u H̃0
u)

Hd (H0
d H

−
d ) (H̃0

d H̃
0
d)

spin 1/2 spin 1
gluino, gluon g̃ g

winos, W bosons W̃± W̃± W± W 0

bino, B boson B̃0 B0

Supersymmetry must be a broken symmetry because no superpartners have been

found. The two methods by which a symmetry can be broken are spontaneous, as is

the case with the Higgs mechanism, and explicit [56]. SUSY-breaking terms are

explicitly added to the MSSM Lagrangian [57], which are:

L =− 1

2

(
M3(g̃

a)T g̃a +M2(W̃
j)T W̃ j +M1B̃

T B̃ + c.c.
)

(1.35)

− (˜̄uauQ̃Hu − ˜̄dadQ̃Hd − ˜̄eaeL̃Hd + c.c.

− Q̃†m2
Q̃
Q̃− L̃†m2

L̃
L̃− ũm2

ũũ
† − d̃m2

d̃
d̃† − ẽm2

ẽ ẽ
†

−m2
HuH

∗
uHu −m2

Hd
H∗
dHd − (bHu ·Hd + c.c), (1.36)

where the constants in boldface are matrices with flavor indices.

These SUSY-breaking terms are the bino mass term, M1, the wino mass term, M2,
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the gluino mass term M3 (first line), scalar trilinear interactions (second line),

masses for squarks and sleptons (third line), and Higgs mass terms. As can be seen

from Equation 1.35, the SUSY-breaking Lagrangian requires 105 new parameters,

that must be experimentally determined. Specifically these are the mixing Higgs

mass term, 3 gaugino Majorana mass terms, 2 Higgs masses, 45 components for the

sfermion mass matrices, and 54 components for the a matrices. This method of

symmetry breaking separates the phenomenological consequences and the origin

of the symmetry breaking. The hierarchy problem is now not exactly solved due to

SUSY breaking, but less fine-tuning is required as long as the sparticle masses are

not too different from the particle masses.

1.4.4 Neutralinos and charginos

The higgsinos and electroweak gauge bosons mix because of electroweak symmetry

breaking. The neutralinos, denoted as χ̃0
i , are the four mass eigenstates of the

higgsino and gaugino combinations. Similarly, the charginos, denoted as χ̃±
i , are the

two mass eigenstates of the combinations of the charged gauge-eigenstates. For the

charginos and neutralinos, i increases with mass, with i = 1 being the lightest mass

eigenstate. The lightest neutralino χ0
1 is a good WIMP candidate as it is

electromagnetically neutral, weakly interating, and stable (if R-parity is conserved

and the gravitino is heavy). The Lagrangian terms for the neutralino masses, where
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ψ0 = (B̃, W̃ 0, H̃0
d , H̃

0
u) in the gauge-eigenstate basis, is:

L = −1

2
(ψ0)TMψ0 + h.c., (1.37)

where

M =



M1 0 − cosβ sin θWMZ sinβ sin θWMZ

0 M2 cosβ cos θWMZ − sinβ cos θWMZ

− cosβ sin θWMZ cosβ cos θWMZ 0 −µ

sinβ sin θWMZ − sinβ cos θWMZ −µ 0


.

In this matrix, MZ is the Z boson mass, M1 and M2 are the gaugino masses, and −µ

is the supersymmetric Higgs mass. To find the mass eigenstates χ̃0
i this matrix is

diagonalized. For the charginos, where ψ± = (W̃+, H̃+
u , W̃

−, H̃−
d ), the Lagrangian

mass terms are

L = −1

2
(ψ±)TMψ± + h.c., (1.38)

where

M =



0 0 M2

√
2 cosβMW

0 0
√
2 sinβMW µ

M2

√
2 sinβMW 0 0

√
2 cosβMW µ 0 0


.
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Table 1.2: For each hierarchy of µ, M1, and M2, this table shows the dominant component of
the neutralinos, (χ̃0

1, χ̃
0
2, χ̃

0
3, χ̃

0
4), and charginos, (χ̃±

1 , χ̃
±
2 ) [58].

Scenario Composition neutralinos Composition charginos
M1 < M2 < |µ| (B̃, W̃ , H̃, H̃) (W̃ , H̃)

M1 < |µ| < M2 (B̃, H̃, H̃, W̃ ) (H̃, W̃ )

|µ| < M1 < M2 (H̃, H̃, B̃, W̃ ) (H̃, W̃ )

|µ| < M2 < M1 (H̃, H̃, W̃ , B̃) (H̃, W̃ )

M2 < |µ| < M1 (W̃ , H̃, H̃, B̃) (W̃ , H̃)

M2 < M1 < |µ| (W̃ , B̃, H̃, H̃) (W̃ , H̃)

This matrix is diagonalized to obtain the mass eigenstates χ̃±
i , which are double

degenerate.

Since each chargino and neutralino has a component of the electroweak gauginos,

the values of the parameters M1, M2, β, and µ, which are unknown, determine

which component is dominant. For each hierarchy of µ, M1, and M2, Table 1.2

shows the dominant component of each neutralino and chargino mass eigenstate.

1.5 Naturalness

For electroweak symmetry breaking to be natural, the Higgs potential’s quadratic

terms should all be of roughly the size of the electroweak scale v ∼ 246 GeV. In the

limit of decoupling one Higgs doublet, the Higgs potential is

V = m2
H |H|2 + λ|H|4, (1.39)
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where m2
h = −2m2

H . The higgsino, gluinos, and stops are particularly important

because they couple most strongly to the Higgs. The higgsino and the Higgs have

the same bare mass, µ, so it should be light if the Higgs is not tuned. The gluino

indirectly contributes to the Higgs mass by its corrections to the stop mass, and

because the stop should be somewhat light, so too should be the gluino. Finally, as

the heaviest fermion, the top couples the most to the Higgs, implying that the stop

couples strongly as well. Therefore, as the stop mass increases, the tuning of Higgs

mass increases. The Higgs mass-squared’s quadratic sensitivity to the gluino, stop,

and higgsino masses arise at two-loops, one-loop, and tree level, respectively. They

are:

• Gluino:

δm2
H ∼ − y

2
t

π2
αs
π
m2

gluino

(
log

Λ

mgluino

)
(1.40)

• Stop:

δm2
H ∼ − 3

8π2
y2tm

2
stop

(
log

Λ

mstop

)
(1.41)

• Higgsino:

δm2
H ∼ |µ|2 (1.42)

The lack of discovery of these particles implies that they have large masses, which

has consequences for the corrections to the Higgs mass-squared. We will see in the

next section the amount of fine-tuning that is required, in light of recent LHC

searches.
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1.5.1 LHC SUSY Searches

SUSY Simplified Models

As shown in Section 1.4.3, the MSSM has many free parameters, so when searches

for SUSY are performed, they usually investigate simplified models. These models

make assumptions such that the number of free parameters are reduced. Models of

SUSY in which supersymmetry is broken by gravitational interactions at the GUT

scale are called Supergravity [54]. Minimal supergravity (mSUGRA) or constrained

minimal supersymmetric model (CMSSM) [59, 60], where SUSY breaking is

mediated by the gravitino, are the simplest supergravity models. In

mSUGRA/CMSSM, there are now just five free parameters: A0, the common scalar

trilinear coupling, m0, the mass of spin-0 particles at the GUT scale, m1/2, the mass

of spin-1/2 particles at the GUT scale, sign(µ), the sign of the Higgs mass parameter,

and tanβ, the ratio of the Higgs doublet vacuum expectation values. Many searches

also look for particular particles with specified decay chains, such as g̃ → tt̄χ̃0
1, as

shown in Figures 1.7 (a) and (b).

Current Status

No significant excess was observed by ATLAS or CMS with the
√
s = 7 TeV and

√
s = 8 TeV data sets, so the LHC was able to exclude some parameter space of
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various SUSY models [61]. Additionally, no significant excess has yet been observed

in
√
s = 13 TeV data, and we display in Figure 1.7 the mass exclusion contours for

the lightest stop using this data. Figures 1.7 (a) and (b) demonstrate that at 95% CL,

ATLAS and CMS have excluded light stop masses up to approximately 1000 GeV for

a massless χ̃0
1. These figures are from [62] and [63], respectively. A full list of SUSY

results available to the public are available at [62] for ATLAS, and [63], for CMS.

The amount of Higgs mass fine-tuning is given by [64]

∆−1
h =

∣∣∣∣2δm2
H

m2
h

∣∣∣∣ , (1.43)

and from the correction to the Higgs mass squared from stops in Equation 1.41, we

can compute the fine-tuning with a 1000 GeV stop. For a messenger scale of Λ = 100

TeV and 20 TeV, the corrections to the Higgs mass-squared are 168 GeV and 109 GeV,

respectively. Therefore, for a messenger scale of 100 TeV, a fine tuning of ≈ 2% is

required, and for a messenger scale of 20 TeV, a fine tuning of ≈ 1% is required.

However, models of supersymmetry that have non-standard decays can be less

constrained. In Chapter 3, we will see an example of this for Stealth SUSY.

1.6 Outline

In Chapter 2, we will examine possible explanations for the 3.5 keV line discussed in

Section 1.3.5. Chapter 3 examines LHC constraints on a nonstandard model of
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Figure 1.7: The summary of searches for stop pair production in ATLAS (a), and CMS (b)
with the run-II

√
s = 13 TeV data. The 95% CL exclusion limits are displayed in the t̃1 − χ̃0

1

mass plane. These figures are from [62] and [63], respectively.
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SUSY, Stealth SUSY. The current status of higgsino dark matter is investigated in

Chapter 4, as well as the possibility of constraints from their capture by white

dwarfs. Finally, in Chapter 5, we consider the cosmological evidence for dark

matter-dark radiation interactions, where the dark matter transforms in the

fundamental representation of dark SU(N) and is the neutral component of an

SU(2)-weak triplet.
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2
Effective field theory and keV lines

from dark matter

2.1 Abstract

We survey operators that can lead to a keV photon line from dark matter decay or

annihilation. We are motivated in part by recent claims of an unexplained 3.5 keV

line in galaxy clusters and in Andromeda, but our results could apply to any

hypothetical line observed in this energy range. We find that given the amount of
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flux that is observable, explanations in terms of decay are more plausible than

annihilation, at least if the annihilation is directly to Standard Model states rather

than intermediate particles. The decay case can be explained by a scalar or

pseudoscalar field coupling to photons suppressed by a scale not far below the

reduced Planck mass, which can be taken as a tantalizing hint of high-scale physics.

The scalar case is particularly interesting from the effective field theory viewpoint,

and we discuss it at some length. Because of a quartically divergent mass correction,

naturalness strongly suggests the theory should be cut off at or below the 1000 TeV

scale. The most plausible such natural UV completion would involve

supersymmetry. These bottom-up arguments reproduce expectations from

top-down considerations of the physics of moduli. A keV line could also arise from

the decay of a sterile neutrino, in which case a renormalizable UV completion exists

and no direct inference about high-scale physics is possible.

2.2 Introduction

Searches for dark matter typically focus on WIMPs with a mass near the weak scale,

but a wide range of masses merit consideration. For instance, the range of masses

between a keV and several GeV is compatible with a number of interesting models,

and astrophysical constraints exist from X-ray or gamma-ray observations [65].

Recent claims of a possible 3.5 keV X-ray line observed in galaxy clusters and
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Andromeda [46, 44] have generated a great deal of interest in models with signals in

the X-ray range [66, 67, 68, 69, 70].

Our goal in this paper is to study the prospects for X-ray lines with energies of order

a keV from an effective field theory perspective. If dark matter decays or annihilates

directly to Standard Model states and produces such a line, there is a small set of

operators that are interesting to consider. In fact, for any two-body final state below

the two-electron threshold 2me ≈ 1 MeV, only photons and neutrinos can appear in

the final state, significantly restricting the possible signatures. We will analyze the

size of the operator needed to fit the 3.5 keV line signal. Even if this signal proves to

not be a result of dark matter decay or annihilation, the resulting effective field

theory analysis will carry over to any future line signal in this energy range.

An earlier operator analysis of monochromatic photon lines in dark matter decay,

not limited to the X-ray regime, appeared in Ref. [71]. It is complementary to ours,

as it includes a wider set of decays that are available for higher-mass dark matter

and discusses the line-to-continuum ratio in such cases. On the other hand, by

specializing to the X-ray regime we have a definite observable flux to target and can

make inferences about the scales that could suppress the operator. We also add a

discussion of loops and naturalness, with implications for possible UV completions

of the effective theory.

We first consider two-body decays of dark matter. If DM is bosonic, it decays to two

photons. This requires that it is a scalar or pseudoscalar, because a massive spin-1
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particle cannot decay to two massless photons due to the Landau-Yang

theorem [72, 73]. Thus, the interesting possibilities are a scalar ϕ or a pseudoscalar a

decaying through the operators:

ϕ

f
FµνF

µν or
a

f
FµνF̃

µν . (2.1)

Here f is simply some constant with dimensions of energy, signaling the scale at

which new physics enters beyond these effective operators. In the fermionic case,

the final state must be a photon and a neutrino, and the most plausible option is a

spin-1/2 fermion ψ (which could be thought of as a sterile neutrino):

v

f2
ψ†σµννF

µν (2.2)

Here v is the Higgs VEV which has been put in because in the full SM, gauge

invariance requires the neutrino field to appear through the operator HL.

Alternatively, one could consider a similar operator with a spin-3/2 gravitino,

though we will find that the required rate is difficult to achieve in this case.

If dark matter annihilates to SM final states and produces a 3.5 keV line, the

operator must be suppressed by a small scale, which is difficult to UV complete.

Thus, the decaying interpretation seems more plausible, although more elaborate

2-body processes that do not involve directly annihilating to SM states are possible
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(see, e.g., ref. [67]).

From the effective field theory perspective, the richest and least-studied case turns

out to be scalar dark matter. We find that detectable line signals coincide with

operators suppressed by scales of order the reduced Planck mass

MPl ≈ 2.4× 1018 GeV. Like all scalar fields, such dark matter would have a severe

naturalness problem unless divergences are regulated by new physics. We argue

that in this case, the cutoff should be below about
√
mϕMPl ∼ PeV, and that the

most plausible new physics leading to a consistent and natural theory is

supersymmetry. It is very interesting that a line signal in the X-ray energy range

could be correlated with supersymmetry at a scale that can be probed by, if not

current colliders, at least possible future ones.

2.3 Decaying Scalar Dark Matter

2.3.1 Decays in the effective theory

We consider an effective interaction for a scalar field ϕ of mass ≈ 7 keV coupled to

photons:

Lint =
ϕ

f
FµνF

µν . (2.3)

This leads to a decay width

Γ(ϕ→ γγ) =
m3
ϕ

4πf2
. (2.4)
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The range of sterile neutrino mixing angle estimates in Ref. [44] correspond to a

lifetime for a fermion decaying to γν of between 2.0× 1027 and 1.9× 1028 seconds.

The value of the mixing angle quoted in the abstract of Ref. [46] corresponds to a

lifetime of 5.7× 1027 seconds. For a decay to two photons, the estimated lifetime

should be twice as long. We will thus take our goal to be a rate of

Γ(ϕ→ γγ) ≈ 1

1.2× 1028 s
≈ 5× 10−53 GeV, (2.5)

keeping in mind that the rate is uncertain to within about a factor of 2 around this

value. Given a measured mass mϕ ≈ 7.1 keV, we find that this rate requires a decay

constant f of order the reduced Planck mass:

f ≈ 7× 1017 GeV, (2.6)

to within about 50% accuracy.

This is a very interesting result, since scalar fields with couplings suppressed by

scales of order MPl are well-motivated: they arise in the form of moduli in string

theory constructions, which tend to be generated in large numbers cosmologically

(to the extent of posing a problem) [74, 75, 76, 77]. In fact, the possibility of X-rays

arising from decaying moduli has been noted before and constitutes an important

constraint on light moduli fields [78, 79, 80]. Before turning to such a top-down
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interpretation, we will first consider what we can learn about such a scalar field

from a purely bottom-up effective field theory perspective.

2.3.2 Loops and Naturalness in the Effective Theory

of quantities is enough to remove the large corrections and the theory can remain predictive. The
naturalness constraint here is

L <⇠
q

mf f . (9)

If we actually evaluate the one-loop diagram, we find a result that might initially seem counterin-
tuitive:

⇠ L4

f 2

(10)

Another constraint arises from the fact that the f4 coupling must be small due to limits on dark
matter self-interactions. A quartic coupling is generated from loops....

A number of constraints exist on possible self-interactions of dark matter, arising from dynam-
ics of the Bullet Cluster and the shapes of halos in galaxy clusters and elliptical galaxies [12–17].
The current best estimates are that the allowed cross sections are

s

mDM

<⇠ 0.1 barn/GeV, (11)

which in our case means

s <⇠ 7⇥ 10�31 cm2 ⇡ 2⇥ 10�3 GeV�2. (12)

2.3 Moduli Interpretation

Supersymmetry breaking with a gravitino in the keV mass range could offer spectacular collider
signatures. The lifetime of a neutralino decaying to a light gravitino would be ???, leading to
macroscopically displaced vertices that could open up a new arena of precision measurement [18–
21].

3 Other Dark Matter Decay Scenarios

3.1 Decaying Pseudoscalar

3.2 Decaying Fermion

Suppose that our dark matter field is a fermion, y, decaying to a photon and neutrino:

Lint =
v
f 2

y†sµnnFµn + h.c. (13)

3

Figure 2.1: Quartically-divergent loop correction to the scalar mass given the interaction in
eq. 2.3.

There is an interesting naturalness constraint in this theory. The mass of ϕ, like all

scalar masses, is very sensitive to renormalization effects, such as the loop

correction in fig. 2.1. Because the coupling is 1/f , we should expect just on

dimensional analysis grounds that if loops are cut off at a scale Λ we generate

quartically-divergent corrections. Calculating the diagram with a simple cutoff gives

δm2
ϕ ≈ 3

8π2
Λ4

f2
. (2.7)

The precise coefficient is cutoff-dependent, which in more physical language means

it is dependent on the unknown short-distance physics that softens the divergent

loop. Nonetheless, this estimate should capture the effect at an order-of-magnitude
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level.

Naturalness is the expectation that this correction to the mass of ϕ should not be

much larger than the actual observed mass of ϕ, which would require a delicate

cancelation. In this context, it tells us that

Λ ≲
(
8π2

3

)1/4√
mϕf ≈ 4× 106 GeV. (2.8)

Any natural UV completion of this decaying scalar theory has a cutoff at or below a

few thousand TeV (that is, a few PeV) that softens the divergent photon loop. We will

consider what such a UV completion may be below. In any case, it is appealing that

the low energy scale corresponding to the X-ray line and the very high energy scale

implied by its rate have conspired to imply new physics at the PeV scale. This is

almost within reach of, if not current colliders, at least technologically plausible

future colliders. Currently 100 TeV future proton–proton colliders are under active

study (see, for instance, refs. [81, 82]). Although colliders able to produce particles at

1 PeV are unlikely to be built in the next few decades, there does not seem to be any

insurmountable technical obstacle to their construction and one can imagine that

they might one day be built.

As in all naturalness arguments, we could always imagine that there is a single

fine-tuning in the theory that produces a light physical ϕ mass but that the cutoff of

the theory remains at the scale f . In this case, we would expect that the scale f
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suppresses generic higher-dimension operators in the theory. For example, we

should also add to the Lagrangian

L′
int =

c

f2
ϕ2FµνF

µν , (2.9)

with c an order-one number. Generic such operators suppressed by f will

contribute comparable amounts to the scattering amplitude (e.g. for ϕγ → ϕγ) at

center-of-mass energies ∼ f , so the effective theory breaks down at that scale and it

is the correct cutoff.

keeping in mind that the rate is uncertain to within about a factor of 2 around this value. Given
a measured mass mf ⇡ 7.1 keV, we find that this rate requires a decay constant f of order the
reduced Planck mass:

f ⇡ 5⇥ 1017 GeV, (6)

to within about 50% accuracy.
This is a very interesting result, since scalar fields with couplings suppressed by scales of order

MPl are well-motivated: they arise in the form of moduli in string theory constructions, which
tend to be generated in large numbers cosmologically (to the extent of posing a problem) [11–
14]. In fact, the possibility of X-rays arising from decaying moduli has been noted before and
constitutes an important constraint on light moduli fields [15–17]. Before turning to such a top-
down interpretation, we will first consider what we can learn about such a scalar field from a
purely bottom-up effective field theory perspective.

2.2 Loops and Naturalness in the Effective Theory

(7)

of quantities is enough to remove the large corrections and the theory can remain predictive. The
naturalness constraint here is

L <⇠
q

mf f . (9)

If we actually evaluate the one-loop diagram, we find a result that might initially seem counterin-
tuitive:

⇠ L4

f 2

(10)

Another constraint arises from the fact that the f4 coupling must be small due to limits on dark
matter self-interactions. A quartic coupling is generated from loops....

A number of constraints exist on possible self-interactions of dark matter, arising from dynam-
ics of the Bullet Cluster and the shapes of halos in galaxy clusters and elliptical galaxies [12–17].
The current best estimates are that the allowed cross sections are

s

mDM

<⇠ 0.1 barn/GeV, (11)

which in our case means

s <⇠ 7⇥ 10�31 cm2 ⇡ 2⇥ 10�3 GeV�2. (12)

2.3 Moduli Interpretation

Supersymmetry breaking with a gravitino in the keV mass range could offer spectacular collider
signatures. The lifetime of a neutralino decaying to a light gravitino would be ???, leading to
macroscopically displaced vertices that could open up a new arena of precision measurement [18–
21].

3 Other Dark Matter Decay Scenarios

3.1 Decaying Pseudoscalar

3.2 Decaying Fermion

Suppose that our dark matter field is a fermion, y, decaying to a photon and neutrino:

Lint =
v
f 2

y†sµnnFµn + h.c. (13)

3

Figure 1: Quartically-divergent loop correction to the scalar mass given the interaction in eq. 3.

There is an interesting naturalness constraint in this theory. The mass of f, like all scalar
masses, is very sensitive to renormalization effects, such as the loop correction in fig. 1. Because
the coupling is 1/ f , we should expect just on dimensional analysis grounds that if loops are cut off
at a scale L we generate quartically-divergent corrections. Calculating the diagram with a simple
cutoff gives

dm2
f ⇡ 3

8p2
L4

f 2
. (8)

The precise coefficient is cutoff-dependent, which in more physical language means it is depen-
dent on the unknown short-distance physics that softens the divergent loop. Nonetheless, this
estimate should capture the effect at an order-of-magnitude level.

3

Figure 2.2: Quartically-divergent loop corrections δλ ∼ 1
16π2

Λ4

f4 to the scalar self-interaction
given the interactions in eq. 2.3 and 2.9.

Even after we tune the ϕ mass to be light, loops generating the ϕϕ→ ϕϕ scattering

amplitude pose a further phenomenological problem. Diagrams contributing to

this amplitude are shown in fig. 2.2 and are also quartically divergent. Although we

did not initially write down a ϕ4 term in the potential, it is allowed by all symmetries,

and if the cutoff of the theory is Λ ∼ f these loop diagrams will generate λ
4!ϕ

4 with

λ ≳ 1
8π2Λ

4/f4 ∼ 1
8π2 . (Here we just assume the usual dimensional analysis for a loop
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factor.) Such a value of λ may seem innocuous, but self-interactions of dark matter

have observable effects, like isotropizing the velocity distribution of dark matter in

the dense cores of galaxies and galaxy clusters and thus producing more spherical

halos. Such halo shape constraints, as well as dynamics of the Bullet Cluster merger,

have been used to set bounds on dark matter self-interactions [83, 84, 85, 86, 87, 88].

The current best estimates are that the allowed cross sections are

σ

mDM
≲ 0.1 barn/GeV, (2.10)

which in our case means

σ ≲ 7× 10−31 cm2 ≈ 2× 10−3 GeV−2. (2.11)

This would compare to our estimate

σest ∼
1

32πs
|λ|2 ∼ 8× 103 GeV−2, (2.12)

using λ = 1
8π2 and the fact that s ≈ 4m2

ϕ for nonrelativistic scattering. As a result,

tuning the mass to be small is not enough. Data requires that the self-interaction

cross-section be significantly suppressed relative to the one-loop effective field

theory estimate if the theory is cut off at Λ ≈ f . A cutoff two orders of magnitude

below f would safely avoid this problem while still requiring a large fine-tuning in
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the mass. Nonetheless, this secondary argument strengthens the naturalness point

of view that the theory breaks down below the scale f (because such a cutoff

requires tuning both mϕ and λ), and we find the case for a breakdown of the theory

at or below a PeV to be compelling.

As is well-known, naturalness arguments that are qualitatively similar to the ones we

have made here imply that the Standard Model Higgs boson is unnatural and that its

fine-tuning problem can only be fully resolved if it couples to new physics near the

TeV scale. (Current LHC data puts such solutions under mild, but not severe, strain.)

However, the SM naturalness problem could be solved in a way that is unrelated to

dark matter. The additional information provided by the naturalness argument we

are making now is that if the 3.5 keV line is due to decaying scalar dark matter, we

expect new physics below a PeV that couples to both dark matter and the Standard

Model (because it regulates loops involving DM and photons). Thus, this argument

is not simply repeating the usual SM naturalness argument but extending it to shed

more light on the nature of the new physics.

2.3.3 A composite UV completion

The naturalness argument implies that some new physics should come in at the PeV

scale to cut off the quartic divergence and make the ϕ mass natural. We will now

explore some possibilities for what this PeV-scale physics can be. As in the more
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familiar hierarchy problem arising from the Higgs boson mass, the physics that

explains why ϕ is light could arise from compositeness or from supersymmetry. Let

us first address the less appealing case of compositeness. We could begin with a

Dirac fermion χ charged under some SU(N ) gauge group, coupling to photons

through the dimension-7 Rayleigh operator 1
Λ3
R
χχ̄FµνF

µν . Such an operator can be

readily UV completed by loops of electrically charged particles that could also carry

SU(N ) quantum numbers [89]. We could then imagine that SU(N ) confines, binding

the χ particles into a composite scalar ϕ with a mass set by the compositeness scale,

i.e. Λcomp ∼ mϕ ∼ 10 keV. In that case, we expect that

1

f
∼

Λ2
comp

Λ3
R

⇒ ΛR ∼
(
m2
ϕf
)1/3 ≈ 300 GeV. (2.13)

There are several reasons that this seems unlikely: first, it would require new

charged particles at the weak scale, also charged under a hidden gauge group, that

we have not yet seen. Second, it requires a light stable scalar in the composite sector,

built out of fermionic constituents, whereas confinement typically favors

pseudoscalars as the lightest states. (Glueballs are an exception, but more difficult

to UV complete.) Third, it involves a gauge group that confines at the keV scale,

which could pose cosmological difficulties (though our favored alternative is also

cosmologically problematic). Finally, if nature has handed us a scale like

7× 1017 GeV suppressing an operator, it would be disappointing if it is completed by
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such mundane physics. Instead, the obvious temptation is to view this very large

scale as a fundamental one, near the Planck scale for a good reason rather than an

accidental one.

2.3.4 Supersymmetry as a cutoff

We now wish to explore the possibility that the field ϕ is not composite, and the large

scale f is related to fundamental physics (like the Planck scale or string scale). Large

fundamental scales suppressing couplings are typical of a class of scalar fields called

moduli. For the remainder of this section, we will explore the possibility that

decaying scalar moduli fields give rise to an X-ray line. In this case, the quartic

divergence at the PeV scale can be regulated by supersymmetry.

Scalar moduli fields arise, for instance, from modes of the graviton polarized along

internal dimensions in string compactifications. Being part of the gravitational

sector of the underlying theory, they couple with a strength related to that of gravity,

so it would not be a surprise to find them with f ≈ 7× 1017 GeV ≈ 0.3MPl. Moduli

fields typically have a mass that is at most of order the gravitino mass m3/2, which is

a measure of how badly supersymmetry is broken [76]. Although they may obtain a

mass in a supersymmetric manner, which is sometimes moderately large compared

to m3/2 [90], raising their mass well above the gravitino mass generally requires

fine-tuning [91]. In the simplest case (though see below for an exception in LARGE
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volume models), moduli masses are of order m3/2. As a result, we expect that if a

modulus field is found with a mass of 7 keV, the gravitino mass m3/2 =
F√
3MPl

is

somewhere between about 100 eV and 10 keV, corresponding to a SUSY breaking

scale*

√
F =

(√
3MPlm3/2

)1/2
≈ 600 TeV to 6 PeV. (2.14)

It is no accident that this is close to the cutoff we estimated above, since f ∼MPl

and we have assumed m3/2 ∼ mϕ. But in making this estimate, we are using input

from our theoretical expectations about moduli. It is interesting to try to reproduce

such an estimate from a bottom-up, effective field theory point of view.

In a supersymmetric theory, the photon loop in fig. 2.1 is supplemented by a

photino loop. Supersymmetry is not powerful enough to completely remove

ultraviolet divergences in a nonrenormalizable effective theory. It typically reduces

the degree of a power divergence by 2, as in the familiar case when adding a stop

loop to the top loop transforms a quadratically divergent Higgs mass into a

logarithmically divergent one. A similar phenomenon occurs in this case: the

quartically divergent loop correction to the ϕ mass becomes quadratically divergent

*Here F is an effective SUSY-breaking order parameter with dimensions of mass squared.
When supersymmetry is spontaneously broken, there is a massless “goldstino” fermion
analogous to Nambu-Goldstone bosons of broken bosonic symmetries, and F plays a role
analogous to a Nambu-Goldstone boson’s decay constant. Just as ordinary gravity can
loosely be thought of as gauging the Poincaré group, supergravity gauges the supersym-
metry transformations and the would-be goldstino is eaten by the gravitino. This is an
analogue of the Higgs mechanism by which the gravitino acquires a mass proportional to
the degree of SUSY breaking, assuming the background spacetime is flat. See ref. [92] for
one pedagogical introduction.
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in the presence of supersymmetry. We can read off the dependence from a general

result on the behavior of the one-loop Kähler potential in nonrenormalizable

theories [93], which contains a term

∆K1−loop ⊃ − Λ2

16π2
log
(
h+ h†

2

)
(2.15)

where h is the holomorphic gauge kinetic function, i.e. L ⊃
(∫
d2θ 14hW

αWα + h.c.
)

.

If SUSY breaking generates a photino mass mλ at a scale Mmessenger, then below this

scale we can view the mass as an effective SUSY-breaking spurion in the gauge

kinetic function, h ⊃ 1
g2
mλθ

2. In this spurion treatment we must take Λ ≈Mmessenger,

because higher momentum running through the loop will resolve the underlying

SUSY-breaking dynamics and invalidate the spurion approach. Thus, in this

approach we revise our estimate of the correction to the ϕ mass to be:

δm2
ϕ ∼

m2
λM

2
messenger

16π2f2
. (2.16)

In the case of gauge-mediated supersymmetry breaking, we would have

mλ ∼ α
πF/Mmessenger and so by imposing δm2

ϕ ≲ m2
ϕ we get a naturalness bound on

the SUSY-breaking scale
√
F :

√
F ≲

√
4π2

α
fmϕ ≈ 100 PeV ⇒ m3/2 ≲ 5 MeV. (2.17)
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This is related to the estimate in eq. 2.14, differing numerically because of weak

coupling factors. Essentially, it says that it is natural for the moduli to be a few

orders of magnitude lighter than the gravitino, assuming only that they interact with

photons. In complete models we expect eq. 2.14 to be a better guide to the relevant

scale, but it is interesting that we can get close to it from a bottom-up perspective.

Another possibility is that moduli can have mass well below the gravitino mass.

Although this seems surprising from the point of view of “generic” effective

supergravity theories, it is possible without fine-tuning. It occurs in the context of

the LARGE volume string compactification models [94, 95], where no-scale

structure appears in the effective theory. Such no-scale structure could in fact be

very common in the string landscape. In these scenarios, there is an exponentially

large dimensionless number V , the volume of the internal geometry in string units,

which plays a key role. The string scale is MPl/
√
V , the gravitino mass is

m3/2 ∼MPl/V (with most of the moduli masses nearby), and the Kähler modulus

controlling the overall volume is lighter still, with mϕ ∼MPl/V3/2. Our analysis of

the loop corrections to the ϕ mass above approximately carries through in this case,

except that we should cut off the divergent loop at Λ ≈Mstring rather than at a

messenger scale. The result, using the fact that the gaugino mass should be no

larger than the gravitino mass, is a correction

δm2
ϕ ∼

m2
λM

2
string

16π2f2
≲
m2

3/2M
2
string

16π2M2
Pl

∼
(

MPl

4πV3/2

)2

, (2.18)
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smaller than or at most of order the mass scale of the light volume modulus. In

other words, there is a consistent power-counting in the small parameter V−1/2. The

possibility of X-ray signals from decays of the overall volume modulus in these

scenarios was discussed in Ref. [96], albeit in the context of energies closer to 100

keV to 1 MeV. If the mass of the volume modulus is at 7 keV, the corresponding

gravitino mass is in the vicinity of 500 GeV. In this case, the new physics needed to

cut off the quartically divergent loop correction would enter at scales well below the

necessary energy needed to restore naturalness. Because superpartners are

generally much lighter than the gravitino in the LARGE volume scenarios, we expect

that a gravitino mass of ∼500 GeV is already excluded in many versions of such

models. If the superpartner masses are of order the gravitino mass, a ∼500 GeV

gravitino would imply discoveries right around the corner. In general, a full

exploration of the suppression of various mass scales in LARGE volume scenarios is

beyond the scope of this work, but see ref. [97] for a LARGE volume scenario for the

3.5 keV line from axion–photon conversion, which appeared after our initial

preprint.

2.3.5 Further implications of moduli

Large decay constants imply that moduli fields can take large values, which leads to

cosmological difficulties. The large range in field space is also associated with
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additional interactions of ϕ. In concrete constructions, one finds that they often

have noncanonical Kähler potentials. In fact, this is guaranteed by basic consistency

requirements of field theory. If our gauge kinetic term is

Lgauge =

(
−1

4
+
ϕ

f

)
FµνF

µν , (2.19)

then something must prevent us from considering field values ϕ > f/4, which

would alter the sign of the kinetic term, producing ghosts and catastrophically

destabilizing the vacuum. One way that this can happen is if such distances are

infinitely far away in field space. We could achieve this with a very mild divergence

if the actual kinetic term for ϕ is

Lkin =
f2

2 (f − 4ϕ)2
∂µϕ∂

µϕ. (2.20)

Thus, the choice ϕ = f(1/4− ϵ) lies a distance ∼ f log |ϵ| away in field space, so it is

physically impossible to reach ϵ = 0 and we never encounter ghosts in the theory.

Such kinetic terms have appeared in many settings, including no-scale

supergravity [98]. They also arise in string theory, where the limit ϕ→ f/4 also

typically coincides with the emergence of a tower of light modes that should be

included in the effective theory [99]. Providing an infinite distance in field space to

avoid ghosts is also the role of the logarithm in the 1-loop Kähler correction in
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eq. 2.15.

In the early universe, the modulus field ϕ will typically take on values of order f ,

oscillating in its potential once the Hubble expansion rate drops to mϕ. This is

precisely analogous to the very familiar “misalignment mechanism” for populating

axion dark matter. A modulus field with a mass of 7 keV is stable on long timescales

and poses an overabundance problem. The best bet for solving such a problem is

probably a late period of inflation [100, 101, 102], which produces enough entropy

to dilute the moduli. Intriguingly, in a particular realization of this idea studied by

one of us with a saxion driving thermal inflation the scale
√
F ∼ PeV, with moduli

near a keV, is preferred [91]. The idea of thermal inflation is to have a scalar field

other than the modulus itself (e.g., the saxion) which obtains a large vacuum

expectation value at zero temperature but can be pinned at the origin by thermal

corrections to its potential when the universe is hot. As long as the temperature is

high enough to trap the field at the top of its potential, it contributes a constant

term to the vacuum energy that eventually dominates over the matter dominated

contribution of moduli. This dilutes the moduli for a time, then the temperature

drops enough that the thermal corrections are small and the saxion rolls out to its

late-time VEV and decays, producing entropy.

As we have mentioned, the modulus mass is usually near the gravitino mass. Moduli

would be inaccessible at colliders (just as gravitons are), but the gravitino could

arise as a decay product. The lifetime of a neutralino with mass mχ̃0 decaying to a
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gravitino is [92]

cτ ≈ 6 cm

( √
F

500 TeV

)4(
100 GeV
mχ̃0

)5

, (2.21)

ranging from 10 cm to 1000 km as the supersymmetry breaking scale
√
F varies in

the range in eq. 2.14. (The reason for this scaling is that the decay is dominantly to

the longitudinal gravitino, i.e. the eaten goldstino, all of whose couplings go as 1/F

because F plays the role of a decay constant.) Thus, the lower end of this

range—motivated if the modulus is stabilized supersymmetrically and is moderately

heavy compared to the gravitino—could offer spectacular collider signatures.

Macroscopically displaced vertices could open up a new arena of precision

measurement [103, 104, 105, 106].

2.4 Other Dark Matter Decay Scenarios

2.4.1 Decaying pseudoscalar

The case of a pseudoscalar a, or axion-like particle, has obvious similarities to the

scalar case we have just discussed:

Lint =
a

f
FµνF̃

µν . (2.22)
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In this case, we find Γ = m3
ϕ/(4πf

2) and thus†

f ≈ 7× 1017 GeV. (2.23)

Note that, although it is possible for a scalar modulus to appear with a coupling that

is simply Planck-suppressed, it is generally the case that an axion field will appear

with a coefficient of order α
4πFa

where Fa is the axion field range [107]. Thus, we

should associate the estimate above with a scale of order Fa ∼ 4× 1014 GeV. Such a

scale could be related to important high scale physics like the string scale. Because

the axion-like particle interpretation of the keV line has been discussed already in

refs. [68, 69, 70], we will not dwell on it in detail, save to make a few comments on its

relation to the scalar case.

Axion fields have a shift symmetry, which is broken by their mass (originating, for

instance, from instantons) but not by the coupling to photons. Thus, unlike the

scalar case, we will not find any one-loop divergences that lead us to naturalness

arguments in effective field theory for a higher scale. However, like the scalar case,

axions are cosmologically problematic because the fields tend to dominate the

energy density of the universe. This suggests that some physics dilutes the axion

field after it has started oscillating in its potential; such dilution must happen at late

†It is no accident that this pseudoscalar result matches the scalar case: a supersymmet-
ric coupling

∫
d2θ S

f WαWα of a chiral superfield S to a gauge field strength couples the real

scalar part of S to F 2 and the imaginary scalar part of S to FF̃ . SUSY requires that the real
and imaginary scalars have equal decay widths, relating the two computations.
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times and at temperatures below about
√
maMPl, hinting at a scale for new physics.

Furthermore, if the axion mass originates from instantons, we could expect new

physics (like a confining gauge theory) at the scale of the geometric mean

(maFa)
1/2 ∼ 50 TeV. Thus, some aspects of the expectations for new particle physics

and new cosmology are the same for the pseudoscalar interpretation as for the

scalar case, although the bottom-up arguments leading to these conclusions are

weaker.

2.4.2 Decaying fermion

Suppose that our dark matter field is a fermion, ψ, decaying to a photon and

neutrino:

Lint =
v

f2
ψ†σµννF

µν + h.c. (2.24)

We have included a factor of v in the normalization because in the full Standard

Model SU(2)L invariance requires that the Higgs field appear. Given this interaction,

we find a decay width

Γ(ψ → γν) =
v2m3

ψ

2πf4
. (2.25)

To achieve a lifetime of ∼ 6× 1027 s, we need a scale

f ≈ 1.3× 1010 GeV. (2.26)
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The interaction in eq. 2.24 is not the only term we can write involving the fermion ψ

and the neutrino; we can also consider a mass mixing between the two. In fact, as is

well-known in the sterile neutrino context, such a mass mixing will lead to a dipole

transition of the sort we are considering [108, 109].

In the sterile neutrino context, we can generate eq. 2.24 beginning from a

renormalizable Lagrangian,

L ⊃ 1

2
mψψψ + yHLψ, (2.27)

with H = 1√
2
v + . . . the Higgs boson. This leads to a mixing angle between the sterile

neutrino ψ and the Standard Model neutrino: sin θ = yv√
2mψ

≈ 2.5× 107y. Given the

small mixing angle needed to fit the X-ray line data as quoted in refs. [46, 44], this

means that the Yukawa coupling y is truly tiny: ≈ 1.6× 10−13. In this case, the

largeness of our estimate for f in eq. 2.26 has nothing to do with actual high

energies; it is a sign of a very small coupling. The dipole operator is induced through

a W loop which leads to a decay rate Γ = 9
1024π4αy

2m3
ψ/v

2 [108, 109]. This produces

f ≈ 3.9πv/
√
ey, consistent with our estimate above.

The Lagrangian above generates a contribution to the light neutrino mass of

y2v2

2mψ
≈ 10−7 eV, much smaller than the actual neutrino masses. This is perfectly

consistent; it simply means that the keV sterile neutrino we have here plays no

significant role in explaining neutrino masses. (A wide range of such sterile neutrino
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models and phenomenology have been studied; see recent reviews [109, 110, 111].)

Ordinarily we consider right-handed neutrinos and the seesaw mechanism to avoid

postulating extremely tiny Yukawas, but here we seem to have one anyway. Various

flavor symmetries could explain its smallness; see, for instance, the recent model in

ref. [112, 66]. From our viewpoint, explaining the X-ray line in terms of a sterile

neutrino is less compelling than explaining it with a modulus or an axion, which

offer clearer connections to physics at high scales. In the sterile neutrino case, we

have a simple renormalizable UV completion, so there is no unambiguous

guidepost toward further new physics.

2.4.3 Decaying gravitino

In general, a gravitino couples to the supercurrent, so we expect that it decays to

particles and their superpartners, e.g. a photon and a neutralino. However, in the

presence of lepton number violating interactions like WBRPV =
∑

i µiLiHu,

neutrinos and neutralinos can mix. Beginning with the coupling of the gravitino ψµ

to the photino λ and the photon,

L ⊃ − i

8MPl
ψµ [γ

ν , γρ] γµλFνρ, (2.28)
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the resulting decay rate will be proportional to the mixing matrix element Uγ̃ν

between the photino and the neutrino [113]:

Γ(G̃→ γν) ≈ 1

32π
|Uγ̃ν |2

m3
3/2

M2
Pl

. (2.29)

Apart from the mixing factor this is parametrically very similar to the decay rate of

moduli. But this is problematic for a gravitino interpretation: to obtain the right

rate, we need Uγ̃ν to be an order-one number. However, we expect that in any

realistic model of R-parity violating interactions, this mixing will be suppressed by a

small parameter characterizing lepton number violation. For instance, this small

parameter could be of order mν/M1 ≲ 10−10. Thus, we expect that a decaying

gravitino near the keV scale will have a sufficiently long lifetime as to be

unobservable.

2.5 Dark Matter Annihilation Scenarios

If the signal comes from dark matter annihilation to two photons (with a dark

matter mass of 3.5 keV), then we should fit it with a cross section ⟨σv⟩fit that is

related to the best-fit decay width Γfit studied above by

∫
l.o.s.

dℓ nDMΓfit =

∫
l.o.s.

dℓ n2DM ⟨σv⟩ , (2.30)
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where the integrals are along the line of sight and a factor of 1/2 is needed on the

right-hand side if the dark matter is its own antiparticle. To obtain a first crude

estimate, we read from Table 4 of Ref. [46] that the Centaurus observations involved

a total mass of 6.3× 1013M⊙ in a region of radius Rext = 0.17 Mpc. If we treat the

number density as constant over a spherical region (of course, it is not), we obtain

an estimate:

nDM ∼ 6.3× 1013M⊙
3.5 keV

3

4πR3
ext

≈ 3× 104 cm−3, (2.31)

leading to

⟨σv⟩fit ≈ 2.4× 10−33 cm3/s ≈ 2× 10−16 GeV−2. (2.32)

A more careful estimate could use an NFW profile, but given the number of sources

involved, the approximate nature of the flux estimate, and the negative conclusion

we will shortly reach about models, we will forgo this extra effort. The estimate for

the flux from Perseus in terms of ⟨σv⟩ quoted in Ref. [67] leads to an desired cross

section of 10−32 cm3/s, not far from our estimate above.

Suppose that dark matter is a fermion coupling to photons through the Rayleigh

operator 1
4Λ3

R
ψ̄ψF µνFµν . Then it has an annihilation rate [114]

σv(ψψ → γγ) =
m4
ψ

4πΛ6
R

. (2.33)
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In this case, we fit the desired rate if:

ΛR ≈ 60 MeV. (2.34)

Given that we know all charged particles (barring exotic millicharged particles,

which would not couple strongly enough to generate this operator) with a mass

below about 100 GeV, it seems impossible to UV complete this operator and achieve

a large enough rate.

We could similarly consider the case of dark matter as a complex scalar coupling

through the operator 1
Λ2
s
ϕ†ϕFµνF

µν . This gives an annihilation cross section [115]

σv(ϕ†ϕ→ γγ) =
2m2

ϕ

πΛ4
s

, (2.35)

requiring

Λs ≈ 14 GeV. (2.36)

This is only marginally more plausible than the previous case. We conclude that,

given the observed rate, it is unlikely that the X-ray line is accounted for by dark

matter directly annihilating to a pair of photons.
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2.6 Discussion

We have systematically examined the small set of operators involving dark matter

decaying or annihilating directly to Standard Model particles and producing a

photon line in the keV energy range. These are not all of the possibilities for

generating such a line. For example, dark matter could annihilate or scatter to

particles outside the Standard Model which subsequently decay. One such example

has been presented in ref. [67], with dark matter self-interactions leading to

collisional excitation and subsequent decay to the ground state through a dipole

operator. This model has attractive features, including a self-interaction rate that

could potentially account for small-scale structure puzzles like the lack of cusps in

dwarf galaxy halos.

So far the data on a possible 3.5 keV line have mostly been interpreted in the context

of sterile neutrinos [46, 44, 66] or axion-like particles [68, 69, 70]. For this reason, we

have considered the interpretation in terms of a scalar field—resembling the moduli

fields predicted by string theory—in most detail. In particular, we have highlighted

that without any theoretical bias, such an interpretation leads purely from

bottom-up effective field theory considerations to a strong argument for additional

new physics below 1000 TeV. Because such physics has to regulate a quartic

divergence from a nonrenormalizable operator, the possible UV completions are

limited. A composite theory could work in principle, but seems awkward to
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construct in practice. The most viable completion is supersymmetry, broken at or

below the PeV-scale. This is an exciting possibility, with the relatively low energy

scale in X-rays being linked to a scale probed by current or future colliders.

Even if the hint of a signal at 3.5 keV does not turn out to be related to dark matter,

the analysis here would be valid for any future dark matter signals appearing in a

similar energy range. Sterile neutrinos will remain a viable possibility, but we should

also consider moduli and axion-like particles, which can offer tantalizing links

between observational signals and very high energy scales.
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3
Stealth Supersymmetry Simplified

3.1 Abstract

In Stealth Supersymmetry, bounds on superpartners from direct searches can be

notably weaker than in standard supersymmetric scenarios, due to suppressed

missing energy. We present a set of simplified models of Stealth Supersymmetry that

motivate 13 TeV LHC searches. We focus on simplified models within the Natural

Supersymmetry framework, in which the gluino, stop, and Higgsino are assumed to
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be lighter than other superpartners. Our simplified models exhibit novel decay

patterns that differ significantly from topologies of the Minimal Supersymmetric

Standard Model, with and without R-parity. We determine limits on stops and

gluinos from searches at the 8 TeV LHC. Existing searches constitute a powerful

probe of Stealth Supersymmetry gluinos with certain topologies. However, we

identify simplified models where the gluino can be considerably lighter than 1 TeV.

Stops are significantly less constrained in Stealth Supersymmetry than the MSSM,

and we have identified novel stop decay topologies that are completely

unconstrained by existing LHC searches.

3.2 Introduction

The discovery of a Standard Model-like Higgs boson at 125 GeV marks a milestone

in particle physics. The presence of the Higgs forces us to confront the naturalness

puzzle of the weak scale. Supersymmetry (SUSY) is a leading candidate to stabilize

the weak scale. Naturalness requires that at least some of the Standard Model

superpartners, such as stops and Higgsinos, have masses near the weak

scale [116, 117, 118, 119, 120, 121]. The 8 TeV run of the LHC already constrains a

significant portion of Natural SUSY parameter space [122, 123, 124, 125, 126]. For

example, stops have been probed, in some cases, up to masses of about

700 GeV [127, 128, 129, 130, 131, 132, 133, 134, 135]. However, limits on
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superpartners, such as stops, are highly model-dependent because they are

sensitive to their precise decay topology. Therefore, it is pressing to answer the

question: are there signatures of Natural SUSY that haven’t been fully explored by

existing LHC data and searches? Explorations along this line can help guide the

ongoing LHC Run 2 searches towards a full coverage of Natural SUSY and to obtain a

justified evaluation of the naturalness principle experimentally.

Indeed a variety of SUSY models exist with very different signatures that might hide

from the standard searches [136, 137, 138, 139, 140, 141, 142, 143, 144, 145]. In this

paper, we focus on the “Stealth SUSY” class of models proposed by a subset of the

authors [138, 139, 145]. The simplest realization of Stealth SUSY is achieved within

the Minimal Supersymmetric Standard Model (MSSM): the corner of MSSM

parameter space where the stop mass is nearly degenerate with the top

mass [146, 138] and the stop decays to the top and a light bino or gravitino

(mÑ1
≪ mt̃ ≈ mt). This leads to stop pair production events that look very similar to

Standard Model tt events. They may be distinguished through spin

correlations [147, 148] or precision measurements of the top cross section [149].

Both of these techniques have now been pursued in data, with no signs of new

physics so far [150, 151].* As a result, we here do not discuss this “stealth stop” and

*Note however that existing spin and cross section limits [150, 151] rely on measure-
ments of the top mass that assume the SM description of the top. If top mass measurements
are biased by the presence of the stop, existing spin and cross section limits can be greatly
weakened [149, 152].
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instead focus on beyond-the-MSSM models of Stealth SUSY. In these extended

models, the MSSM is augmented with a light hidden sector which only feels SUSY

breaking weakly and consequently is approximately supersymmetric. The simplest

hidden sector is just a SM gauge singlet supermultiplet containing a nearly

degenerate fermion and scalar.

In Stealth SUSY, MSSM superparticles decay through the light hidden sector.

Missing energy is naturally small due to an approximate degeneracy, protected by

supersymmetry, between a hidden sector fermion and its scalar superpartner. The

hidden fermion decays to the scalar plus the lightest superparticle (e.g. a gravitino

or axino), whose momentum is soft due to the degeneracy. The long cascade decay

chains of Stealth SUSY lead to high multiplicity final states with softer visible objects

than traditional supersymmetry, in common with the supersymmetric Hidden

Valley scenario[153, 154, 145]. These general features could result in a (considerable)

weakening of constraints from the standard searches.

A few dedicated searches for Stealth SUSY have been already performed. One

focused on events with photons arising from χ̃0
1 → γS̃ decays. This is a distinctive

signature and the limits are very strong [155, 156], disfavoring some of the original

Stealth SUSY models. A complementary search focuses on events containing

χ̃±
1 →W±S̃ decays [156] (but vetoes b-jets or additional leptons, making it

inefficient for the signals we consider in this paper). Finally, a recent search adds

important sensitivity in the case of long-lived particles [157]. These are promising
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contributions toward the effort to extend the LHC’s SUSY search strategy beyond

minimal scenarios. Our goal in this paper is to make it easy for future searches to

target the regions of parameter space still left unconstrained or weakly constrained

by these initial attempts.

We use simplified models containing a combination of the key ingredients in

natural SUSY: gluinos, stops and Higgsinos. The hidden sector is chosen to be a

singlet supermultiplet with a fermionic component S̃ and a scalar component S.

The simplified stealth models of gluinos have been partially studied in [125], which

found that the long gluino decay chains leading to a top/W /Z rich final state are

still strongly constrained by the Run 1 data. We extend their work and confirm their

results. In addition, we study simplified stealth models of stop pair production, and

we include Higgsinos in decay chains.

We now summarize our main results. We find that gluinos are highly constrained if

gluino decays produce top quarks, requiring that the gluino be heavier than about

1 TeV. Alternatively, if the gluino decays to light flavor jets and no missing energy, we

find that the gluino can be as light as ∼ 400− 600 GeV. In topologies where stop

decays produce multiple b-jets, stops can be constrained, depending on the singlino

mass, to be as heavy as ∼ 400 GeV. We have also identified two topologies with no

LHC limits on stops, independent of the stop and singlino masses. This implies that

Stealth SUSY stops can be stealthier than stops in R-parity scenarios, where paired

dijet searches have recently set limits as strong as ∼ 350− 400 GeV [158].
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Although we focus on direct searches in this paper, we note that indirect constraints

via Higgs coupling measurements can be a powerful and complementary probe of

natural SUSY. The light superpartners in natural SUSY can have a considerable

contribution to the Higgs properties and are therefore constrained by Higgs

coupling measurements [159, 160, 161, 162, 163, 122, 164, 165]. Indirect constraints

via Higgs coupling measurements are limited in reach (e.g., current Higgs data is

only sensitive to scenarios with both stops lighter than about 400 GeV [164]), but are

complementary to direct searches and are independent of the stop decay topology.

These indirect searches could be an especially powerful probe of stealthy natural

scenarios if future e+e− colliders are constructed [162, 166, 167, 168, 169, 170, 171].

The paper is organized as follows. In Sec. 3.3, we present simplified stealth models

with some combinations of gluino, stop, and Higgsinos in the spectrum. We list the

decays of the new particles beyond the MSSM. In Sec. 3.4, we explain our procedure

for making use of existing LHC searches in our analysis. In Sec. 3.5 and Sec. 3.6, we

present constraints on simplified models of gluino and stop pair production,

respectively. We conclude and discuss future prospects in Sec. 3.7.

3.3 Simplified Natural Stealth Models

Simplified models contain a small set of production and decay channels of new

particles, in order to isolate a search channel of interest and to avoid the complexity
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of a complete model like the MSSM. In this context, a number of searches that

isolate signatures of naturalness, such as decays of stops to neutralinos or charginos,

have been considered, and a large amount of theoretical effort has gone into

proposing strategies for finding such stops (or sbottoms) [172, 173, 64, 174, 175, 176,

177, 120, 121, 178, 179, 180, 181, 182, 183, 184, 185, 186, 147, 187, 188, 189, 190, 191,

192, 193, 194, 195, 196, 197, 198, 199, 200, 201, 202]. Many experimental searches

have been undertaken based on these natural SUSY simplified

models [127, 128, 129, 130, 131, 132, 133, 134, 135]. Despite this significant and

important effort, in a scenario like Stealth SUSY very little of the previous work

remains applicable. We require a new set of simplified models and a corresponding

new set of search strategies. In this section, we present a set of simplified models

that can guide a new set of LHC searches. These models capture the essential

features of theories that are both natural and stealthy.

We consider simplified models containing (a subset of) gluino, stops, and Higgsinos

while decoupling all the other superparticles in the MSSM. In this paper we only

include the right-handed stop in the signals we analyze, although a more complete

natural Stealth SUSY model would also consider signals due to the left-handed stop

and sbottom. The stealth sector is chosen to be a gauge singlet multiplet with a

fermion S̃ and an almost degenerate scalar S. In addition, the lightest superparticle

in the spectrum is a light invisible fermion, e.g. a gravitino or axino. To specify a

simplified model, we need two important ingredients: the decays of the new states
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S̃ and S and the decay of the Lightest Ordinary Superpartner (LOSP) to the singlino.

We now present the set of decay scenarios we consider.

3.3.1 Singlet and Singlino Decays

We consider two basic scenarios for the decay of the singlet scalar S. Either it decays

through mixing with the Higgs boson (the SHuHd model) or it decays through loops

of new vectorlike particles with Standard Model charges (the SY Y model) [138, 139].

In the former case, its branching ratios will be identical to those the Standard Model

Higgs boson would have if its mass were mS [203]. For most of the simplified

models, we focus on a benchmark value mS = 90 GeV where the dominant decay is

to bb, but we also include the leading subdominant decays to τ+τ−, gg, and cc as

well as the subdominant but phenomenologically interesting decay to γγ. (We

ignore other sub-percent level decays to off-shell W and Z bosons, strange quarks,

and muons.) In the case of the SY Y model, we include a dominant decay to gluons

and a subdominant decay to photons at the branching fraction 4× 10−3 (as

computed for a benchmark point in ref. [138]). The branching fractions that we

assume are listed in Table 3.1.

Because S is the scalar part of a chiral supermultiplet, it actually contains both real

and imaginary (pseudoscalar) parts: S = 1√
2
(s+ ia). However, for

phenomenological purposes, there is little distinction between s and a in the
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Table 3.1: Singlet branching ratios assumed in our simulations. These are intentionally sim-
plified to capture the phenomenological highlights, rather than computed in the complete
theory.

Singlet Decay SHuHd Branching Fraction

bb 81.4%

τ+τ− 8.3%

gg 6.1%

cc 4.1%

γγ 0.1%

Singlet Decay SY Y Branching Fraction

gg 99.6%

γγ 0.4%

models we consider. In the spirit of simplified models, to capture the relevant

collider signals we only discuss one degree of freedom and refer to it as S.

We take the singlino to be slightly heavier than the singlet. Thus the singlino will

decay 100% of the time to singlet and the invisible fermion, which is the lightest

superparticle in the spectrum.

3.3.2 Decays of the LOSP

We assume a relatively small coupling between the visible sector and the stealth

sector, so that all visible superpartners rapidly cascade down to the LOSP, which

then decays to the stealth sector. The decays that we obtain depend on the choice of

SHuHd or SY Y as the dominant interaction between the sectors. Further detailed

descriptions of decay widths (including the relevant natural SUSY widths for

transitions between SM superpartners) may be found in Appendix A. We list the

decays of different possibilities of LOSP in either the SHuHd or SY Y model in
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Figure 3.1. In the SHuHd model, the decays of the LOSP to singlino always go

through mixing between the singlino and a Higgsino (represented by the crosses in

the figure). In the SY Y model, the couplings between the LOSP and the stealth

singlet are generated via a loop of Y and Y messengers. Thus the decays of LOSP

into the stealth sector proceed through the loops represented by the blue blobs in

the figure.

g̃

LOSP SHuHd

g̃

t

t̄

S̃

SY Y

g̃

g

S̃

t̃
t̃

t
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H̃0
H̃0

Z, h, S

S̃

H̃0

Z, γ

S̃

Figure 3.1: All possible LOSP decays we consider in the stealth simplified models. The
crosses on the singlino legs in the SHuHd models represent a mixing between singlino and
Higgsino. The red blob in the gluino LOSP decay in the SHuHd model represents an off-
shell stop. The blue blobs in all the LOSP decays in the SY Y model represent a loop of Y, Y
messengers.
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We have drawn all of the Higgsino states decaying to the singlino in Figure 3.1,

treating the whole multiplet as the LOSP. There are also transitions within the

Higgsino multiplet, e.g. H̃+ →W+∗H̃0
1 . These transitions are highly phase-space

suppressed due to the small splittings within the Higgsino multiplet. On the other

hand, the decays to singlino are suppressed by small mixings in the SHuHd model

and by loop factors in the SY Y model. As a result, in different regions of parameter

space the dominant decay can be either the usual MSSM transition to the lightest

Higgsino (followed by Higgsino decay) or the decay to singlino as in the figure. In

our simulations, we always assume that all Higgsinos decay directly to the singlino,

but in general both cases are interesting.

3.3.3 Summary of assumptions

For the reader’s convenience, we now summarize the basic assumptions in our

simplified models and in the limit plots we will present below. First, there are the

assumptions underlying the simplified Stealth SUSY modeling approach itself:

• We include at most gluinos, higgsinos, and the right-handed stops,

decoupling the other superpartners. (Left-handed stops and sbottoms will

also be present in natural models, but we have not included them for

simplicity.)

• Relatively small couplings are present between the visible and stealth sectors,

to protect the stealth sector from large SUSY breaking corrections.

• We focus on parameter space in which the MSSM particles decay to the

singlino much more often than the gravitino, to minimize missing
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momentum signals.

Then we have assumptions that are motivated less by physics than by reducing the

size of the parameter space we have to visualize:

• We include a singlet scalar rather than both a scalar and a pseudoscalar, for

simplicity (they have similar phenomenology).

• We never scan over the mass splitting between the singlino and the singlet

scalar. It is always fixed to a small (“stealthy”) value of either 10 GeV or 1 GeV,

as clearly stated in the relevant limit plots in Sections 3.5 and 3.6.

• We only scan two masses at a time. For gluino–stop–singlino models, for

instance, we fix the singlino mass to 100 GeV. In the

gluino–stop–higgsino–singlino model, we also fix the stop mass to lie halfway

between the gluino and higgsino masses.

Although these simplifying choices are somewhat arbitrary, we believe that our

results nonetheless are representative of the generic physics of Stealth SUSY

scenarios.

3.4 Recasting Existing Searches

We consider pair production of gluinos or right-handed stops for each simplified

model. The gluino and stop pair production rates are taken from [204]. The rates are

calculated at the next-to-leading order in the strong coupling constant and include

the resummation of soft gluon emission at the next-to-leading logarithmic accuracy.

For the reader’s convenience, we present the production cross section as a function

of the mass of the relevant SUSY particle in Figure 3.2. Directly searching for
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electroweak production of Higgsinos is interesting, but given the smaller cross

sections we do not consider it in detail in this paper.
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Figure 3.2: Pair production rate of gluinos, stops and Higgsinos at the 8 TeV LHC. The gluino
and stop pair production rates are taken from [204] while the Higgsino pair production rate
is taken from [205, 206].

We simulated parton level events using MadGraph/MadEvent [207, 208, 209, 210]

and showered the events through Pythia [211, 212]. In generating the events, we also

used LHAPDF for parton distribution functions [213], the SUSY Les Houches accord

[214, 215], and HepMC to convert event records[216]. We used the publicly available

code CheckMATE (version 1.2.0) [217], which checks the compatibility of new

physics models with a subset of LHC searches. The CheckMATE package relies on

DELPHES 3 [218] and the MT2 variable [219, 220, 221]. We also selected and coded

up some searches that could be sensitive to the simplified stealth models but are not

available in CheckMATE. The searches we checked are tabulated in Table 3.2. We

have validated all of our codes and the details of the validation could be found in
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Appendix B. In the case of the ATLAS multijet study [222, 223], we computed the

number of allowed events ourselves using CLs because we could not reconcile the

quoted limits on number of events per channel with the counts that were provided.

Our analysis codes and CheckMATE codes both use the FastJet package[224, 225]

with the anti-kt algorithm [226] to cluster jets, and the CLs prescription to set limits

[227]. Ideally it would be useful to have an official recasting from the experiments

themselves following the proposal in [228]. In the following sections, we only

present the strongest constraints from the searches we coded up and those included

in CheckMATE package. The most constraining searches in the CheckMATE

package are tabulated in Table 3.3.

Table 3.2: LHC searches checked in the study in addition to the searches in the public
CheckMATE package [217]. All of them use 8 TeV data. The details of the validation could
be found in Appendix B.

Search Data(fb−1) Reference

ATLAS massive particles in multijet channel 20.3 [222, 223]

ATLAS stop search in the Z + b+ Emiss
T channel 20.3 [229]

ATLAS search with large jet multiplicity and Emiss
T 20.3 [230]

CMS jet multiplicity distribution in top pair production 19.7 [231]

CMS same-sign dileptons and jets 19.5 [232]

CMS stop searches with h→ γγ 19.7 [233]

CMS multilepton searches 19.5 [234]

We have not done a detailed recasting of the existing stealth SUSY search relying on

photons or W bosons [156]. Photon branching ratios are small in the models we

consider, and the W search rejected any event with a b-tagged jet and required
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Table 3.3: The most constraining searches for the stealth models in the CheckMATE pack-
age. The first search is validated by us, while the second one is validated already in the
CheckMATE package.

Search Data(fb−1) Reference

ATLAS same-sign dilepton and trilepton plus jets 20.3 [235]

ATLAS search for missing energy and at least 3 b-jets 20.1 [236, 237]

exactly two opposite-sign leptons, making it inefficient for our signals.

3.5 Constraints on Gluinos

3.5.1 The g̃ → S̃ → G̃ Decay Chain

The simplified model for a minimal scenario of a gluino decaying directly through

the singlino is depicted in Figure 3.3 for the SY Y scenario. For simplicity, we

specialize to the SY Y model in this section. We do not consider the SHuHd model

because it generates similar signatures to the g̃ → t̃→ S̃ chain of the SHuHd model

discussed in the next subsection, as the dominant decay in that case is often

g̃ → ttS̃. (If the phase space is insufficient, the loop decay gS̃ may also arise in the

SHuHd model, rendering it similar to the case discussed here.)

The estimated exclusion is presented in Figure 3.4. Here and elsewhere in the paper

we present both the estimate obtained directly from our recasting of the

experimental bounds and a dashed line in which we artificially lower the efficiency

by a factor of 2. The latter is a very conservative choice when plotting an exclusion
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limit: in our recasting results we find that we rarely make a mistake of more than a

factor of 2, although such a large error does occur in a few channels (see Appendix B,

for instance Table 3.5).† When mS̃ = 100 GeV, we find that gluino masses up to

∼ 400− 600 GeV are excluded at the 95% confidence level by the ATLAS multijet

search [222, 223] (validated in appendix B.1). The signal region extends to higher

gluino masses in the case of a heavier S̃ mass, in which case there are more hard jets

in the signal. We find that the ATLAS channels with most gluino sensitivity search

for events with at least seven non-b-tagged jets (with various pT cuts, all above 100

GeV).

g̃

S̃

S

G̃ or ã

+g

+S

g̃

g

S̃
S

g

g

G̃ (soft)

Figure 3.3: The g̃ → S̃ → G̃ simplified model in the SY Y scenario. Effectively, a gluino
decays to three gluons (plus a soft particle), so the signal is g̃g̃ → 6 jet + soft.
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Figure 3.4: Bound on the g̃ → S̃ → G̃ decay chain. The red solid line is the 95% confidence
exclusion from the ATLAS multijet search [222, 223], and the red dashed line is a conser-
vative constraint in which we weaken the bounds by a factor of 2 to account for possible
systematic overestimation of the signal efficiency.
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Figure 3.5: The g̃ → t̃R → S̃ → G̃ simplified model. Left: diagram of decays.The green “+g”
in the stop decay applies only to the SY Y scenario, not the SHuHd one. Right: Feynman
diagram for the most common decay chain. We show the SHuHd scenario in black, with the
green gluons indicating the most common decays in the alternative SY Y scenarios.
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3.5.2 The g̃ → t̃ → S̃ → G̃ Decay Chain

The decay chain with a right-handed stop as the lightest MSSM superpartner splits

into two cases, shown in Figure 3.5: in the SHuHd model, the stop decays as t̃→ tS̃,

while in the SY Y model it decays as t̃→ tgS̃. Thus there are slightly different

signatures in terms of kinematics and jet multiplicity, and we provide two different

exclusion plots. In both cases, we consider a gluino that decays to tt̃R (and its

charge conjugate) or, if phase space is insufficient, to the 3-body final state bW−t̃R.
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Figure 3.6: Bound on the g̃ → t̃→ S̃ → G̃ decay chain. At left: bound for the SHuHd model.
At right: bound for the SY Y model. In both cases, solid lines correspond to 95% CLs ex-
clusion limits using the best signal region from a given search. The solid purple line is the
bound from the CMS same-sign dilepton search with b-jets [232]. The solid orange line is
the bound from the ATLAS same-sign 2l or 3l search [235]. The solid red line is for the ATLAS
multijet search [222, 223]. The dashed lines correspond to weakening the bounds by a factor
of two (accounting for a possible overestimation of the search efficiency).

†The choice of a factor of 2 for robustness in light of modeling uncertainties has been
adopted by similar studies in the past, e.g. in [125].
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We present estimated exclusion contours in Figure 3.6. Both models are well

constrained by the ATLAS multijet search [222, 223], the ATLAS same-sign dilepton

or 3-lepton search [235] (from the CheckMATE code), and the CMS same-sign

dilepton search with b-jets [232] (validated in Appendix B.5). The ATLAS multijet

search signature is events with high jet multiplicities without any constraints on

missing transverse momentum. Such searches are well suited for these models due

to the stop decay, which produces events with jets and multiple leptons. Of the

signal regions in the ATLAS same-sign dilepton search, the SR3b region places the

tightest exclusion limits. This signal region includes events which have same-sign

leptons or three leptons and at least five jets, of which at least three must be

b-tagged. The strongest constraint that we find is from the CMS same-sign dilepton

search. The CMS search relies on two same-sign leptons above 20 GeV in pT ,

multiple jets of which at least two are b-tagged, large HT > 400 GeV, and moderate

missing transverse momentum. As was already observed in ref [125], it is difficult to

hide a gluino due to the large multiplicity of energetic particles in the final state.

3.5.3 The g̃ → t̃ → H̃ → S̃ → G̃ Decay Chain

The longest decay chain produces large numbers of final state particles, as

illustrated in Figure 3.7. Because of the top decay and the electroweak bosons

emitted in Higgsino decays, there is ample opportunity for multiple (b-)jets and
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multiple leptons (including neutrinos leading to missing energy) to be present. As a

result, although this decay chain looks different from those appearing in standard

SUSY searches, it is quite easy to constrain and the bounds from existing data are

already good. For instance, the CMS same-sign dilepton plus jets search [232], the

ATLAS multijet search [222, 223] and the ATLAS search requiring at least three b-jets

plus missing energy [236, 237] (from the CheckMATE code) all exclude the gluino up

to (1–1.1) TeV for the whole mass range of the Higgsino as shown in Figure 3.8.

Again this is consistent with the observation in ref [125].
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Figure 3.7: The g̃ → t̃R → H̃ → S̃ → G̃ simplified model.

3.6 Constraints on Stops

We now consider simplified models describing stop production, which are relevant

when the gluino is somewhat heavier than the stop. In certain cases, the gluino may
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be naturally made much heavier, such as in models with Dirac

gauginos [238, 239, 240, 241]. In Section 3.6.1 we study topologies in which the stop

decays directly to the singlino; in Section 3.6.2, the stop decays through an

intermediate Higgsino.

3.6.1 The t̃ → S̃ → G̃ Decay Chain

As described in Section 3.5.2, the stop has two relevant decay modes when it is

lighter than the Higgsino. In models without significant singlet-Higgs mixing, such

as SY Ȳ , the stop decays through an off-shell gluino: t̃→ gtS̃. When the singlet and
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Figure 3.9: The t̃R → S̃ → G̃ simplified model. Left: diagram of decays.The green “+g”
in the stop decay applies only to the SY Y scenario, not the SHuHd one. Right: Feynman
diagram for the most common decay chain. We show the SHuHd scenario in black, with the
green gluons indicating the most common decays in the alternative SY Y scenarios.

the Higgs do mix, as in the SHuHd model, the stop decays through its Yukawa

coupling directly to tS̃. These two cases are further distinguished by the decay

modes of the singlet, which is itself produced in decays of the singlino. In the

SHuHd model, mixing causes the singlet to inherit the branching fractions of the

Higgs, so that it dominantly decays to bb̄. Coupling to vector-like quarks instead

(SY Ȳ ) gives a dominant decay channel to gluons. These decays are shown

schematically in Figure 3.9.

The similarity of the signal to tt̄+ jets production in QCD hides these topologies

from traditional SUSY searches, motivating precision study of the Standard Model

process. Both ATLAS and CMS have performed measurements of the differential tt̄ +

jets production cross section at 8 [231, 242, 243] and 13 TeV [244, 245]. In order to

estimate the sensitivity of these measurements to the presence of stop decays, we
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used simulation to reproduce jet multiplicity distributions in tt̄ events with

semi-leptonic top decays measured in [231]. As these measurements have

comparable systematic uncertainties, we chose to focus on one to illustrate the

sensitivity to new physics. We validated the (b-)jet multiplicity distributions on

simulated tt̄ events, as described in Appendix B.3, before using them to constrain

tops produced in stop decays. These limits are shown in Figure 3.10. Because the

correlation of systematic uncertainties between bins is not presented, we set a limit

using the single bin with Njets > 4 or Nb-jets > 2 with the highest expected sensitivity.

If these correlations are provided, future measurements may have improved

sensitivity.

In the SHuHd model, shown on the right-hand side of the figure, the majority of

events contain 6 b-jets. Accordingly, the bin with the highest number of observed

b-jets provides the most sensitivity, constraining stops to be heavier than ∼ 400 GeV

for singlino masses near 100 GeV at the 95% confidence level. As the singlet mass is

raised, the branching fraction of S to bb̄ decreases rapidly, reducing the sensitivity

accordingly. Above ∼ 150 GeV, the majority of decays go to WW ∗. Aside from

reducing the multiplicity of b-jets in the event, leptonically-decaying W bosons

produce missing energy, spoiling the stealth mechanism. As a result, we do not

focus on this region of parameter space. Traditional SUSY search strategies looking

for combinations of b-jets, multi-leptons, and missing energy should be able to

effectively probe this region.
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For the SY Ȳ simplified model, shown on the left-hand side of the figure, the only

b-jets come from top decays. The majority of events contain 8 jets, of which 6 are

light-flavor, so that they populate the tails of the (un-tagged) jet multiplicity

distribution. Large uncertainties in the tt̄ cross section at large jet multiplicity

significantly reduce the sensitivity, and we find that these stops are completely

unconstrained at the 95% confidence level. The bin with Njets = 5 has the smallest

uncertainties, providing a limit on stop masses below ∼ 250 GeV at the 68%

confidence level. Thus, despite the absence of Higgsinos from the bottom of the

spectrum, the stealthy nature of stop decays in this simplified model allows the

Higgsino mass to remain at or below several hundred GeV, within the natural range

of the MSSM parameter space. As the uncertainties in the tt̄ jet multiplicity

distribution are dominantly systematic, these limits will improve only marginally

with additional data. We estimate that after 300 fb−1 of data at 13 TeV, the reach on

the stop mass will extend to approximately 200 GeV at the 95% confidence level.

However, if the systematic uncertainties are reduced, then the sensitivity may be

improved. A reduction of the uncertainties by a factor of two pushes the stop mass

reach to 250 GeV, while scaling them with the square root of the integrated

luminosity gives 440 GeV.

In addition to decays with large numbers of (b−)jets, both the SHuHd and SY Ȳ

models feature a sub-dominant decay mode of the singlet to diphotons, with a

branching fraction of O(10−3). CMS conducted a search for stops decaying through
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Figure 3.10: Bounds on the t̃ → S̃ → G̃ decay chain. At left: 68% CLs exclusion bound on
the SY Y model from the CMS measurement of tt̄ + jets [231]. At right: 95% CLs exclusion
bound on the SHuHd model from the tt̄ + multi-b-jet distribution. Solid curves correspond
to a nominal 60% b-tagging efficiency, while dashed curves reflect a conservative rescaling to
50% as a crude representation of systematic uncertainty in our detector simulation. To the
left of the dashed black line, tops produced in stop decays are off-shell. Regions of parame-
ter space with off-shell W bosons are shaded in grey.

Higgsinos to gravitinos and Higgses [233], selecting events with b-jets and Higgs

decays to photons. We recast the event selection, floating the invariant mass cut on

the photons to match the singlet mass at each point. We then used the provided

diphoton invariant mass distributions to set a conservative limit on decays

involving photons, requiring that the signal not produce more events than the total

observed at the 95% confidence level. Although this search showed promising

sensitivity at somewhat larger photon branching ratios, we were unable to set a limit

in either simplified model from decays to photons. Note that the reach of this search
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is currently limited by statistical uncertainties, so that higher luminosity at Run 2

should lead to improved sensitivity.

Both search strategies, investigating tt̄ production at large jet multiplicity and

searching for resonant diphoton production in association with b−jets, showed

promising, though marginal, sensitivity to stop production. In the case of diphotons,

it seems plausible that a dedicated search outside of the Higgs mass window with a

less conservative limit-setting procedure may be able to probe these topologies.

More thorough study of tt̄ production at high jet multiplicity, perhaps combining

with kinematic variables to improve sensitivity, is also an interesting future

direction.

3.6.2 The t̃ → H̃ → S̃ → G̃ Decay Chain

This decay chain, illustrated in Figure 3.11, will lead to more particles in the final

state compared to the previous one. In the SHuHd model, the longer stop decay

chain will produce a lot of b quarks in the final state. The stop will always decay to

top plus neutralino or bottom plus chargino, giving a b-jet on each side of the event.

The singlets decay dominantly to b quarks and yield more b-jets. We found that

searches requiring multiple b-jets associated with missing energy and/or multiple

leptons could be sensitive to this type of simplified model. Such searches include,

for example, ATLAS searches in the final state with at least 3 b-jets plus missing
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Figure 3.11: The t̃R → H̃ → S̃ → G̃ simplified model. Left: diagram of possible decays.
Right: example Feynman diagram for the most common decay chain in the SHuHd model
(black), plus alternative singlet decay in the SY Y model (green) and other possible stop
decay chains in both models (orange).

energy [237], two same-sign leptons or three leptons with at least 3 b-jets [235], and

CMS searches for same-sign dilepton plus at least 2 b-jets [232]. The constraints

from the first two searches are obtained using the CheckMATE package [217]. The

result is demonstrated in the left panel of Figure 3.12. Stops are excluded up to

500–550 GeV in the non-degenerate region. In the SY Y model, there are fewer b

quarks in the final state, as the singlet dominantly decays to gluons. We found a

weak constraint from the search for stop production in the Z + b+ Emiss
T

channel [229] (validated in Appendix B.2) as shown in the right panel of Figure 3.12.

In this simplified model (both SHuHd and SY Y ), assuming a conservative factor of

2 in efficiency makes the constraint disappear altogether.
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Figure 3.12: Bound on the t̃ → H̃ → S̃ → G̃ decay chain for SHuHd model (left) and
SY Y model (right). Left: The purple bound comes from the CMS same-sign dilepton plus
b-jet search [232]; the orange line from the ATLAS same-sign dilepton or 3-lepton plus 3 b-jet
channel [235]; and the blue line from the ATLAS 3 b-jet plus missing transverse momentum
channel [237]. Right: for the SY Y , we only find a bound from the heavy stop search in the
Z + b+Emiss

T channel at ATLAS [229]. Unlike the other figures, we omit dashed lines because
a factor of 2 uncertainty in efficiency leads to no bound at all.

3.7 Outlook

We have presented a set of simplified models that highlight possible topologies

generated by natural models of Stealth SUSY. The simplified models in this paper

generate different signals than simplified models motivated by the MSSM. We have

determined limits on our simplified models by recasting searches from Run 1 of the

LHC. If gluinos decay to top quarks, their mass is significantly constrained, up to

around one TeV, due to the high multiplicity of W , Z, and b particles that are be

generated in their decays. (A similar conclusion was emphasized in [125].) However,
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gluino decays to light flavor jets and no missing energy are much less constrained,

and the gluino can be as light as ∼ 400− 600 GeV for certain values of the singlino

mass. We also find that bounds on stops are significantly weaker than in the MSSM.

In the case each stop decay to multiple b-jets, as in our SHuHd model, stop limits

extend to ∼ 400− 500 GeV. In the case stop decays produce extra light flavor jets, as

in the SY Ȳ model, we find no meaningful constraint from LHC searches. This

implies that Stealth SUSY stops are less constrained that stops in baryonic R-parity

violating scenarios, where paired dijet searches are sensitive to 350− 400 GeV

stops [158]. We note that our t̃→ S̃ → G̃ model produces signals that are similar to

SM tt events with extra jets. This simplified model could provide an interesting

opportunity for applying recent progress in perturbative QCD toward better

signal/background separation.

There are also several opportunities for future experimental searches to probe

interesting Stealth SUSY topologies. In order to facilitate this, we are posting tools

for simulation of our simplified models on the web at

http://users.physics.harvard.edu/~mreece/stealthsusy/. Possibilities of

interest include:

• Stop simplified models with singlet decays to bb̄ can easily produce events

with six or more b quarks, motivating searches for events with very high b-jet

multiplicity.

• In the region of parameter space in which the stealth SUSY stop decays to an

off-shell top plus additional jets, one may try to veto events with a
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reconstructed on-shell top to reduce the background.

• While we have checked that an existing CMS search for a stop in the channel

with h→ γγ [233] does not bound our simplified models, searching for

diphoton resonances in the context of busy events may probe topologies in

which the singlet scalar has a (small) branching fraction to photons.

The LHC has recently begun to explore the 13 TeV energy realm. This new energy

scale presents a remarkable opportunity to produce and discover new states. In

order to leverage the full power of the LHC, it is important to identify promising

signatures that are both consistent with 8 TeV limits and discoverable at 13 TeV.

Stealth SUSY is an excellent example: the reduced missing energy and higher

multiplicity final states, compared to the MSSM, dramatically reduce the power of

the 8 TeV LHC. On the other hand, the natural parameter space of Stealth SUSY

points to stops and gluinos within kinematic reach of the 13 TeV LHC. The

simplified models we have identified in this paper present promising signatures and

topologies, which have the potential to soon greatly clarify the status of naturalness

of the weak scale.

A Details of Branching Ratios

Throughout this appendix we use the notation

q(x, y) ≡ 1 + x2 + y2 − 2x− 2y − 2xy (3.1)
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for the phase-space function often denoted λ in the literature. (We reserve λ for a

coupling in our model.) If a particle of mass M decays to particles of mass m1 and

m2, the momentum of a daughter particle in the rest frame of the decaying particle

is 1
2q(m

2
1/M

2,m2
2/M

2)1/2M .

A.1 Gluinos to squarks

We expect gluinos to decay approximately democratically to all squark flavors, but

there is some dependence on the quark and squark masses, both from the standard

phase space factor and from the matrix element:

Γ(g̃ → qq̃) ∝ q(m2
q/m

2
g̃,m

2
q̃/m

2
g̃)

1/2

(
1 +

m2
q

m2
g̃

−
m2
q̃

m2
g̃

)
. (3.2)

A.2 Stops to Higgsinos

Stop decays can produce either a top quark or a b-quark: t̃→ tχ0 and t̃→ bχ+. For

generic mixing between left- and right-handed stops, both decays can be important

(see, e.g., ref. [189]). However, for the purpose of having few-parameter simplified

models we focus dominantly on either pure left-handed or pure right-handed stops,

and we wish to obtain an approximate simplified expression for the branching
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ratios. These decays arise from the superpotential terms

Wstop = ytQ3Huu
c
3 + ybQ3Hdd

c
3, (3.3)

with the left-handed stop living in Q3 and the right-handed (anti-)stop in uc3. From

this we can see that the left-handed stop decays to t+ χ0 via the top Yukawa and to

b+ χ+ via the bottom Yukawa. The latter would be competitive only if the former is

suppressed by phase space or if tanβ is very large. However, in natural scenarios

tanβ is not expected to be very large in light of experimental constraints on the

stop–Higgsino loop contribution to b→ sγ [160, 246]. Similarly, the left-handed

sbottom prefers the t+ χ− mode to b+ χ0 unless phase space is small or tanβ is very

large. On the other hand, the right-handed stop can decay to both t+ χ0 and b+ χ+

via the top Yukawa, so we expect the two modes to be competitive.

To good approximation (neglecting the b-quark mass) the branching ratios of stops

decaying to Higgsinos when there is available two-body phase space are:
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If mt̃ > mt + µ :

Br(t̃L → H̃0
1 tR) ≈ 50%,

Br(t̃L → H̃0
2 tR) ≈ 50%. (3.4)

Br(b̃L → H̃−tR) ≈ 100%. (3.5)

Br(t̃R → H̃0
1 tL)

≈ 1

2

q(m2
t /m

2
t̃
, µ2/m2

t̃
)1/2

(
m2
t̃
−m2

t − µ2
)

q(0, µ2/m2
t̃
)1/2

(
m2
t̃
− µ2

)
+ q(m2

t /m
2
t̃
, µ2/m2

t̃
)1/2

(
m2
t̃
−m2

t − µ2
)

→ 25%,

Br(t̃R → H̃0
2 tL)

≈ 1

2

q(m2
t /m

2
t̃
, µ2/m2

t̃
)1/2

(
m2
t̃
−m2

t − µ2
)

q(0, µ2/m2
t̃
)1/2

(
m2
t̃
− µ2

)
+ q(m2

t /m
2
t̃
, µ2/m2

t̃
)1/2

(
m2
t̃
−m2

t − µ2
)

→ 25%,

Br(t̃R → H̃+bL)

≈
q(0, µ2/m2

t̃
)1/2

(
m2
t̃
− µ2

)
q(0, µ2/m2

t̃
)1/2

(
m2
t̃
− µ2

)
+ q(m2

t /m
2
t̃
, µ2/m2

t̃
)1/2

(
m2
t̃
−m2

t − µ2
)

→ 50%. (3.6)

where the final approximations for the right-handed stop branching ratios hold in

the limit mt̃ ≫ mt, µ. For the purposes of simplified models, one could either use

the full expressions for the right-handed stop branching ratios or the simpler 25%,

25%, 50% approximation, which fails for light stops but is perhaps more in the spirit

of simplified models that capture signatures without worrying about the full details
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of the underlying theory.

When a decay to a top and Higgsino is forbidden by phase space, these become:

If mt̃ < mt + µ :

Br(t̃L → H̃+bR) ≈ 100%. (3.7)

Br(b̃L → H̃0
1bR) ≈ 50%. (3.8)

Br(b̃L → H̃0
2bR) ≈ 50%. (3.9)

Br(t̃R → H̃+bL) ≈ 100%. (3.10)

The two-body decay t̃L → bRH̃
+ beats the three-body decay t̃L →W+bH̃0 for most

values of tanβ. The three body decay becomes potentially competitive only for

tanβ ∼< 2, as we have checked with BRIDGE [247]. If small tanβ is of interest, e.g. for

the NMSSM or λSUSY, one should be aware that SDECAY [248] does not compute

this three-body decay mode.

A.3 SHuHd Model

The model is

W = λSHuHd +
mS

2
S2 +

κ

3
S3 + µHuHd. (3.11)

103



Here HuHd denotes the SU(2) symmetric product H+
u H

−
d −H0

uH
0
d . We decouple the

bino and wino from our simplified model; the two lightest MSSM neutralinos and

chargino are (approximately) Higgsinos. The different Higgsinos are split by

dimension-5 operators like H†
uT iH̃uH

†
dT

iH̃d when the bino and wino are integrated

out, which we neglect for the moment. We can decompose the neutral Higgsinos in

terms of the two linear combinations

H̃0
± =

1√
2

(
H̃0
u ± H̃0

d

)
, (3.12)

in which case the neutral fermion mass terms in the Lagrangian before mixing are

three Majorana masses, not all of the same sign:

−Lmass = mS̃S̃S̃ − µ

2
H̃0

+H̃
0
+ +

µ

2
H̃0

−H̃
0
−, (3.13)

neglecting Higgsino mass shifts of order m2
Z/M1,2 from mixing with the bino and

wino. To the first order in λ, these states mix after electroweak symmetry breaking

into

Ñ0 = S̃ + θ+H̃
0
+ + θ−H̃

0
−,

Ñ± ≈ H̃0
± − θ±S̃,

θ± ≈ −λ
2

vd ± vu
mS̃ ± µ

. (3.14)
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If M1,2 and µ all have the same sign, N− will be the lighter Higgsino eigenstate and

N+ the heavier one. In the discussions below, we assume µ to be positive for

simplicity.

We have computed the partial width to a Z-boson final state (checked by

comparison to similar calculations in [249, 250]) as:

Γ(Ñ± → Ñ0 + Z) = (3.15)

θ2∓q±(mZ)
1/2

8πv2 |m±|

(
1

2

(
m4

±q±(mZ) + 3m2
Z(m

2
± +m2

0 −m2
Z)
)
+ 3m±m0m

2
Z

)
≈ λ2(cosβ ∓ sinβ)2q±(mZ)

1/2

32π(mS̃ ∓ µ)2µ

(
1

2

(
µ4q±(mZ) + 3m2

Z(µ
2 +m2

S̃
−m2

Z)
)
∓ 3µmS̃m

2
Z

)
,

(3.16)

where v = 246 GeV, m0,m+,m− are the masses of Ñ0, Ñ+, Ñ− respectively and

q+(mZ) ≡ q(m2
Z/m

2
+,m

2
0/m

2
+), q−(mZ) ≡ q(m2

Z/m
2
−,m

2
0/m

2
−). (3.17)

In the second line of Eq. 3.16, we only kept the leading term in an expansion in λ. In

the limit µ≫ mZ ,mS (a limit that is unnatural, but useful for displaying a simpler

formula), we can approximate this as

Γ(Ñ± → Ñ0 + Z) ≈ λ2µ

64π

(
1∓

2mS̃

µ
±

2mS̃(m
2
S̃
−m2

Z)

µ2
+ . . .

)
. (3.18)
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Since we are most interested in the regime when mZ ,mS̃ , and µ are all near the weak

scale, the expression in parentheses will in general be an order-one number.

Two body decays Ñ± → Ñ0 + h are mediated by the interaction term in the

superpotential in Eq. 1. To the leading order in λ, the partial widths are given by

Γ(Ñ± → Ñ0 + h) ≈ λ2q±(mh)
1/2(cosα∓sinα)2

64π|m±|

(
m2

± + 2m±mS̃ +m2
S̃
−m2

h

)
. (3.19)

There are also decays to a singlet scalar or pseudoscalar and singlino (previously

considered in [125]), via a mixing of the Higgsino into S̃ which then decays through

the superpotential term κS3. These have decay width

Γ(Ñ± → Ñ0 + s) ≈ κ2λ2(vd ± vu)
2q±(mS)

1/2µ

32π(mS̃ ± µ)2

(
1 +

m2
S̃

µ2
−
m2
S

µ2
+ 2

mS̃

µ

)
, (3.20)

where we have neglected the splitting between the singlet and singlino and

distinguished the singlet mass mS from the singlino mass mS̃ . The decay to

pseudoscalar, Γ(Ñ± → Ñ0 + a), has a similar width:

Γ(Ñ± → Ñ0 + a) ≈ κ2λ2(vd ± vu)
2q±(mS)

1/2µ

32π(mS̃ ± µ)2

(
1 +

m2
S̃

µ2
−
m2
S

µ2
− 2

mS̃

µ

)
. (3.21)

For the simplified models in our collider studies, we have not distinguished a from s.

As a result, we take the approximation of a single real scalar S whose decay width is
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the sum:

Γsimple(Ñ± → Ñ0 + S) ≈ κ2λ2(vd ± vu)
2q±(mS)

1/2µ

16π(mS̃ ± µ)2

(
1 +

m2
S̃

µ2
−
m2
S

µ2

)
. (3.22)

The partial width of the two body decay of charged Higgsino is given by

Γ(C̃±
1 → Ñ0 +W∓) = (3.23)

q(m2
W /µ2,m2

0/µ
2)1/2

8πµv2

(
θ2+ + θ2−

2
(µ4q(m2

W /µ2,m2
0/µ

2)

+3m2
W (µ2 +m2

0 −m2
W )) + 3(θ2+ − θ2−)µm0m

2
W

)
, (3.24)

≈
λ2q(m2

W /µ2,m2
S/µ

2)1/2

32πµ
(
µ2 −m2

S

)2 ((
m2
S + µ2 − 2 sin(2β)mSµ

)
(µ4q(m2

W /µ2,m2
S/µ

2)

+3m2
W (µ2 +m2

S −m2
W )) + 3(−2µmS + sin(2β)(µ2 +m2

S))µmSm
2
W

)
(3.25)

Three body decay widths scale as

Γ(H̃± → ff ′H̃0
1 ) ≈

2

5π3
Nc

δ5

v4

(
1− 3

2

δ

µ
+ . . .

)
. (3.26)

From this we conclude that two-body decays dominate over three-body decays if

δ ∼<
(

5

128Nc
λ2π2v4µ

)1/5

, (3.27)

a condition that is easily fulfilled when M1,2 ≫ µ. The three-body decays of

C̃1 →W±∗Ñ1 and Ñ2 → Ñ1 + Z∗ are calculated in [251] and is encoded in SDecay.
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Table 3.4: A benchmark point for the SHuHd model. To lift the Higgs mass above the exper-
imental limit (even if stops are light), we add (HuHd)

2
/M to the superpotential [252]. We

also list the partial widths of all two-body decays.

SHuHd

m = 80GeV ma = 90GeV ms = 103GeV

µ = 300GeV mh = 125GeV

λ = −0.02 κ = 0.5 σsZ = 0.22σhZ

tanβ = 10 mA = 700GeV Γa = 6× 10−8 GeV

M1 = 600GeV ms̃ = 100GeV

M2 = 700GeV Ns̃(H̃u,H̃d)
= (0.013,−0.0037)

M = −2TeV Ns̃(B̃,W̃ 0) = (−0.0011, 0.0017)

Γ(Ñ1 → S̃ + Z) = 3.3× 10−4 GeV Γ(Ñ1 → S̃ + h) = 5.1× 10−4 GeV

Γ(Ñ1 → S̃ + S) = 5.7× 10−4 GeV Γ(C̃1 → S̃ +W ) = 9.6× 10−4 GeV

Γ(Ñ2 → S̃ + Z) = 5.7× 10−4 GeV Γ(Ñ2 → S̃ + h) = 1.3× 10−4 GeV

Γ(Ñ2 → S̃ + S) = 2.1× 10−4 GeV

In Table 3.4 we give a sample point and the partial widths of all two body decays.

A.4 SY Y Model

The model is

W = λSY Y +
mS

2
S2 +mY Y Y , (3.28)

where Y and Y transform as 5 and 5 under SM gauge group. In this model, the

couplings between SM singlet S and MSSM particles are generated through loop of

Y and Y . Specifically, at one-loop level, integrating out Y and Y generates the
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operator

c

∫
d2θSWαWα + h.c., (3.29)

where Wα is the field strength. In terms of component fields, this leads to operators

such as S̃σµνGµνag̃a and sG2. The coefficient c has been worked out via low energy

theorem in [139]

c =
∑
i

λ

√
2αbi

16πmY
, (3.30)

where the sum runs over the contributions to the gauge coupling beta function

coefficients from all heavy fields running in the loop.

In the simplified models, stops decay through an off-shell gluino to tgS̃ or through

an off-shell electroweakino to tγ(Z)S̃ or bWS̃. If the gauginos are similar in masses

and kinematically allowed, the QCD decay channel tgS̃ will be the dominate one.

The two neutral Higgsinos will decay through mixing with neutral wino or bino to

ZS̃ or γS̃ with the ratio of the partial widths

Γ(Ñi → Z + S̃)

Γ(Ñi → γ + S̃)
∝
(
Ni2cW c2 −Ni1sW c1
Ni2sW c2 +Ni1cW c1

)2

, (3.31)

where Nij is the matrix that diagnalize the MSSM neutralino mass matrix, cW (sW )

are the cosine (sine) of the Weinberg angle and c2(c1) is the coefficient in Eq. 3.30 for
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SU(2)W (U(1)Y ). One could see that the branching ratios depends on two linearly

independent combinations of Ni1 and Ni2, which are determined by free

parameters, the bino and wino masses. Thus we’ll simply treat the branching ratios

as a free parameter. The charged Higgsino will decay to WS̃ again through mixing

with charged winos. There are still the usual 3-body transitions within the Higgsino

multiplet, but these scale as 1/M5
1,2 at small splittings while the loop processes we

consider here scale as 1/(m2
YM

2
1,2) and can dominate when the (electroweak) Y

states are relatively light and the bino and wino are above a TeV. As in the previous

model, S̃ → s+ ã(G̃). Finally, the scalar s decays back to the SM, s→ gg, γγ. As a

benchmark case, we focus on the scenario where the Higgsino mixes dominantly

with the wino, so that Br(H̃0 → Z + S̃) = c2W and Br(H̃0 → γ + S̃) = s2W .

B Validating Simulated LHC Searches

B.1 ATLAS multijet study

In this subsection we validate a simulation of the ATLAS multijet study [222, 223],

focusing on the jet-counting studies. We simulate the same signals tabulated in the

ATLAS note and compare our expected number of events to their results in

Tables 3.5, 3.6, and 3.7.
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Table 3.5: Validation: cases with 0 b-tags

Channel Table Model ATLAS number Our number Ratio

7j80, 0b 6 g̃ (400), χ (300), 10q, λ′′112 9000 ± 4000 17900 2.0

7j100, 0b 6 g̃ (400), χ (50), 10q, λ′′112 1400 ± 800 3300 2.4

7j100, 0b 6 g̃ (600), χ (300), 10q, λ′′112 1700 ± 900 2600 1.5

7j120, 0b 2 g̃ (500), 6q, λ′′112 600 ± 230 740 1.2

7j120, 0b 2 g̃ (600), 6q, λ′′112 410 ± 100 550 1.3

7j120, 0b 6 g̃ (800), χ (300), 10q, λ′′112 380 ± 90 330 0.9

7j140, 0b 6 g̃ (1000), χ (300), 10q, λ′′112 50 ± 13 45 0.9

7j140, 0b 6 g̃ (1200), χ (600), 10q, λ′′112 28 ± 4 27 1.0

6j180, 0b 6 g̃ (1000), χ (50), 10q, λ′′112 40 ± 6 31 0.8

7j180, 0b 2 g̃ (800), 6q, λ′′112 13 ± 4 13 1.0

7j180, 0b 2 g̃ (1000), 6q, λ′′112 6.8 ± 2.3 6.2 0.9

7j180, 0b 2 g̃ (1200), 6q, λ′′112 2.7 ± 0.5 2.3 0.9

7j180, 0b 6 g̃ (1000), χ (600), 10q, λ′′112 10 ± 5 11 1.1

7j180, 0b 6 g̃ (1200), χ (50), 10q, λ′′112 1.9 ± 1.0 2.0 1.1

7j180, 0b 6 g̃ (1200), χ (300), 10q, λ′′112 3.2 ± 1.4 4.2 1.3

B.2 ATLAS Stop Search with Z + b+ Emiss
T

Here we validate the results of our simulation of ref. [229]. We compare our

estimates to the ATLAS results in Figure 3.13.

B.3 CMS tt̄ + jets

We have validated a simulation of the jet multiplicity distributions in semi-leptonic

top decays from the CMS study [231], both with and without b-tags. We compare our

simulation to the CMS results in Figure 3.14. At large b-jet multiplicities, these

distributions depend sensitively on the per-b-jet tagging efficiency, ϵb. As an

111



Table 3.6: Validation: cases with 1 b-tag

Channel Table Model ATLAS number Our number Ratio

7j80, 1b 4 g̃ (500), 6q, λ′′312 4600 ± 800 6750 1.5

7j100, 1b 4 g̃ (600), 6q, λ′′312 940 ± 190 1027 1.1

7j100, 1b 6 g̃ (600), χ (50), 10q, λ′′112 510 ± 140 650 1.3

7j120, 1b 3 g̃ (600), 6q, λ′′113,123 300 ± 60 415 1.4

7j120, 1b 3 g̃ (800), 6q, λ′′113,123 131 ± 25 143 1.1

7j120, 1b 4 g̃ (800), 6q, λ′′312 108 ± 18 145 1.3

7j120, 1b 4 g̃ (1000), 6q, λ′′312 42 ± 6 48 1.1

7j120, 1b 6 g̃ (800), χ (50), 10q, λ′′112 107 ± 31 93 0.9

7j180, 1b 3 g̃ (1000), 6q, λ′′113,123 4.4 ± 1.0 4.6 1.0

7j180, 1b 3 g̃ (1200), 6q, λ′′113,123 1.86 ± 0.31 1.8 1.0

7j180, 1b 4 g̃ (1200), 6q, λ′′312 1.3 ± 0.4 1.5 1.2

Table 3.7: Validation: cases with 2 b-tags

Channel Table Model ATLAS number Our number Ratio

7j80, 2b 3 g̃ (500), 6q, λ′′113,123 1900 ± 400 3050 1.6

7j80, 2b 5 g̃ (500), 6q, λ′′313,323 3600 ± 600 6100 1.7

7j80, 2b 5 g̃ (600), 6q, λ′′313,323 2300 ± 400 3200 1.4

7j120, 2b 5 g̃ (800), 6q, λ′′313,323 94 ± 15 126 1.3

7j120, 2b 5 g̃ (1000), 6q, λ′′313,323 37 ± 6 41 1.1

7j140, 2b 5 g̃ (1200), 6q, λ′′313,323 5.5 ± 1.0 6.3 1.1

estimate of the systematic uncertainty in our detector simulation, we take a pT - and

η-independent value for ϵb and vary it from 60% (the fiducial value used in the study)

down to 50%. The resulting uncertainty on the jet multiplicity distribution is shown

shaded in lighter red in the figure. Note that, as these distributions are defined after

cuts which include b-tag requirements (to ensure a top-rich sample), the un-tagged

jet distribution is also sensitive to ϵb.
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∗
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t̃1 → tχ̃0
1 from Figure 4 of ref. [229]. It is assumed that mt̃1

− mχ̃1 = 180 GeV. The gray
diagonal line is the kinematic constraint mt̃2

− mt̃1
= mZ . The red curves are the ATLAS

constraints (central value and 1σ deviation) and the blue line is our estimated exclusion
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Figure 3.14: Validation of our simulation of the CMS jet multiplicity distributions in semi-
leptonic top decays from [231], both with (right) and without (left) b-tags. Light shaded re-
gions reflect an estimate of our systematic uncertainty in modeling CMS detector efficien-
cies.

B.4 CMS Stop Search with h → γγ

We have validated a simulation of the CMS study [233]. Our results for the three

benchmark stop / neutralino mass points they considered are shown in Table 3.8.
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Table 3.8: Validation: CMS search for t̃R → bχ̃+
1 , tχ̃

0
1 followed by NLSP decay χ̃0

1 → hG̃ with
h→ γγ [233].

(mt̃R
,mχ̃0

1
) (i) ≥ 3b (ii) mbb ≈ mh (iii) mbb other

CMS us CMS us CMS us

(350, 135) 10.7 8.4 2.0 0.6 6.8 2.6

(300, 290) 2.1 2.9 10.1 9.8 3.9 4.1

(400, 300) 4.0 3.8 1.4 0.7 2.8 1.4

Our results are generally a good approximation to the CMS results, especially for the

points with higher signal efficiencies. In a few bins we fall short of the CMS estimate

by more than a factor of two. Based on these results, we expect that our estimated

exclusion will be somewhat weaker than the true CMS exclusion.

B.5 CMS Same-Sign Dileptons and Jets

We have validated the CMS search for events with same-sign dileptons and jets [232].

This involves several search regions with varying jet multiplicities, HT requirements,

and Emiss
T constraints. Some of the bins involve relatively low Emiss

T (50 to 120 GeV)

which might be fulfilled by neutrinos in cascade decays in Stealth SUSY models. We

show a comparison of our estimates with the CMS results in Figure 3.15.

B.6 ATLAS Many Jets and Emiss
T

We have validated a simulation of the ATLAS search for large jet multiplicity events

with missing transverse momentum [230]. We show a comparison of our estimates
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Figure 3.15: Validation of our simulation of the CMS bound on pp → g̃g̃, g̃ → qq′Wχ̃0
1 from

the right panel of Figure 7 of ref. [232]. The red points are digitized from the CMS bound and
the orange curve is our simulated result.

with the ATLAS results in Figure 3.16.

B.7 CMS Multilepton Searches

We have validated a simulation of the CMS search for multilepton final states with

three or more leptons [234]. We show a comparison of our estimates with the CMS

results in Figure 3.17.

B.8 ATLAS Same-Sign Dileptons and Trileptons

An analysis code for an ATLAS search for events with jets and at least two same-sign

leptons or trileptons [235] is contained in the CheckMATE package without
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Figure 3.16: Validation of our simulation of the ATLAS bound on events with many jets and
Emiss

T . This is for the simplified model of gluino pair production with g̃ → qq′Wχ̃0
1, with

a chargino mass fixed at mχ̃± = (mg̃ + mχ̃0
1
)/2, as shown in the left panel of Figure 11 of

ref. [230]. The red dots plot the ATLAS bound, while the thick orange curve is our estimated
exclusion and the dashed orange curves vary our estimated efficiency by a factor of 2 in both
directions.

validation. We have validated the code and show a comparison of our estimates

with the ATLAS results in Figure 3.18.
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The red dots plot the CMS bound, while the thick blue and green curves are our estimated
exclusion from an individual search region.
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Figure 3.18: Validation of our simulation of the ATLAS bound on events with jets and at
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1. Right: gluino pair production with g̃ → tt̃, t̃ → bχ̃+, χ̃+ → W+∗χ̃0
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4
Last of the True WIMPs:

Pseudo-Dirac Higgsino Status and
Compact Stars as Future Probes

1 Abstract

True WIMPs, i.e. those that interact with Standard Model weak gauge bosons, are

under intense scrutiny from direct detection, indirect detection, and collider

experiments. Nonetheless the pure (pseudo-Dirac) higgsino, one of the simplest

such WIMPs, remains elusive. We present an up-to-date assessment of current
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experimental constraints on neutralino dark matter. The strongest bound on pure

higgsino dark matter currently may arise from AMS-02 measurements of

antiprotons, though the interpretation of these results has sizable uncertainty. We

discuss whether future astrophysical observations could offer novel ways to test

higgsino dark matter, especially in the challenging regime with order MeV mass

splitting between the two neutral higgsinos. We find that heating of white dwarfs by

annihilation of higgsinos captured via inelastic scattering could be one useful probe,

although it will require challenging observations of distant dwarf galaxies or a

convincing case to be made for substantial dark matter content in ω Cen, a globular

cluster that may be a remnant of a disrupted dwarf galaxy. White dwarfs and

neutron stars give a target for astronomical observations that could eventually help

to close the last, most difficult corner of parameter space for dark matter with weak

interactions.

2 Introduction

One of the most pressing problems in particle physics is the nature of dark matter.

Although abundant evidence from cosmology and astrophysics points to the

existence of approximately cold, collisionless dark matter, we do not know anything

else about the identity or interactions of dark matter. One compelling possibility is

that dark matter is a thermal relic, i.e. that it was once in chemical equilibrium with
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the Standard Model (SM) and froze out as the universe expanded. This idea has led

to the WIMP paradigm, with dark matter as a Weakly Interacting Massive Particle

that annihilated to Standard Model particles in the early universe with a rate

⟨σv⟩ ≈ 2× 10−26 cm3/s (see e.g. [253, 254, 255]). This corresponds to cross sections

roughly the size of those determined by the Standard Model weak interaction, a

coincidence that is often called the “WIMP miracle.”

The truest form of the WIMP miracle would arise if dark matter were made up of

chiral particles interacting with the electroweak gauge group and obtaining a mass

from the Higgs mechanism. In that case, both the mass and the interactions of the

WIMP would be pinned to the weak scale. However, such models have long been

ruled out by data. Among the remaining models, we can distinguish non-chiral

WIMP dark matter interacting through the Standard Model weak interaction from

models that postulate more general interactions of the same approximate strength

as, but differing from, the SM weak interaction. Neither of these models is

completely miraculous, as the former requires further explanation of why the WIMP

mass is near the weak scale, while the latter is completely unrelated to the Standard

Model weak scale without further model-building. We will call dark matter

interacting through the Standard Model weak interaction a “True WIMP.” Non-chiral

True WIMPs have also been called “Minimal Dark Matter” [256]. Examples arise in

supersymmetric theories, which automatically provide dark matter candidates in

SU(2) doublets (higgsinos) and a triplet (wino) together with a singlet (bino) that

121



can mix to provide small splittings in the multiplets via high-dimension operators.

In this paper we first provide an up-to-date review of the experimental status of

neutralino dark matter, with an emphasis on the case of mostly-higgsino dark

matter. We reinterpret the latest dark matter direct and indirect detection

constraints and show that although wino dark matter is highly constrained, higgsino

dark matter is largely unconstrained. The regime of higgsino parameter space in

which the two neutral higgsinos have a quite small mass splitting, of order an MeV,

is a difficult regime to experimentally probe but is well-motivated in the context of

particular models including realizations of Spread SUSY [257] and Split Dirac SUSY

[258]. Similar scenarios have also been advocated as the minimal model for dark

matter and unification [259] or as the minimal version of Z-mediated dark matter

compatible with precision electroweak constraints [260]. If the splitting were much

smaller than an MeV, higgsinos could be easily ruled out via inelastic scattering of

the light eigenstate to the heavy one via Z boson exchange [261, 262]. However, this

regime of much smaller splittings is theoretically implausible anyway, as it requires

heavy gauginos that give rise to large threshold corrections lifting higgsinos well

above a TeV.

Inelastic dark matter may be probed by dark matter capture in compact stars,

i.e. white dwarfs and neutron stars, which have large escape velocities due to their

very high densities. As a result, infalling dark matter acquires significant kinetic

energy and can possibly upscatter to a heavier mass eigenstate. Observed neutron
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stars have radii of around 10 kilometers and masses of 1.17 to 2.0M⊙ [263, 264].

Their equation of state is not yet known, because the composition of matter at high

densities needs to be understood [264]. The surface layer of neutron stars is

composed of a solid lattice of iron, with electrons flowing through the lattice. Going

inward from the surface, electron capture increases the number of neutrons in the

nuclei. A neutron star’s inner crust has free neutrons, perhaps in a superfluid phase.

Finally, the bottom of the crust contains a non-spherical nuclei ’pasta’, according to

some calculations [265]. Given these substantial uncertainties in the composition of

neutron stars, we will largely focus on the case of white dwarfs, which are better

understood and could also probe the regime of MeV mass splittings. From the mass

distribution of observed white dwarfs, the most likely mass occurs around 0.5-0.7

M⊙ [266]. The typical radius of a white dwarf is about 1% of the Sun’s radius, or

about 7000 km [267]. They are formed when a star expands to a red giant and fuses

helium to carbon and oxygen in its core. If the mass of the star isn’t large enough to

generate the core temperatures required to fuse carbon, an inert mass of carbon and

oxygen builds up at the center. The outer layers shed to form a planetary nebula,

and the core becomes the white dwarf [268]. From a Monte Carlo simulation of

stellar models the mean values of the central carbon-12 and oxygen-16 mass

fractions are 33% and 63%, respectively. The scattering of dark matter on carbon

and oxygen nuclei, including the appropriate nuclear form factors, is

well-understood [269]. We will compute the capture rate of higgsino dark matter in
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white dwarf stars and explore whether observations could provide useful new

constraints. The outlook is somewhat unclear, as achieving a sufficiently strong

constraint will require either powerful new observations of distant regions of high

dark matter density (like dwarf galaxies) or perhaps an argument that more nearby

targets contain larger amounts of dark matter than may have been anticipated.

The outline of this paper is as follows. In §3, we will review the basic properties of

higgsinos, with an emphasis on the physics of the small mass splittings and the

couplings of the higgsino in the regime of small mixings with gauginos. In §4, we

interpret the current direct detection results of experiments like LUX as constraints

on the parameter space of neutralino dark matter. We also present the expected

reach of upcoming experiments like Xenon1T and LZ. In §5, we interpret

measurements of gamma rays by the Fermi-LAT and HESS telescopes and of

antiprotons by AMS-02 as constraints on neutralino parameter space. In §6, we

briefly summarize other constraints (current and anticipated) from colliders and

searches for electric dipole moments, then recap the overall picture, which is that

higgsinos that are well-mixed with gauginos are easily constrained by several probes

but that the regime of small mixing is quite difficult to access. Next, in §7, we

consider the capture of higgsinos through inelastic scattering in compact stars,

i.e. white dwarfs and neutron stars. We concentrate on the case of white dwarfs,

where measurements of the temperature distribution of large numbers of white

dwarfs could reveal a floor from dark matter annihilations in the star. Again, this
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method of constraining higgsino dark matter proves challenging, and will require a

future generation of telescopes. We highlight that the unknown dark matter

distribution in Omega Centauri, a globular cluster believed to be a tidally disrupted

dwarf galaxy, could provide a relatively nearby target. This possibility deserves

further study. We offer some concluding remarks in §8, including a

back-of-the-envelope check that monochromatic MeV gamma rays from

H̃0
1 H̃

0
1 → H̃0

2 H̃
0
2 have too low a rate to be likely to be observed by upcoming satellites

like e-ASTROGAM.

3 Properties of higgsinos

In this section we will review some basic properties of higgsinos, emphasizing the

origin of small mass splittings and the physics arising when the splittings are small.

Higgsinos are a pair of doublet fermions, H̃u and H̃d, linked by a Dirac mass

µH̃u · H̃d. Before electroweak breaking, this leads to a neutral Dirac fermion and a

charged Dirac fermion with identical masses. After electroweak symmetry breaking,

these are split into two neutral Majorana fermions together with a charged Dirac

fermion. The neutral fermions are split by tree level effects related to mixing with

gauginos and the chargino is split by similar tree-level effects and also one-loop

effects that are independent of the gaugino masses, as illustrated in Fig. 4.1. In the

MSSM, the mass splitting between the two neutral Majorana higgsinos, which we
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will denote δ to connect to the literature on inelastic dark matter, is approximately

δ ≈ m2
Z

(
sin2 θW
M1

+
cos2 θW
M2

)
. (4.1)

This result assume that the higgsino mass parameter µ is real, and neglects some

running effects on the gaugino–higgsino–gauge boson couplings; a more general

result may be found in [270]. Furthermore, in the context of models where one or

more of the gauginos have Dirac masses, the result may be further suppressed. For

instance, in the “Hypercharge Impure” model of [258], effectively the M1 term is

present but the M2 term is much smaller, because the mass of the wino is

dominantly a Dirac mass. The chargino is split by tree-level effects of similar size,

but in the large M1, M2 limit, it is dominantly made heavier by a one-loop effect that

raises its mass by about 350 MeV [271, 272, 273].

× ×

H̃0
1 H̃0

1B̃0

〈h〉 〈h〉 γ

H̃+

Figure 4.1: Effects that generate a mass splitting between the higgsino states. Left: tree-level
splittings among both charged and neutral states arise due to mixings with gauginos and are
of order m2

Z/M1,2. Right: loop-level splittings add about 350 MeV to the chargino mass while
leaving the two neutralinos degenerate [271].

If neutralinos are to be thermal relic WIMPs, we have a few options: for generic

weak-scale masses we can fine-tune a mixture of gauginos and higgsinos to obtain a
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“well-tempered neutralino” [274]; we can have a pure higgsino at about 1.1 TeV or a

pure wino at around 3 TeV [275]; or we can have pure higgsinos or winos that are

lighter but acquire a larger relic abundance through a non-thermal mechanism like

a late-decaying gravitino or modulus [276, 277]. A higgsino of mass near 1 TeV is a

good candidate to keep in mind for much of the discussion in this paper.

The limit of very pure higgsinos occurs when the bino and wino are much heavier

(for more detailed exploration of models in this limit, see for instance [257, 258]). In

that limit, if the bino and wino masses are dominantly Majorana (as in the MSSM),

there is a threshold correction to the higgsino mass:

∆µ ≈ −sin 2β

32π2

(
3g2M2 log

mH

M2
+ g′2M1 log

mH

M1

)
, (4.2)

with mH the mass scale of the heavy higgs bosons. Without fine-tuning we expect

that the low energy value satisfies |µ| ≳ |δµ|. For dark matter, we are chiefly

interested in the regime |µ| ≲ 1.1 TeV, which then leads to a requirement that M1,2

are not too large, e.g. M1 ≲ 3× 106 GeV. This, in turn, leads to a minimum

expectation for the mass splitting between the two neutralino states. For example, if

we focus on the bino (as motivated by the Hypercharge Impure model of [258],
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assuming the wino decouples via a Dirac mass), we have

δ ≳ g′2 sin 2β sin2 θW
m2
Z

32π2µ
log

mH

M1
(4.3)

≈ 970 keV
1.1 TeV

|µ|
log(mH/M1)

log(100)
sin(2β)

sin(2 arctan(2))

≈ 240 keV
1.1 TeV

|µ|
log(mH/M1)

log(100)
sin(2β)

sin(2 arctan(10))
(4.4)

where in the last two lines we have chosen a modest value of the logarithm and

shown results for the cases tanβ = 2 and tanβ = 10. The conclusion is that without

fine-tuning to maintain |µ| more than a loop factor below M1,2, we tend to expect

that the tree-level mass splitting in the higgsino sector is at least a few hundred keV

at large tanβ or at least an MeV at small tanβ. Splittings below 200 keV or so are also

in tension with the absence of inelastic dark matter scattering signals in direct

detection experiments [261, 270, 278]. On the other hand, as emphasized in [258],

the roughly MeV minimum splittings can fit nicely into an appealing scenario that

maintains gauge coupling unification and achieves the right Higgs mass (though

with the usual split SUSY fine-tuning to achieve the correct Higgs vev).

In the nearly-degenerate regime in which the mass of H̃0
2 is between those of H̃0

1 and

H̃±
1 , the heavier neutral higgsino decays to the light neutral higgsino plus either two

fermions or one photon, as illustrated in Fig. 4.2. The tree-level decay width
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Figure 4.2: Decays of the heavier neutral higgsino mass eigenstate to the lighter neutral
higgsino mass eigenstate.

H̃0
2 → H̃0

1ff is given by

Γ(H̃0
2 → H̃0

1ff) = Ctree
g4δ5

480π3m4
Z cos4 θW

, (4.5)

with Ctree a constant depending on the Z boson couplings to species f . In particular,

we have the following values depending on which states are summed (assuming the

mass splitting is well above the threshold for each):

Ctree ≈



0.75, νe, νµ, ντ

0.88 νe, νµ, ντ , e

3.7 νe, νµ, ντ , e, µ, τ, u, d, s, c, b,

(4.6)

so although the precise width is difficult to calculate for mass splittings in the

neighborhood of the QCD transition, the coefficient Ctree is always an order-one
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number. The radiative process H̃0
2 → H̃0

1γ has a rate [279]

Γ(H̃0
2 → H̃0

1γ) = C2(µ)
e2g4δ3

256π5µ2
≈ 6.4× 10−22 GeV

(
δ

1 MeV

)3(1 TeV
µ

)2 C2(µ)

C2(TeV)

≈ 1

3.1× 107 cm

(
δ

1 MeV

)3(1 TeV
µ

)2 C2(µ)

C2(TeV)
.

(4.7)

with C2(µ) a loop function that depends on µ2/m2
W and is approximately given by

3.2(µ/TeV)− 0.3 over the range of higgsino masses between 200 GeV and 1 TeV. We

find that the radiative decay to photons dominates over the tree level three-body

decay H̃0
2 → H̃0

1ff whenever δ ≲ 1 GeV. For later reference, we note that the lifetime

3× 107 cm/c is three orders of magnitude smaller than the time it takes a particle

moving at a speed 10−2c to cross a white dwarf star.

Notice that although the lifetime of H̃0
2 is rather long, the emitted photon carries a

small amount of energy. We do not expect such decays in the early universe to have

any significant effect on BBN.

The existence of this radiative decay suggests the interesting possibility of observing

monochromatic gamma rays of energy δ from regions with a sizable population of

the excited state H̃0
2 . We will return to this point below, though we have not found

any plausible candidate source for detecting such a gamma ray line.
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4 Direct Detection Constraints on Neutralino Dark Matter

The higgsino couples, through its mixings with gauginos, to the higgs boson, and so

this coupling is suppressed by the ratio mZ/M1,2. As a result, probes of neutralino

and chargino couplings to the higgs, including spin-independent direct detection

and effects on higgs branching ratios, become quite small in the pseudo-Dirac limit.

Furthermore, in this limit the Z boson dominantly couples off-diagonally, to one H̃0
1

and one H̃0
2 . This suppresses spin-dependent direct detection as well. As a result, in

the small-splitting regime, higgsinos become extremely difficult to detect directly

through their tree-level couplings. See, for example, [280, 281, 282] for further

discussion.

Beyond tree level, there remain one-loop processes through which pure higgsinos

can scatter elastically in direct detection experiments. However, due to a

cancelation between two diagrams that happens to be especially effective for the

actual value of the higgs boson mass, the direct detection rate for higgsino dark

matter via higgs exchange in the pure higgsino limit is tiny and in the neighborhood

of the so-called “neutrino floor” at which direct detection experiments are no longer

background-free [280, 283, 284, 285, 286, 287].

Currently the strongest constraints come from the LUX direct detection experiment

[288] although Panda-X is close behind [291]. Another constraint, which strictly

speaking is not direct detection but which we include here due to the similar
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Figure 4.3: Left: Direct detection constraints from the most up-to-date results of the LUX
experiment [288], for the case of mixed bino/higgsino dark matter with µ > 0 and tanβ = 2.
Right: LUX constraints (blue) together with IceCube constraints (green) [289] in the case
with µ < 0. The LUX bound is from spin-independent scattering via higgs boson exchange;
the IceCube constraint from spin-dependent scattering on protons in the Sun followed by
annihilation. At left, because the bounds are quite strong, we also show constraints on the
dark matter fraction. In both plots the thin orange curves show the mass difference between
the two lightest neutralino mass eigenstates and the red dashed curve is where the thermal
relic density Ωh2 = 0.12, as computed with micrOMEGAs [290].

physics, arises from dark matter capture in the Sun [292, 293, 294, 295]. Recently

this has led to stringent constraints on many dark matter models based on IceCube

searches for neutrinos originating in dark matter annihilation inside the Sun

[296, 289]. In the context of mixed bino/higgsino dark matter, this constraint is most

relevant when µ < 0. We show the current LUX and IceCube constraints in Figure

4.3. We present the case tanβ = 2 where the differences between µ > 0 and µ < 0

are starker than at large tanβ. (For further discussion of the relevant dependence on
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tanβ and the sign of µ, see [281, 282, 297].) Both the spin-independent coupling

probed by LUX and the spin-dependent coupling probed by IceCube rely on

mixings with gauginos and hence the strongest constraints lie along the diagonal.

Relatedly, from the orange contours in the figures we see that the regions being

probed have large mass splittings between the two lightest neutralinos, which

results from the large mixing. We also see from the red curves that if we insist on a

thermal relic abundance, the bulk of mixed gaugino/higgsino parameter space is

ruled out while the pure higgsino limit survives. In the case µ > 0, the constraints

are so strong that we find it useful to show regions where even a small fraction of

neutralino dark matter is excluded. In the case µ < 0, the constraints are relatively

mild. To plot the IceCube constraint, we have used the official IceCube bound on

dark matter annihilating to W+W− and have reweighted the effective

spin-dependent cross section based on the mix of W+W−, ZZ, and tt decays

obtained according to micrOMEGAs [290]; this procedure is similar to that used in

[282].

In figure 4.4 we include future projections from Xenon1T [298] and LZ

(LUX-ZEPLIN) including both its baseline scenario and more optimistic goal [299].

We see that the future reach of ton-scale direct detection experiments will probe

gaugino masses of several TeV, as emphasized in [300]. However, they stop well

short of probing the regime of PeV gauginos that arise, for example, in Split Dirac

SUSY. We see that LZ will probe neutralino mass splittings δ of order or slightly
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Figure 4.4: Projected future direct detection constraints on mixed bino/higgsino dark mat-
ter. The shaded blue region is the current LUX result (same as the left panel of Fig. 4.3. The
shaded purple regions are projections for Xenon1T and LZ (with two different levels of opti-
mism about what LZ will achieve). The thin gray curves show the mass splitting between the
two lightest neutral higgsinos.

below 1 GeV, but will not reach splittings significantly smaller than 1 GeV.

The current status of detection of higgsino dark matter through inelastic scattering

has been recently discussed in [270, 278]. Roughly speaking, direct detection

experiments rule out the range of mass splittings δ < 200 keV, including the pure

Dirac doublet or “heavy neutrino” dark matter candidate that was excluded many

years ago. Searches for events over a wider range of recoil energies could potentially

probe mass splittings as large as δ ≈ 0.5 MeV [278], though this depends crucially on

the velocity distribution of dark matter in our neighborhood. A recent attempt to
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empirically determine this velocity distribution by using old stars as tracers of the

dark matter halo points to rather lower than expected velocity dispersion [301]. If

the inferred distribution proves to be accurate, the reach of terrestrial experiments

for inelastic dark matter would be significantly reduced.

5 Indirect Detection Constraints on Neutralino Dark Matter

Data from indirect detection can place significant constraints on any dark matter

candidate in an SU(2)L multiplet, due to the annihilation χ0χ0 →W+W− (and ZZ,

depending on the representation), which leads to copious production of gamma

rays and antiprotons [256]. Here we will present the current constraints on a few

scenarios: pure wino dark matter, pure higgsino dark matter, and mixed

higgsino/bino dark matter. For the computation of wino annihilation, the

Sommerfeld enhancement is crucial [302], and the one loop annihilation process

χ0χ0 → γγ may also be detectable [303, 304]. As a result, in recent years

sophisticated effective field theory techniques have been applied to more accurate

computation of these annihilation processes [305, 306, 307, 308, 309, 310], especially

in the case of gamma ray line searches.

Gamma ray constraints arise from Fermi-LAT searches for photons from dwarf

galaxies [311] (which set the most stringent constraints at low masses) and HESS

observations of the galactic center [312] (which are more effective at high masses).
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Figure 4.5: Indirect detection constraints on wino (blue) and higgsino (orange) dark mat-
ter from continuum gamma ray spectra. The region above the dashed lines is excluded by
Fermi-LAT observations of gamma rays from dwarf galaxies [311] and HESS observations of
the galactic center [312]. The Sommerfeld effect is included in the wino calculation [302].

We summarize the current constraints in Figure 4.5. Notice that we have plotted

data only from continuum gamma ray signals. Winos are excluded as the dominant

component of dark matter over the full mass range, while higgsinos have smaller

annihilation rates and largely escape from the constraints. Gamma ray line searches

with HESS have previously been argued to exclude high mass wino dark matter

[313]; we find that their continuum search has now achieved sufficient sensitivity as

well. In the case of the galactic center, there are large astrophysical uncertainties,

and the bounds could be ameliorated if our galaxy’s dark matter halo has a

kiloparsec-size core [314]. Fermi-LAT’s dwarf galaxy bound already marginalizes

over uncertainties in the J-factors arising from the unknown distribution of dark
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matter. We find that this bound excludes the possibility that higgsinos constitute all

of the dark matter up to masses of about 330 GeV. In the computation of higgsino

annihilation we have used micrOMEGAs [290]. One could also include the tree-level

internal bremsstrahlung process [315], but using this in a full likelihood fit of

Fermi-LAT data does not dramatically change the answer.*

The most recent release of AMS-02 data on antiprotons [316] has been used to place

stringent limits on dark matter annihilation to hadronic final states [317, 318]. As

recently noted in [319], the central exclusion curve of [317] (and the similar curve of

[318]) excludes higgsino dark matter up to masses of about 800 GeV. However,

substantial systematic uncertainties exist in the interpretation of antiproton data,

including among others the unknown amount of convection in cosmic ray

propagation, the height of the diffusion zone, and uncertainties in antiproton

production cross sections [320]. The conservative end of the systematic uncertainty

band of [317] excludes higgsino dark matter up to masses of about 480 GeV, while its

optimistic end reaches above 930 GeV.

To summarize, although wino dark matter is under severe stress from indirect

detection data, higgsino dark matter is relatively safe. Light higgsinos, below around

500 GeV, are in tension with antiproton data, while gamma ray data covers even less

ground. Even the most strongly constrained regions of higgsino parameter space

still allow the higgsino to constitute about one-third of all the dark matter in the

*Personal communication from Wei Xue.
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Figure 4.6: Indirect detection constraints on higgsino dark matter. Left: predicted averaged
annihilation cross section to W+W− and ZZ compared to experimental constraints from
Fermi-LAT observations of gamma rays from dwarf galaxies [311] and AMS-02 measure-
ments of antiprotons [316] as interpreted by Cuoco et al. [317]. The shaded orange region
represents the systematic uncertainty band quoted in [317].

universe. While it is possible that a significant reduction in uncertainties about

cosmic ray propagation could shrink the error bar associated with the AMS-02

exclusion, at the moment it seems prudent to attach a very large amount of

uncertainty to the result. Similarly, while further observations of stellar kinematics

in dwarf galaxies could reduce uncertainties in J-factors, this is unlikely to

dramatically alter the interpretation of Fermi-LAT data. More significant

improvements might come with future gamma-ray telescopes. Still, future

telescopes like the Cherenkov Telescope Array (CTA) will struggle to cover the full

higgsino dark matter parameter space [321, 322, 314, 323]. For these reasons, it is

especially interesting to search for new ways to cover portions of the higgsino
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parameter space that are otherwise out of experimental reach.

Nonetheless, given the current results, a careful analysis of the present and future

status of indirect detection of higgsino dark matter would be timely. Resummation

will play an important role in precisely determining the rate of gamma-ray lines

from higgsino dark matter annihilation, especially for larger masses near 1 TeV,

where until further theoretical progress is made it remains unclear whether CTA will

place a constraint [309].

6 Other constraints and summary of higgsino status

6.1 Electron EDM

Charginos and neutralinos induce an electric dipole moment of the electron at two

loops from Barr-Zee type diagrams [324], which has been extensively discussed

[325, 326, 327, 328]. The current strongest constrain on the electron EDM comes

from the ACME I experiment [329], which will be substantially improved in the near

future with results from ACME II and ACME III [330, 331]. A recent analysis of

current and near-future electron EDM constraints on charginos appears in [332]. In

Figure 4.7, we have shown the expected future constraints in the region of

parameter space where the gaugino masses are much larger than the higgsino mass,

assuming that there is an order-one CP-violating phase. We see that the ACME III

projected reach (|de| ≲ 0.3× 10−30e cm) extends to the several hundred TeV regime
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Figure 4.7: Current and future reach of the ACME search for an electron EDM. We have fixed
a large CP-violating phase, arg(M1µ) = π/4. We show two cases: in orange, the wino mass
is fixed to twice the bino mass. In blue, we decouple the wino while keeping the bino in the
spectrum, as in the Hypercharge Impure model of [258]. We see that this case is much less
constrained.

of gaugino masses, where the neutralino mass splitting δ is of order tens of MeV. It

does not extend all the way to the MeV splitting regime. The bound is notably

stronger when the winos are not decoupled, because then the diagrams connecting

a chargino loop to the electron line with γh and Zh lines contribute. In the case with

only a bino in the spectrum, the leading effects connect a chargino-neutralino loop

to the electron line with WW lines and are significantly smaller.
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6.2 Collider searches

SUSY searches at the LHC have placed stringent constraints on the production of

gluinos and squarks, but have had relatively little impact so far on our knowledge of

electroweakinos, at least without assuming light sleptons to produce dramatic

lepton-rich signatures. One of the more significant results arises from a search for

disappearing tracks, which arise when a chargino propagates a macroscopic

distance before decaying to a neutralino and a very soft charged particle that is

unobserved [333, 334]. The recent update from ATLAS excludes nearly degenerate

winos up to 430 GeV [335]. When the wino mixes with other superpartners, the

bounds can become substantially weaker, as illustrated in Fig. 4.8. (This updates a

similar plot in [332]; see also related results in [336].) Although existing disappearing

track searches have set interesting bounds on winos, they do not yet constrain

higgsinos, for two reasons: the higgsino lifetime is typically shorter (so that the

chargino usually does not pass through many layers of the tracker before decaying,

unless it is highly boosted) and the higgsino cross section is also substantially

smaller.

If other superpartners are decoupled, higgsinos alone can be a very difficult target

for colliders. Simple monojet searches at the LHC will only marginally improve on

the results of LEP, and even at a future higher energy hadron collider, the higgsino is

a challenging target [337, 338]. A linear collider, if one is constructed and achieves
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Figure 4.8: Results of the recent ATLAS search for disappearing tracks [335], reinterpreted in
a scenario where the wino is not a pure triplet but mixes with higgsinos and binos.

energies of a TeV or higher, can directly probe a large fraction of higgsino parameter

space, although a version of CLIC with center of mass energy above 2.2 TeV would

be needed to reach the thermal relic higgsino. Very recently, there has been new

theoretical work on how optimized searches for disappearing tracks could constrain

higgsinos [339, 340] . In the pure higgsino limit where the chargino-neutralino mass

differences arises at loop level, they project that the LHC can exclude higgsinos up

to around 400 to 600 GeV and a future 33 TeV or 100 TeV hadron collider could probe

the full range up to a thermal relic higgsino at 1.1 TeV. While these results add to the

appeal of a future hadron collider, it lies some decades in the future, and in any case

would never tell us if the higgsinos constitute a significant fraction of dark matter.
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From one point of view, this is a virtue: higgsinos could be discovered even if they

are a highly subdominant component of dark matter or are unstable on long

timescales. However, it does leave a strong motivation for experimental probes that

could test not just the existence of higgsinos but whether they are a substantial

component of dark matter.

6.3 Summary: status of higgsino dark matter

Dark matter composed dominantly of a higgsino is a difficult challenge for both

dark matter searches and collider searches. Direct detection and EDMs are powerful

probes of the regime with large mixings with gauginos, and as EDM experiments

achieve increasing sophistication they will even probe the regime where gaugino

masses are in the 100s of TeV. However, the reach of EDM experiments crucially

depends on CP-violating phases, which may be small in some models. The most

powerful and universal probe of dark matter in the unmixed or small mass splitting

regime is indirect detection, which looks for H̃0
1 H̃

0
1 →W+W−, ZZ and hence relies

only on the gauge interactions of the higgsino. The bounds from looking for such

annihilations in gamma rays from dwarf galaxies are fairly robust but not very

strong; even in the range of masses that they exclude, they allow higgsinos to be

more than 10% of the dark matter. Bounds from antiprotons are potentially stronger

but subject to large uncertainties, and will require further study to make a truly
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convincing case that we understand the astrophysics well enough to be confident

about the particle physics conclusions. All of this leaves us with a gap in coverage,

especially at large higgsino masses near the 1.1 TeV thermal relic and at small mass

splittings in the MeV range. These regimes of parameter space are interesting, being

motivated by various models and theoretical arguments [259, 257, 258]. In the next

section we will discuss a challenging but not yet fully explored avenue for

understanding this part of parameter space, and make the case for further work in

astrophysics to determine how promising it is.

7 Capture of higgsinos in compact stars

In this section we will consider the capture of higgsino dark matter in compact stars.

We focus on white dwarfs, although many of our conclusions should carry over to

neutron stars (with rather different observational prospects). Capture of dark matter

in compact stars has been discussed in the literature [341, 342, 343, 344, 345, 346].

One major novelty with such objects, compared to the Sun, is kinematic: because

they are very dense they have a high escape velocity. The escape velocity at the

surface of the Sun is about 600 km/s, not dramatically larger than the faster WIMPs

in the galactic halo. Although inelastic scattering of dark matter in the Sun is

interesting, it probes similar mass splittings to those probed by direct detection on

Earth [347, 348, 349]. Compact stars potentially probe the parameter space at larger
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mass splittings. If we estimate the escape velocity at the surface of a white dwarf to

be 2× 10−2c, then using a carbon-12 nucleus as our target (which determines the

reduced mass) we would kinematically expect to probe splittings up to about 2 MeV

for a 1 TeV WIMP. A similar estimate for neutron stars indicates that they could

probe splittings up to several hundred MeV. In the interior of the stars the escape

velocity can be even larger. This makes white dwarfs and neutron stars important

potential probes of inelastic dark matter: they are capable of capturing dark matter

that would be kinematically unable to scatter on Earth or in the Sun. This dark

matter can accumulate inside the star; its subsequent annihilations would then heat

the star. Because white dwarfs and neutron stars do not burn nuclear fuel, they are

expected to gradually cool over the age of the universe. Heating via dark matter

annihilations could prevent such cooling from proceeding indefinitely. In some

regions of the galaxy a floor on white dwarf temperatures has been observed;

comparing such floors to the minimum amount of heating by dark matter could

produce a constraint on, or an indirect signal of, inelastic dark matter annihilation

[350, 351].

As this paper was being completed, [352] appeared which discusses capture of dark

matter, including higgsinos, in neutron stars. They assess the observational

prospects for future detection of very cold neutron stars. This appears to be a

challenging, but perhaps feasible, observation.
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7.1 Couplings for inelastic DM scattering

The dark matter coupling to the Z boson has the form [280]

ig

2cW
Zµ

(
H̃†

2σ
µH̃1 − H̃†

1σ
µH̃2

)
. (4.8)

The largest component of inelastic scattering goes through the vector coupling of

the Z boson to quarks, i.e. to the combination of charges g
2cW

(T3 − 2s2WQ) where

T3 = 1/2,−1/2 for the up and down quarks respectively. Because the vector current

is conserved, we can simply add up the couplings to quarks to obtain the coupling

to nucleons:

g

4cW
Zµ
[(
1− 4s2W

)
pγµp− nγµn

]
. (4.9)

Because s2W ≈ 1/4, the coupling to protons is much smaller than the coupling to

neutrons. For this reason, at low momentum transfer we approximately expect the

dark matter to scatter coherently off the neutrons, with a cross section scaling as N2

where N = A− Z is the number of neutrons.

If we, for the moment, neglect the nuclear form factor and the effect of the mass

splitting, the dark matter–nucleus scattering cross section is [270, 278]

σχN =
G2
Fµ

2
χN

8π

[
N − (1− 4s2W )Z

]2
, (4.10)
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Figure 4.9: The inelastic scattering process of a higgsino on a nucleus, H̃0
1N → H̃0

2N .

with µχN the dark matter–nucleus reduced mass. Evaluating for carbon-12 nuclei

with mass 11.2 GeV and N = Z = 6, this is

σχN |mχ=1000 GeV ≈ 2.8× 10−8 GeV−2 ≈ 1.1× 10−35 cm2. (4.11)

Of course, the form factors will impose some cost, but this is a large cross section, so

when inelastic scattering is kinematically accessible the rates can be very large.

In our detailed calculations below we use nuclear form factors for carbon and

oxygen found in [269], which bases its calculation on [353, 354]. Because higgsinos

have a large vector-current coupling, form factors for subleading operators have

little effect on the result.

7.2 Capture rate in a white dwarf: rare scattering limit

The computation of the capture rate of inelastic dark matter in a star, generalizing

the classic calculation of Gould [294], has been discussed in [347, 348, 349]. The
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appendix of [347] explaining this capture rate calculation contains a small mistake

(though [349] uses similar notation and is correct), so let us briefly review the

correct procedure.† We can parametrize the kinematics of scattering in terms of the

kinetic energy Q imparted to the nucleus in the rest frame of the incoming nucleus.

The kinetic energy of the outgoing dark matter particle is lower than that of the

incoming dark matter particle by an amount Q+ δ, because an energy δ is absorbed

to excite the heavier state. If the incoming dark matter speed at the collision point is

w =
√
u2 + v(r)2, with u the speed at infinity and v(r) the escape velocity at radius r

in the star, the kinematically accessible values of Q lie between Qmin and Qmax

where

Qmin,max =
1

2
mχw

2

1− µ2

m2
N

(
1± mN

mχ

√
1− δ

µw2/2

)2
− δ. (4.12)

We can consider the outgoing dark matter particle to be captured when

Q > Qcap =
1

2
mχ(w

2 − v(r)2)− δ. (4.13)

In other words, Qcap is the threshold at which the outgoing dark matter particle has

kinetic energy 1
2mχv(r)

2 and would marginally escape from the star. Given the

formulas above, it can happen that the computed value of Qcap is smaller than Qmin

for some choices of velocity at infinity u, and so one must take care to integrate over

†We thank Prateek Agrawal for dusting off old notes to confirm our understanding of how
to reconcile the various formulations in the literature.
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nucleus energies not from Qcap to Qmax but rather from Q′
min = max(Qcap, Qmin) to

Qmax.

The capture rate in a volume element dV is given by

dC

dV
=

∫ ∞

0
du

f(u)

u
wΩ(w), (4.14)

where Ω(w) is the rate per unit time at which a WIMP of velocity w will scatter to a

velocity less than v(r). It is given by

Ω(w) =
∑
i

ni(r)

∫ Qmax

Q′
min

dE
dσi
dE

(w2, E). (4.15)

Here dσi
dE is the differential cross section for dark matter scattering by nuclei of mass

mi and stellar density ni(r). We integrate it over the nuclear recoil energy. The total

capture rate is then given by

C = 4π

∫ R∗

0
dr r2

dC

dV
. (4.16)

In all of our calculations, we approximate the distribution of dark matter velocities

at infinity with a Maxwell-Boltzmann distribution with velocity dispersion v0 as

seen by an observer with speed v∗,

f(x)dx =
ρχ
mχ

4√
π
x2e−x

2
e−η

2 sinh(2xη)
2xη

dx, (4.17)
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with x and η dimensionless quantities

x2 ≡ u2

v20
, η2 ≡ v2∗

v20
. (4.18)

We expect that in general v∗ ∼ v0, that is, the typical speed of the star in which we

capture is of order the velocity dispersion in the halo, so η ∼ 1. We find that the

quantitative impact of varying η from 0 to 1 is fairly small.

In our analysis, we need the number density of nuclei as a function of radius n(r), so

we assume that white dwarfs are modeled by polytropes of index 3 [355, 356]. We

choose the values of R∗ = 0.0093R⊙ and M∗ = 0.7M⊙ as the values of our

prototypical white dwarf [351]. We show the number density of a white dwarf with

these values of R∗ and M∗, assuming an n = 3 polytrope, in Figure 4.10. We display

the number density assuming a white dwarf composed entirely of carbon-12,

oxygen-16, and 33% 12C, 66% 16O. We assume that the elemental abundance does

not depend on the radius. This is reasonable because both carbon and oxygen have

similar scattering cross sections, and because the white dwarf is the core of a dead

star [346].

7.3 Capture rate in a white dwarf: geometric saturation

The capture rate derived in the previous subsection is valid when scattering events

are relatively rare. At large cross sections, however, it overestimates the total capture
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Figure 4.10: The number density in km−3 as a function of radius for the prototypical WD
used in our analysis (R∗ = 0.0093R⊙ and M∗ = 0.7M⊙). Blue curve: 100% 12C, orange curve:
100% 16O, green curve: 33% 12C, 66% 16O.

rate. The largest possible capture rate is a geometric one, when the star absorbs

every dark matter particle that passes through its surface. This geometric rate is

larger than the naive geometrical cross section of the star, σ0 = πR2
∗, due to the

long-range attractive force of gravity, which allows it to capture material from a

wider region. For dark matter particles with velocity at infinity v∞, a simple estimate

using conservation of energy and angular momentum gives a capture rate

σ = πb2max = σ0

(
1 +

v2esc

v2∞

)
, (4.19)

where v2esc = 2GNM/R is the escape velocity at the stellar surface. The typical

relative velocity of DM and the star will be of order the local velocity dispersion v0.

In time t the star could swallow up all the dark matter in a volume of order V = σv0t.

For dark matter particles arising from a Maxwell-Boltzmann distribution with
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velocity dispersion v0 ≪ vesc, the associated geometric capture rate becomes

[294, 351]

Cgeom =

√
8π

3

3GNRwdMwdρDM

mDMv0

≈ 7× 1024 sec−1 ρDM

0.3 GeV/cm3

1000 GeV
mDM

Rwd

6.5× 108 cm
Mwd

0.7M⊙

220 km/sec
v0

.

(4.20)

Here we have used values of ρDM and v0 typical for the region of the Milky Way in

our vicinity.

If dark matter annihilations have equilibrated with capture, then a corresponding

conversion of dark matter mass to energy is taking place, corresponding to a

luminosity

Lmax = mDMCgeom ≈ 1025 erg/sec
ρDM

0.3 GeV/cm3

Rwd

6.5× 108 cm
Mwd

0.7M⊙

220 km/sec
v0

,

(4.21)

using that 1 erg ≈ 624 GeV. Importantly, notice that this maximum possible

luminosity is independent of the dark matter mass, depending only on the mass

density of dark matter near the star. Measured white dwarf luminosities are in the

range 1028 − 1031 erg/s [343]. This shows us that interesting results from white dwarf

cooling are only accessible in regions of much larger dark matter density than our

local neighborhood.
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Importantly, the maximum luminosity increases with the dark matter density and is

larger when the dark matter velocity dispersion v0 is smaller:

Lmax ∝ ρDM

v0
. (4.22)

In the galactic center, ρDM is large but v0 is not very small. This suggests that good

targets are smaller dark matter halos, which can have high central densities and at

the same time low velocity dispersions. We will return to this point in §7.6, after first

arguing that our calculation of the capture rate for higgsinos really does correspond

to an effective stellar luminosity.

7.4 Aftermath of capture: de-excitation of the heavier higgsino

The capture rate calculation we have presented so far simply determines the rate at

which the process H̃0
1N → H̃0

2N produces a heavy mass eigenstate H̃0
2 with

sufficiently low velocity that it cannot escape the star. We do not expect the heavy

mass eigenstate to survive for a time comparable to the age of the star. Either it will

downscatter back to the light mass eigenstate or it will decay. These two processes

are kinematically distinct. The dominant decay in the range of mass splittings of

interest is H̃0
2 → H̃0

1γ (see §3). In the rest frame of the decaying heavier higgsino, the

two decay products both acquire a small momentum of approximately δ, the mass

splitting. In the rest frame of the star, then, the daughter higgsino H̃0
1 has velocity
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approximately the same as the parent higgsino H̃0
2 , and remains captured. On the

other hand, the downscattering process H̃0
2N → H̃0

1N is exothermic, and if it is the

dominant means of de-excitation we should be careful that it does not give enough

energy to the daughter higgsino to undo the initial energy loss and eject the

higgsino from the star.

We computed in equation (4.7) that for mass splittings of order an MeV, the decay

length cτ of H̃0
2 is about 3× 107 cm; put differently, the particles decay in about a

millisecond. At much smaller values of δ the lifetimes become significantly longer,

but at small values of δ, the inelasticity is not very important and H̃0
1 ejection after

H̃0
2 capture is not a concern. So the question is what is the mean free time for H̃0

2 to

downscatter. If we assume the H̃0
2 velocity is of order the escape velocity and

compute (nCσχNvesc)
−1 with the estimated cross section (4.11) and the average

number density of carbon atoms in the star, we obtain an estimated scattering time

on the order of a millisecond, similar to the decay time. However, there is an

additional kinematic fact that works in our favor. The carbon atoms in the star are

typically moving quite slowly: the temperature of the star is far below the energy

scale δ. In the initial upscattering process, a H̃0
1 falling into the star picks up speed

and hits a nucleus; part of its energy allows it to convert to H̃0
2 , but to conserve

momentum it gives the nucleus a kick. In fact, the outgoing nucleus typically has a

velocity on the order of the escape velocity of the star or larger. The downscattering

process cannot simply have the reverse kinematics, because there are no
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fast-moving nuclei on which to scatter. Because the downscattering process

provides momentum to the escaping H̃0
1 , it must also give a kick to the outgoing

nucleus. In the regime of scattering where the H̃0
1 is ejected, the momentum

transfer to the nucleus is large enough that the nuclear form factor suppresses the

ejection rate. Thus, we believe that it is a reasonable approximation that the fate of

the captured H̃0
2 is always to become a captured H̃0

1 .

7.5 Checking the equilibration of capture and annihilation

The number of dark matter particles N in the star evolves according to an equation

dN/dt = C − CAN
2, (4.23)

where

CA =

∫
d3r n(r)2 ⟨σAv⟩(∫

d3r n(r)
)2 , (4.24)

with n(r) the number density of captured dark matter and ⟨σAv⟩ the averaged

annihilation cross section of the captured dark matter. The capture rate and

annihilation rate will equilibrate, so that dN/dt ≈ 0, after a time

τeq ∼ 1√
CCA

. (4.25)

155



We have computed C and would like to interpret this as a measure of the luminosity,

but to do so we should ensure that the stars we can observe have an age t≫ τeq. We

will obtain a pessimistic estimate of τeq by assuming that the number density is

n(r) =
N

R3
star

, (4.26)

so we can estimate

CA =
1

R3
star

⟨σAv⟩ ≈ 6× 10−53sec−1

(
10−2 R⊙
Rstar

)3 ⟨σAv⟩
2× 10−26 cm3/sec

, (4.27)

where we have put in the thermal WIMP annihilation rate for ⟨σAv⟩ [255]; the

higgsino annihilation rate is of this order or larger in the mass range we are

interested in.

This is a pessimistic estimate, because if the dark matter particles have scattered

repeatedly in the star, they will thermally equilibrate and sink to the middle of the

star, where their density will be much higher. Continuing with our pessimistic

estimate, let us take C = Cgeom from equation (4.20) of §7.3. Then we find an

equilibration time

τeq ∼ 1√
7× 1024 × 6× 10−53

sec ≈ 1.5× 106 yr. (4.28)

This million-year time scale is much less than the age of a typical white dwarf star. If
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we go toward lighter higgsinos or denser dark matter environments, both Cgeom and

⟨σAv⟩ increase, so the equilibration time becomes shorter. Hence, at least for white

dwarf stars, we are usually safe assuming that the capture and annihilation rates

have equilibrated.

Once the H̃0
1 particles have been captured and accumulate inside the star, they will

annihilate dominantly to W+W− and ZZ (with slightly more of the former). Both

the W and Z decay dominantly to quarks, the decay products of which will

hadronize and then rapidly thermalize in the medium of the star. A fraction of the

decays will be to high-energy neutrinos that escape the star. In principle this makes

compact stars point sources of high-energy neutrinos, but in practice the flux is too

low to be observed by detectors like IceCube or Antares. Crudely, the dark matter

annihilation rate in a volume V is ⟨σAv⟩n2DMV . Comparing this to the annihilation

rate in a star in the geometric regime, we see that a single white dwarf star has the

same brightness in neutrinos as a region of space of volume

V ∼ GNRwdMwd

⟨σAv⟩nDMv0
∼ (0.03 pc)3

0.3 GeV/cm3

ρDM

mDM

1000 TeV
220 km/s

v0
. (4.29)

The inverse scaling with dark matter density is because annihilation in empty space

requires two dark matter particles to meet, while the annihilation rate in the star

(after equilibration) is set by the capture rate, which is linear in dark matter density.

If the volume V were overwhelmingly large compared to the typical volume in
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between white dwarfs in some region like the Galactic Center or a dwarf galaxy, it

could improve their prospects as targets for dark matter searches with neutrino

telescopes. (Currently, limits on dark matter annihilation to W and Z bosons from

neutrino telescopes are much weaker than those from gamma ray telescopes.) If it

were large in absolute terms, it would make white dwarfs interesting point sources.

As it stands, the number is not large enough to make white dwarfs that have

captured dark matter appealing targets for neutrino observations.

7.6 Observational prospects

Given that the neutrino flux is too small to be interesting, the best bet for observing

the effect of higgsino capture in compact stars is through the heating of the star by

annihilations, as discussed in [343, 351, 350, 344, 346, 352]. To put an upper bound

on the density of higgsino dark matter, we would thus like to find old, cold white

dwarfs, especially in regions of high dark matter density or low velocity dispersion.

To make a positive case for the existence of higgsino dark matter, we would like to

find evidence of a surprisingly high floor in the temperature of white dwarfs in a

region of high dark matter density. These are challenging tasks.

In Figure 4.11 we display the capture rate for dark matter in white dwarf stars in our

local neighborhood of the Milky Way, together with the temperature the star would

have if the luminosity of the star is dominated by dark matter annihilations. We can
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Figure 4.11: Capture rate of 1 TeV higgsino dark matter in a white dwarf in our local neigh-
borhood of the Milky Way (left), with the associated temperature derived from the lumi-
nosity associated with dark matter annihilations in equilibrium (right). The solid curve is
the computed capture rate. The horizontal dashed line is the capture rate predicted at ge-
ometric saturation. The curved dotted line is the naive capture rate calculation neglecting
geometric saturation.

see that these stars would be very cold—hundreds of Kelvins—and for this reason

white dwarfs in our neighborhood are not good targets. For example, a white dwarf

of mass Mwd = 1.05M⊙ located about 267 parsecs away from us is constrained to

have T < 3000 K [357]. It has not been directly observed; its existence is inferred

from the motion of its pulsar companion. The limit on its temperature is not

stringent enough to have implications for dark matter. Given that it inhabits our

region of the Milky Way where ρDM ≈ 0.3 GeV/cm3 and v0 ≈ 220 km/s, we predict a

minimum luminosity from dark matter annihilations at geometric saturation of

about 1.7× 1025 erg/s while the temperature constraint implies L ≲ 3× 1028 erg/s. If

future observations could improve the bound on the temperature of this white

dwarf by an order of magnitude, there would be significant tension with
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expectations from dark matter capture and annihilation. However, white dwarfs are

not expected to cool to hundreds of Kelvins over a time of order the age of the

universe, so such a stringent temperature bound is unlikely. Other cool white dwarfs

with temperatures in the 2000− 3000 K range have been identified as companions to

millisecond pulsars located about a kiloparsec from us [358, 359]. If similar

observations could be made sufficiently close to the galactic center, where the dark

matter density is larger, this could lead to either constraints on the dark matter

capture rate or on the cuspiness of the dark matter distribution in the inner galaxy.

Since the luminosity from dark matter capture is proportional to the density of dark

matter in the area of the white dwarf, and inversely proportional to the velocity

dispersion, the best white dwarf candidates will be in regions with a large value of

ρdm/vdisp. Dwarf galaxies are a natural target. We display a number of dwarf galaxies

sorted by ρdm/vdisp and their distance from us in Figure 4.12. To standardize the

numbers in the plot, we use the dark matter density at the half-light radius. To find

it, we find the NFW characteristic density and characteristic radii from vmax and

rmax, where vmax is the maximum circular velocity and rmax is the radius where this

velocity is attained. We then use the NFW profile to find the density at the half-light

radius. We use the values of vmax and rmax from [360], with the exception of

Reticulum II, whose values are obtained from [361]; Leo V, whose values are

obtained from [362]; and the vmax for Sagittarius from [362]. Then we find the NFW

scale radii using rs = rmax/2.163 and the characteristic density with
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ρs = (4.625/4πG)(vmax/rs)
2. The half-light radii for the dwarf galaxies are obtained

from [363], with the exception of Leo T from [364] and Reticulum II from [365].

Since the errors on vmax and rmax are asymmetric, to propagate errors, we use the

average of the low and high errors. The distances and velocity dispersions are taken

from [363], with the exception of Reticulum II, whose distance and velocity

dispersion are obtained from [365].
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Figure 4.12: Dwarf galaxies plotted by distance from us and their dark matter density at half-
light radius ρ1/2 divided by the velocity dispersion vdisp. Six of the best targets for searches
for dark matter capture in white dwarfs are labeled: (a) Segue I; (b) Segue II; (c) Willman 1;
(d) Reticulum II; (e) Coma Berenices; (f) Ursa Major II.

On the basis of Figure 4.12 we see that there are a handful of dwarf galaxies that

have large ρdm/vdisp, a few orders of magnitude above that of our vicinity of the

Milky Way, and are located within 50 kpc of us. Segue I, Segue II, Willman 1, and

Reticulum II are among the best candidates. For example, Segue I is 23 kpc away,
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with a velocity dispersion of about 4 km/sec and estimated dark matter density at

the half-light radius 70 GeV/cm3 (with large uncertainty). Notably, the best target

dwarf galaxies have all been discovered within about the last decade, leaving some

room for optimism that other so-far-undiscovered dwarf galaxies may also provide

good targets. The capture rate for higgsino dark matter in a white dwarf in Segue I,

which is about four orders of magnitude larger than the capture rate in our region of

the galaxy, is illustrated in Figure 4.13. The right panel shows that a floor on white

dwarf temperatures of around 4000 K could be an indication of dark matter capture

and annihilation. Such a temperature floor has been observed for white dwarfs in

the globular cluster M4 [366], which is located around 2 kpc from us. Segue I is ten

times further away, and so observations of white dwarfs there are significantly more

difficult.

Globular clusters like M4 have previously been suggested as a source of possible

observational constraints on dark matter [350, 346]. However, globular clusters are

not known to contain much dark matter, and are often thought to have formed in

the disk of the galaxy rather than in a subhalo [351]. The exception may be certain

globular clusters which began as dwarf galaxies and were tidally disrupted by the

Milky Way. The globular cluster Omega Centauri (ω Cen) is an interesting candidate.

Most of its dark matter content will have been tidally stripped, but unlike a true

globular cluster is was formed in a dark matter halo and may still retain a significant

amount of dark matter in its center [367, 368]. The cluster ω Cen is located 4.8 kpc
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Figure 4.13: Capture rate of 1 TeV higgsino dark matter in a white dwarf in Segue 1 (left),
with the associated temperature derived from the luminosity associated with dark matter
annihilations in equilibrium (right). The solid curve is the computed capture rate. The hor-
izontal dashed line is the capture rate predicted at geometric saturation. The curved dotted
line is the naive capture rate calculation neglecting geometric saturation.

from us (nearly a factor of 5 closer than Segue I), and has a central velocity

dispersion of about 17 km/s [369]. Because ω Cen is relatively nearby, the

observational prospects for white dwarfs there are much better than in dwarf

galaxies. Furthermore, the stellar mass of ω Cen is much larger, so there should be

more white dwarfs to observe. Indeed, the cooling sequence in ω Cen has been

studied [370]. Its dark matter content is likely lower than that of Segue I, though

estimates vary. For example, [371] postulates an enormous dark matter density in ω

Cen due to an intermediate-mass black hole with an associated dark matter spike.

However, even their baseline estimate of the dark matter density without the spike

would already make ω Cen a better target than Segue I. Other estimates for the dark

matter content remaining in ω Cen are lower [368], and there is no clear dynamical
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evidence for dark matter in the cluster [372]. As a result, the status of ω Cen as a

probe of dark matter is currently rather unclear. Given that we already know a great

deal about white dwarfs in the cluster, it would be important to find a strong

argument—ideally empirical but perhaps based on simulations—for whether or not

it should retain enough of a central dark matter density to host dark matter-burning

white dwarf stars. This offers an interesting new opportunity for astrophysics to

provide a window on particle physics.

8 Conclusions and Outlook

By surveying the current and near-future expected sensitivity of various

experiments to higgsino dark matter, we have argued that this very simple WIMP

candidate is likely to remain unconstrained in a window of small mass splittings

(“pseudo-Dirac” higgsinos) for some time to come. Currently indirect detection

constraints set the most stringent bounds on this region of parameter space, with

antiproton observations from AMS-02 leading the way albeit with substantial

systematic uncertainties. The small mass splittings make observational tests that

make crucial use of inelastic processes that can excite the heavier higgsino a

promising possibility. We have discussed capture of higgsinos in white dwarf stars in

some detail as an example of such a process. However, we find that deep

observations of regions of high dark matter density and low velocity dispersion,
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such as dwarf galaxies, would be necessary to exploit this process. These will be

challenging observations for astronomers to make, and so in the immediate future

they are unlikely to surpass more traditional particle physics experiments in

sensitivity. Still, in the longer term observations of dwarf galaxies as well as attempts

to nail down the dark matter content of globular clusters (particularly those thought

to have arisen from tidally disrupted dwarf galaxies) could offer a great deal of

insight into particle physics.

It is worth considering whether inelastic processes open up any other novel means

of looking for dark matter. One possibility is to exploit the fact that typical velocity

dispersions in galaxy clusters are on the order of 1000− 2000 km/s, so that a TeV

dark matter particle has kinetic energy around 6− 20 MeV. This means that a

process like H̃0
1 H̃

0
1 → H̃0

2 H̃
0
2 can occur at a potentially interesting rate, following

which the heavier H̃0
2 particle will decay to its lighter partner plus a monochromatic

photon of energy δ. Currently observational constraints on MeV gamma rays range

are rather weak, but future missions like e-ASTROGAM will provide better coverage

of this energy range [373]. However, it appears unlikely that the constraints will be

able to probe higgsino dark matter. As a quick back-of-the-envelope assessment,

note that observations of the galactic center are expected to probe χχ→ γγ cross

sections ⟨σv⟩A ∼ 10−34 cm3/s for mχ ≈ 1 MeV [374]. The higgsino upscattering

process would also lead to MeV gamma rays, but the number density of TeV

higgsino dark matter particles is smaller than that of MeV dark matter particles by a
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factor of 10−6, so the “effective” ⟨σv⟩A that could be observed is smaller by 12 orders

of magnitude. This means that we would need a rate for H̃0
1 H̃

0
1 → H̃0

2 H̃
0
2 of order

10−22 cm3/s to match a 10−34 cm3/s χχ→ γγ observation. The higgsino cross

section is set by the weak scale and suppressed by the small final-state phase space,

and falls short of this target. Furthermore, [374] considered observations of the

galactic center, but higgsinos in the galactic center would lack sufficient energy for

this process, and galaxy clusters would be the right target. But in general

observations of gamma rays in galaxy clusters have lagged behind observations of

the galactic center in sensitivity to annihilating dark matter. On the basis of these

back-of-the-envelope considerations, the higgsino excitation followed by decay

process appears to have a rate at least a few orders of magnitude too small to be

within range of e-ASTROGAM.

While a combination of collider searches, direct detection, and indirect detection

has now ruled out huge swaths of the parameter space for WIMP dark matter,

especially in the case of “True WIMPs” with Standard Model electroweak gauge

interactions, we have seen that the last True WIMP, the pseudo-Dirac higgsino, is

still healthy. Better modeling of cosmic ray propagation in the galaxy, which could

improve our understanding of antiprotons observed by experiments like AMS-02, is

one route by which astrophysics could help close the book on the last WIMP. A

better understanding of the dark matter content of globular clusters is another.

These offer exciting opportunities at the intersection of astronomical observation
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and theoretical modeling that could have huge ramifications for our understanding

of particle physics.
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5
Evidence of Dark Matter-Dark

Radiation Interactions in Current
Cosmological Data Revisited

1 Abstract

In light of previous claims in the literature, we revisit a cosmological model with

dark matter-dark radiation interactions. Lyman-alpha flux power spectrum

measurements from the Sloan Digital Sky Survey are added to the CMB, BAO, and

large-scale structure data. With the inclusion of Lyman-alpha data, we find that
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there is only marginal evidence for this model; the significance decreases from

−2∆ lnL = −12 to −2∆ lnL = −6 relative to ΛCDM. The largest improvement in the

likelihood comes from the Planck SZ and CFHTLens datasets, which are in tension

with Planck CMB data. Importantly, when the Lyman-alpha dataset is added to the

likelihood analysis, the significance decreases, as this dataset is not in tension with

ΛCDM. Furthermore, we perform a Fisher forecast analysis for the model using the

LSST galaxy survey and the CMB-S4 proposed survey. We find that the constraint on

the energy density of the dark radiation, ∆Nfluid will be improved by an order of

magnitude compared to current constraints.

2 Introduction

Dark matter forms the gravitational backbone upon which baryonic matter accretes

to form galaxies and clusters. The cold dark matter (CDM) paradigm

[375, 376, 377, 378] has so far been extremely successful at describing the large scale

distribution of galaxies and the structure of the anisotropies in the cosmic

microwave background (CMB). Detailed observations of the CMB [379, 35] has

provided us with an exquisite snapshot of the Universe as it stood about 380,000

years after the Big Bang. At that time, the data show that the Universe was mostly

smooth and homogeneous except for very small density fluctuations. In our current

understanding of structure formation, these small perturbations form the seed
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which eventually evolve, through the influence of gravity, into all the rich structure

we observe in the Universe today. If this scenario is correct, CMB measurements can

be used to predict the properties of structure in the low-redshift universe. By

comparing these predictions to the actual observations of the large-scale structure

(LSS) of the Universe, we can thus test the consistency of the standard structure

formation paradigm based on CDM. Such comparison is often phrased in terms of

the quantity σ8, which stands for the amplitude of matter fluctuations at scales of 8

Mpc.

Estimates of the value of σ8 from recent LSS measurements based on the

Sunyaev-Zeldovich (SZ) cluster mass function [380] and weak gravitational lensing

[381, 382] appear in tension with ΛCDM predictions based on fits to CMB and

baryon acoustic oscillation (BAO) data. While the tension could be caused by

systematics in the data, it could also be caused by new physics related to dark

matter. One approach to reconcile the CMB with the discrepant LSS measurements

is to suppress the growth of structure by coupling dark matter to some form of dark

radiation (DR) [383, 384, 385, 386, 387, 388, 389, 390, 391, 392, 393, 394, 395, 396, 397,

398, 399, 400, 401, 402, 403, 404, 25, 405, 406, 407, 408, 409, 410, 411, 412]. In several

of these models, achieving a sufficient suppression of structure on scales probed by

σ8 tends to introduce further problem on smaller scales. However, a specific

category [409, 413, 411] of models where the interaction rate between dark matter

and dark radiation tracks the Hubble rate during the radiation-dominated era have
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the potential to address the tension without introducing new problems.

This key ingredient of these models is the presence of a dark matter-dark radiation

scattering amplitude scaling as |M(q)| ∝ 1/q2, where q is the momentum

transferred in a collision. For instance, Ref. [409] realizes this by introducing a

non-abelian massless gauge boson coupling to dark matter. In this scenario, the

dark radiation forms a tightly-coupled perfect fluid which provides a weak drag

force on dark matter before matter-radiation equality, hence slowing the growth of

structure on scales entering the causal horizon before that epoch. Ref. [413] then

used this non-abelian interacting dark matter model to reanalyze the apparently

discrepant CMB and LSS data, finding that the model could alleviate the σ8 tension

between these datasets. Taken at face value, their analysis implies a statistically

significant detection of dark matter-dark radiation interaction, with an

improvement of the −2∆ lnL statistics of 11.6 relative to ΛCDM. We note that this

difference is mostly driven by data from the Planck SZ clusters [380] and the

CFHTLenS weak lensing survey [381].

In this paper, we revisit the analysis performed in Ref. [413] by adding Lyman-α

forest flux power spectrum data from the Sloan Digital Sky Survey (SDSS) [414]. We

find that the addition of the Lyman-α data reduces the statistical significance of the

evidence for dark matter-dark radiation detection.

A summary of the DM-DR model is presented in Section 3. In Section 4, we describe

the fit of the model to the CMB, BAO, LSS, and Lyman-α data, and find that with the
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inclusion of Lyman-α data, the improvement over ΛCDM is reduced, and there is

only marginal evidence for DM-DR interactions. In addition to the MCMC analysis,

we do a Fisher forecast to determine the projected constraints on the parameters of

the DM-DR model, which is described in Section 6. For this forecast, we consider

the LSST photometric survey in combination with a CMB-S4 next generation CMB

experiment. In Section 7 we summarize our results and their implications.

3 Interaction Model

The model proposed in Ref. [409] has two additional parameters (relative to ΛCDM)

to describe the dark matter-dark radiation interactions. The radiation is treated as a

perfect fluid with no viscosity and a speed of sound c2s = 1/3. The dark radiation’s

energy density is parameterized as an effective number of neutrinos:

∆Nfluid = Ndr

(
Tdr

Tν

)4

×


8
7 (bosonic)

1 (fermionic),

(5.1)

where Tdr is the temperature of the dark fluid and Tν is the temperature of the

neutrinos.

The drag force on the dark matter by the dark radiation is described by a linear

coefficient of friction, Γ0. Specifically, a non-relativistic DM particle, with velocity v,
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traveling through thermal radiation experiences an acceleration

˙⃗v = −aΓv⃗, (5.2)

where the overdot corresponds to the derivative with respect to conformal time.

Here Γ depends on the temperature of the photons T , and scales with T 2, as does

the Hubble rate during radiation domination. Given the value of the drag force

today (Γ0), at another time it is given by

Γ = Γ0

(
T

T0

)2

. (5.3)

The model in Ref. [409] achieves the T 2 scaling by having non-Abelian dark matter

and dark radiation. The dark matter transforms in the fundamental representation

of dark SU(N) and is the neutral component of an SU(2)-weak triplet. Associated

with the SU(N) dark symmetry are N2 − 1 dark gluons. In the early universe, at

temperatures above the dark matter mass, the dark gluons are in thermal

equilibrium with the Standard Model, through their interactions with dark matter.

At temperatures on the order of the dark matter mass, the dark matter freezes-out,

and the dark gluons decouple. The dark gluons now only interact with the dark

matter and have self-interactions, an important difference from neutrinos.

The equations for the dark matter and dark radiation overdensities in the
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Newtonian gauge are:

δ̇dm = −θdm + 3ϕ̇ (5.4)

θ̇dm = −
ȧ

a
θdm + aΓ(θdr − θdm) + k2Ψ (5.5)

δ̇dr = −4

3
θdr + 4ϕ̇ (5.6)

θ̇dm = k2
δdr

4
+

3

4

ρdm

ρdr
aΓ(θdm − θdr) + k2Ψ, (5.7)

where δdm and θdm are the density and velocity perturbations of dark matter,

respectively, and similarly for the dark radiation. The average energy densities of

dark matter and dark radiation are ρdm and ρdr, and the scalar metric perturbations

in conformal Newtonian gauge are ϕ and Ψ.

4 Analysis

We implemented the DM-DR model in the Boltzmann code CLASS [415, 416], and

we performed several Markov Chain Monte Carlo (MCMC) likelihood analyses for

our 8-parameter model of Dark Matter-Dark Radiation interactions as well as for

ΛCDM with different data sets. We use the same data sets used in Ref. [413], namely:

CMB, BAO and LSS (see below for details). In addition to those datasets, we also

include for the first time in this context constraints to the matter power spectrum

from the Lyman-α forest flux power spectrum measurements from the Sloan Digital
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Sky Survey (SDSS). More specifically, we use the following cosmological data sets:

• CMB: Planck 2015 temperature + low-ℓ polarization data [379].

• BAO: measurements of the acoustic-scale distance ratio DV /rdrag at z = 0.106

by 6dFGS [3], at z = 0.15 by SDSSMGS [417], at z = 0.32 by BOSS- LOWZ [418],

and anisotropic BAO measurements at z = 0.57 by BOSS-CMASS-DR11 [418].

• LSS: Planck 2015 lensing likelihood [380], the constraint

σ8(Ωm/0.27)0.46 = 0.774± 0.040 (68% CL) from the weak lensing survey

CFHTLenS [381], and the constraint σ8(Ωm/0.27)0.30 = 0.782± 0.010 (68% CL)

from the Planck SZ cluster mass function [419].

• Lyα: measurements of the Lyman-α flux power spectrum from the Sloan

Digital Sky Survey (SDSS) [414].

For our likelihood evaluation, we modified the publicly available code MontePython

[420] to include the Lyman-α forest likelihood from the SDSS. We did several MCMC

runs for different combinations of these datasets, for both ΛCDM and for the model

with the DM-DR interaction rate Γ0 and the free effective number of dark

gluons/dark photons. These combinations are: CMB+BAO, CMB+BAO+LSS,

CMB+BAO+Lyα, and CMB+BAO+LSS+ Lyα.

The parameters of our model are: {Ωb,Ωcdm, θ, As, ns, τreio,∆Nfluid,Γ0}, where Ωb

and Ωcdm are the baryon and dark matter densities, respectively, θ is the angular size

of the horizon at recombination, As and ns are the amplitude and the tilt of the

initial scalar perturbations, τreio is the optical depth to reionization, ∆Nfluid is the

effective number of dark gluons, and Γ0 is coefficient of friction between the dark

matter and the dark radiation. We set two massless and one massive neutrino
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species with a total mass of 0.06 eV, and with an effective neutrino number of

Neff = 3.046. The primordial helium abundance is inferred from standard Big Bang

Nucleosynthesis, as a function of Ωb, following [421].

All of these parameters have flat priors. For the interaction rate we set the lower

bound on the prior to Γ0 ≥ 0, for the optical depth to reionization, we set the lower

bound of the prior to τreio ≥ 0.04, and for the effective number of dark gluons, we set

the lower bound to be ∆Nfluid ≥ 0.07. As in Ref. [413], we impose this bound

because the non-Abelian DM-DR model predicts discrete values for

∆Nfluid = 0.07(N2 − 1), while a model where the DM is a Dirac fermion that couples

to a dark photon predicts ∆Nfluid = 0.07(1 + 7
4Nf) with large light fermion charges,

and ∆Nfluid = 0.07 for small charges.

5 Results

We show the results of our analysis in Table 5.1. We find that with the inclusion of

Lyman-α forest data (to CMB, BAO and LSS data), the maximum likelihood DM-DR

model still improves the fit relative to ΛCDM, but now the improvement becomes

marginal (going from −2∆ lnL = −12 to −2∆ lnL = −5.9.

In Fig.5, we display the posterior probability for σ8, ∆Nfluid, and Γ0. The figure

shows that with the addition of Lyman-α data to the LSS, BAO, and CMB data sets,

the mean value of σ8 is raised, compared to the distribution from the combination
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of LSS, BAO, and Planck data sets. To show where the improvement in the likelihood

arises, we display the likelihood decomposition at the minimum -lnL values for the

dataset combinations of CMB+BAO+LSS and CMB+BAO+LSS+Lyα, with and

without the DM-DR interaction. The values in the table show that a significant

portion of the likelihood improvement when including the DM-DR interaction

(relative to ΛCDM), with the CMB+BAO+LSS+Lyα datasets, comes from the Planck

SZ dataset. This data set imposes a tight constraint on σ8 of

σ8(Ωm/0.27)0.30 = 0.782± 0.010, which is in the direction of lower σ8 values.
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−0.029
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Figure 5.1: The posterior probabilities for ∆Nfluid, Γ0, and σ8 for CMB and BAO data (black),
combined with Lyman-alpha (red), LSS (purple), and Lyman-alpha and LSS (green).

In Fig. 5.2, we show the matter power spectra for the best-fit parameters for each

dataset combination. This figure shows that the matter power spectra for the
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best-fit parameters of the dataset combinations that include LSS data lie outside of

the Lyman-α 95% confidence interval. Furthermore, the error on the Lyman-alpha

measurement must be reduced by 60% in order to confirm or rule out the DM-DR

model. This improvement is determined by shrinking the error bars of the

Lyman-alpha measurement at k = 1.03h/Mpc, while keeping the mean fixed, until

P(k= 1.03h/Mpc) for the best-fit parameters with CMB+BAO+LSS+Lyα data lies 3σ

away from the mean.

In Fig. 5.3, we show the joint contours for the six standard cosmological parameters,

in addition to ∆Nfluid, Γ0, and σ8. Most notable are the correlations between H0 and

∆Nfluid, σ8 and Γ0, and ns and ∆Nfluid. The correlation between H0 and ∆Nfluid

arises from the fact that an increase in radiation density contributes to the

expansion rate of the universe. For σ8 and Γ0, the DM-DR interaction reduces the

matter power spectrum, and thus an increase in Γ0 leads to a decrease in σ8. Since

the DM-DR interactions suppress the matter fluctuations at small scales, an

increase in ns compensates for an increase in ∆Nfluid.
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Table 5.1: The mean values and 68%CL confidence intervals for parameters of our model.
The bottom row in the table lists the improvement in −2∆ lnL relative to ΛCDM.

Parameter CMB+BAO CMB+BAO CMB+BAO CMB+BAO

+LSS +Lyα +LSS+Lyα

100Ωbh
2 2.236+0.027

−0.029 2.219+0.025
−0.029 2.243+0.026

−0.028 2.235+0.026
−0.028

Ωdmh
2 0.1250+0.0025

−0.0045 0.1248+0.0032
−0.0049 0.1243+0.0024

−0.0039 0.1241+0.0028
−0.0047

∆Nfluid < 0.34 (68%) < 0.34 (68%) < 0.31 (68%) < 0.37 (68%)

∆Nfluid < 0.61 (95%) < 0.68 (95%) < 0.56 (95%) < 0.67 (95%)

107Γ0 [Mpc−1] < 1.728 (95%) 1.799+0.48
−0.52 < 0.9504 (95%) 1.18+0.41

−0.42

H0 [km/s/Mpc] 69.18+0.97
−1.4 69.09+0.93

−1.5 69.18+0.84
−1.3 69.74+0.96

−1.5

109As 2.222+0.074
−0.089 2.156+0.092

−0.091 2.261+0.076
−0.083 2.168+0.057

−0.061

ns 0.9713+0.0052
−0.0060 0.9742+0.0055

−0.0058 0.9704+0.0051
−0.0056 0.9751+0.0054

−0.0058

τreio 0.083+0.018
−0.021 0.076+0.016

−0.015 0.092+0.019
−0.020 0.072+0.014

−0.016

σ8 0.821+0.027
−0.023 0.761+0.012

−0.013 0.832+0.018
−0.020 0.778+0.011

−0.011

−2∆ lnL/ΛCDM 1.5 -11.98 -0.22 -5.84

Table 5.2: Likelihood decomposition for minimum -ln(L) values.

Likelihood CMB+BAO CMB+BAO CMB+BAO CMB+BAO

+LSS +LSS +LSS+Lyα +LSS+Lyα

(ΛCDM) (DM-DR) (ΛCDM) (DM-DR)

Planck 5635.5 5634.8 5634.2 5634.8

BAO 3.4 2.2 2.4 2.3

Lyα - - 97.3 100.1

Planck SZ 3.9 1.1 6.4 1.7

CFHTLens 0.7 0.5 1.1 0.5

Planck lensing 7.3 6.2 6.7 5.6

Total -ln(L) 5650.8 5644.8 5748.1 5745.0
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Figure 5.2: The matter power spectra for the best-fit parameters for each dataset combina-
tion at z = 3. The datapoint corresponds to the best-fit amplitude using Lyman-alpha data
from [414]. The error bar corresponds to the 95% CL limit on the amplitude. The colors cor-
respond to the 1-D plots.

6 Forecasts

Given that with the current cosmological data sets do not have enough statistical

power at the relevant scales to either confirm or rule out with high significance a

cosmology with dark matter-dark radiation interactions, we investigate how well

future surveys will be able to test this hypothesis. In this section, we use the galaxy
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clustering as a tracer of matter fluctuations at small scales, and we forecast the

constraints on the DM-DR model from the galaxy clustering expected in the

photometric redshift survey Large Synoptic Survey Telescope (LSST) [422], combined

with expected observations of the CMB coming from the proposed CMB-S4 next

generation CMB experiment [423].

In our analysis, a CMB prior is imposed by adding to the Fisher matrix for LSST a

Fisher matrix for CMB-S4 [423]. We take as the fiducial model the mean values for

the six standard cosmological parameters and the 95%CL values for Γ0 and ∆Nfluid

from our MCMC analysis above, with CMB+BAO+LSS+Lyα data. To forecast the

parameter errors from LSST, we use the specifications in Ref. [424]. Specifically, the

Fisher matrix for a galaxy survey is given by [425, 426]:

Fij =

∫ 1

−1

∫ kmax

kmin

∂ ln P̂g(k)
∂θi

∂ ln P̂g(k)
∂θj

Veff(k, µ)
k2dkdµ

2(2π)2
, (5.8)

where the θi are the parameters of the model, and Pg is the redshift-space galaxy

power spectrum, which can be determined from the matter power spectrum

through:

Pg(k, µ) = [1 + βµ2]2b2P (k)e−c
2σ2
zk

2µ2/H2
. (5.9)

Here b denotes the linear galaxy bias, β = f/b with f being the growth function

(which we approximate as Ω0.56
m [424]), H is the Hubble rate, and µ is the cosine of
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the angle of the wavevector with respect to the line of sight . Additionally, σz takes

into account the accuracy in the redshifts σ0γz and the intrinsic galaxy velocity

dispersion σ0v, and it is given by:

σ2z = (1 + z)2[σ20v + σ20γz]. (5.10)

For this analysis we take σ0v = 400km/s/c, and σ0γz = 0.04, as in Ref. [424].

Additionally, the matter power spectrum in Eq. (5.8) is smoothed with a Gaussian

window function:

P̂ (k) =
∫
d3kP (k′)|W (|k − k′|)|2, (5.11)

and the Gaussian window function is given by:

|W (k)|2 = 1

(2πσ2W )3/2
exp

(
− k2

2σ2W

)
, (5.12)

where the width of the window is:

σW =

√
2 ln 2

2π
kmin, (5.13)

and kmin for each redshift bin is 2π(3V /4π)−1/3, with V the volume of the survey.

We use the seven redshift bins, and their corresponding kmin, kmax, and number

density of galaxies as defined in Table 2 of Ref. [424]. For each redshift bin, the bias
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used are: [1.053, 1.125, 1.126, 1.243, 1.243, 1.292, 1.497, 1.491], which are the bias

used for LSST in Ref. [424]. The effective survey volume is

Veff =

∫ [
n(r)P̂g(k, µ)

n(r)P̂g(k, µ) + 1

]2
dr ≃

[
n̄P̂g(k, µ)

n̄P̂g(k, µ) + 1

]2
V, (5.14)

in which n̄ is the mean number density of galaxies. The volume for a survey over a

fraction of the sky fsky is

V =
4π

3
× fsky[dc(zmax)

3 − dc(zmin)
3], (5.15)

where dc(z) is the comoving distance. We take n̄=[0.154773, 0.104141, 0.0642795,

0.0360282, 0.0174214, 0.00695256, 0.00219223] [h3/Mpc−3], in each of the redshift

bins, for LSST, as done in Ref. [424]. For each redshift bin, the volume V is

computed with Eq. (5.15), with fsky=0.58, and

dc(z) =

∫ z

0

c

H(z)
dz, (5.16)

as done in Ref. [424].

We combine the above galaxy clustering forecast with future constraints expected

from the proposed CMB S4 experiment. When we consider CMB observations, we
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computing the following Fisher matrix:

Fij =
∑
l

∂C⃗l
∂θi

C−1
l

∂C⃗l
∂θj

, (5.17)

where C⃗l = {CTTl , CEEl , CTEl }, and the covariance matrix Cl is given by:

Cl(C
αβ
l , Cγδl ) =

1

(2l + 1)fsky

[
(Cαγl +Nαγ

l )(Cβδl +Nβδ
l ) + (Cαδl +Nαδ

l )(Cβγl +Nβγ
l )
]
,

(5.18)

where α, β, γ, δ are T,E, and fsky is the fractional area of sky used. We take the noise

part of the covariance matrix to be

Nαβ
l = δαβ∆

2
α exp

(
l(l + 1)θ2FWHM

8 ln 2

)
, (5.19)

where ∆α is the map sensitivity in µK-arcmin, δαβ is the Kronecker delta, and θFWHM

is the beam width.

For CMB-S4, we use fsky = 0.4, ∆T = 1µK-arcmin, ∆E = 1.4µK-arcmin, and

θFWHM = 3′ [423]. We consider l ≥ 30, and set lmax = 3000. The θi in our Fisher matrix

are the cosmological parameters: {Ωbh
2, Ωcdmh

2, ∆Nfluid, 107Γ0, H0, ln 1010As, ns}.

When considering LSST, we add to the previous array of parameters, the nuisance

parameters σ0v and a bias bi for each bin.

Table 5.3 displays the expected improvement from the proposed CMB-S4
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Table 5.3: Forecasted Dark Matter-Dark Radiation parameters.

Parameter fiducial CMB S4+LSST

100Ωbh
2 2.2380 ±0.0032

Ωdmh
2 0.12400 ±0.00034

∆Nfluid 0.079 ±0.011

107Γ0 [Mpc−1] 1.148 ±0.069

H0 [km/s/Mpc] 69.79 ±0.20

ln 1010As 3.0750 ±0.0093

ns 0.9754 ±0.0022

experiment in combination with the future LSST survey for the DM-DR

cosmological model. As can be seen from Table 5.3, we obtain an error on ∆Nfluid,

for the combination of LSST and CMB-S4 of σ(∆Nfluid) = 0.011, and for the Γ0

coefficient is σ(107Γ0) = 0.069.

The forecasted constraints on the model parameters show that a combination of

CMB-S4 and LSST data provide a constraint on 107Γ0 that is about a factor of 10

times better than the constraints from our MCMC analysis using current data. The

constraint on Neff will be improved by an order of magnitude compared to current

constraints, so ∆Nfluid’s contribution to Neff could be detected. Thermalized particle

species that decouple from the Standard Model while ultrarelativistic and stay

non-interacting and ultrarelativistic during the CMB epoch are described by Neff.

Since they are weakly interacting, they are difficult to produce in experiments on

Earth, and constraints from cosmological observations would be provide valuable
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information.

7 Discussion

In light of previous results [415], we have re-examined the cosmological model with

Dark Matter-Dark radiation interactions using current cosmological data. We find

that when adding to the CMB, BAO and LSS data another tracer of the matter

fluctuations (i.e., the Lyman-α flux power spectrum measurements from the SDSS),

the significance for the DM-DR model decreases from −2∆ lnL = −12 to

−2∆ lnL = 6 relative to ΛCDM, making the evidence for this model marginal.

We point out that most of the improvement to the likelihood comes from

considering data sets that are already in tension (Planck CMB vs. Planck SZ and

CHFTLens). In addition, when adding the LSS data, information from Planck SZ and

CHFTLens are introduced in Ref. [415] (and in this work, for comparison) as a direct

prior on σ8. This direct constraint on a derived parameter will exacerbate the need

for new physics. We advocate building a likelihood for these data sets from

simulations of the DM-DR scenario. In addition, we advocate for the need of

verifying and testing systematics in each of these data sets before reaching any

definite conclusion about the need of new physics. Furthermore, we show that

adding another data set which is not in tension with ΛCDM to our likelihood

analysis decreases the significance.
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Since current data sets do not have enough sensitivityto confirm or rule out this

model, we turn to forecasts for future experiments (LSST and CMB-S4) and ask how

well will these experiments be able to test the DM-DR model.

We use galaxy clustering and CMB as our observables, and we consider LSST and

CMB-S4 as the future experiments to test this model. We find that constraint on

107Γ0 from LSST and CMB-S4 are about a factor of 10 times better than the

constraints from current data. The constraint on Neff will be improved by an order

of magnitude compared to current constraints.

Furthermore, if the Lyman-alpha measurements improve, the DM-DR model may

be able to be ruled out. Specifically, assuming the mean for the Lyman-α

measurement stays the same, if the error is reduced by 60%, the model could be

excluded at the 3-σ level.
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Figure 5.3: The joint contours for the DM-DR model, for CMB and BAO data (black), com-
bined with Lyman-alpha (red), LSS (purple), and Lyman-alpha and LSS (green).
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