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CHAPTER I

Introduction

The Standard Model (SM) is a fantastically successful model of particle physics. It has

passed every laboratory test to date. However, we know that it is not the end of the story.

Dark matter (DM) makes up 80% of the matter in our universe and is unaccounted for in

the SM. Discovering the nature of DM is the focus of this thesis.

In 1933, Fritz Zwicky observed that the velocities of galaxies in the Coma cluster far

exceeded the velocities expected based on the gravitational potential of the luminous matter

[224]. He postulated the existence of a non-luminous matter that made up the remaining

mass of the cluster. Since then, numerous other studies have pointed to the existence of

dark matter: rotation curves of stars in galaxies [194], gravitational lensing studies [213],

and temperature fluctuations of the cosmic microwave background (CMB) [144]. The

WMAP experiment, which maps the CMB, provides the best value for the dark matter

(DM) relic density [144],

ΩDM h2 = 0.1131± 0.0034.(I.1)

Separate measurements of the baryon density show that this cannot be baryons. While a

host of astrophysical measurements have precisely determined the amount of dark matter

in our universe, we do not yet know its identity. At present one could imagine that the

dark matter is a Weakly Interacting Massive Particle (WIMP), an axion, or something

1



2

more exotic. This situation could change, perhaps soon.

In this thesis we will focus on WIMP dark matter candidates and their prospect for

detection. There are three different ways of searching for a WIMP: collider experiments,

direct detection, or indirect detection. In collider experiments, one collides standard model

particles in a laboratory setting. Most of the resulting particles will be picked up in a

detector. Since a WIMP will not interact with the detector, the result is missing transverse

momentum in the detector. Thus we infer the WIMP was created in the collision. In

direct detection experiments one looks for evidence of dark matter scattering off of a

nucleus. In indirect detection experiments, one looks for cosmic rays created by dark

matter annihilations in our galaxy.

1.1 Thermal Relic Abundance vs. Non-thermal relic Abundance

Assuming the universe is in thermal equilibrium at the time the dark matter decouples

from the thermal bath, a stable particle with a weak scale mass and weak interaction cross

section provides the correct order of magnitude of the relic density [147]. This has been

dubbed the “Wimp Miracle”. We will briefly review the argument for thermal matter relics

(see [143, 132] for a detailed review).

The evolution of a species in the thermal bath of the early universe obeys the Boltzman

equation

dnχ

dt
+ 3Hnχ = −〈σA|v|〉(n2

χ − n2
eq),(I.2)

where nχ is the number density of WIMPs particles per co-moving volume, H is the

Hubble “constant”, 〈σA|v|〉 is the thermally averaged annihilation cross section, and neq

is the equilibrium number density. The second term on the left hand side of equation I.2

describes the dilution due to the expansion of the universe and the right hand side works
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to restore equilibrium. The annihilation rate is given by Γann = 〈σA|v|〉nχ. When

Γann(Tf ) ≈ H(Tf ),(I.3)

the dark matter stops tracking its equilibrium value, or “freezes out”. Using the freeze

out condition we can solve for the freeze out temperature Tf , which for weak scale in-

puts has Tf ≈ mχ/20. Then using this temperature we can solve for the co-moving

number density at freeze out. The Hubble constant as a function of temperature is

H = 1.66g1/2
∗ T 2/mPlanck. Since the ratio of co-moving number density to entropy is ap-

proximately constant as the universe cools, use the entropy as a function of temperature,

s ≈ 0.4g∗T 3, to solve for the number density today

(nχ

s

)
today

=
(nχ

s

)
f

=

≈ 102

mχmPlanckg
1/2
∗ 〈σAv〉

.(I.4)

Finally, we convert the number density today to units of the critical density, ρc = 10−5h2

GeV cm−3, using the entropy today s ≈ 4000 cm−3

ΩDMh
2 =

mχnχ

ρc
≈ 0.1

(
3× 10−26 cm3/s

〈σA|vf |〉
)
,(I.5)

where vf = 1/
√

20 at freeze out. These approximations are usually accurate to about 10%.

So requiring a thermal relic density for the dark matter constrains the annihilation cross

section.

A particle without the correct thermal relic abundance can still be the dark matter.

For example, a late time injection of entropy into the thermal bath can dilute the relic

abundance [195]. A particle surviving to the time of freezout can annihilate with the dark

matter to decrease the relic density [110]. A particle that decays to the dark matter after

the dark matter freezes out can increase the relic abundance [165], or the late time decay

of a moduli field that reheats the universe could set the relic abundance [98].
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While there does exist a WIMP miracle, one should realize that the DM need not be

thermal relic. The relic abundance could depend on the details of the model.

1.2 Supersymmetry and Dark Matter

The first two chapters of this thesis will focus on detection of supersymmetric dark

matter candidates. In supersymmetry (for a review, see [111, 160]), every SM particle

has a partner of opposite statistics. These opposite spin partners, called superpartners,

stabilize the weak scale against quantum corrections.

In the Standard Model baryon and lepton number are accidental symmetries result-

ing from the particle content and gauge symmetries. In supersymmetric versions of the

Standard Model, baryon and lepton number violating operators are allowed. To forbid

operators dangerous for proton decay, a discrete Z2 symmetry called R-parity is imposed.

All superpartners are odd under R-parity, and so the lightest superpartner (LSP) is stable.

If neutral, this can serve as a dark matter candidate.

In the minimal supersymmetric standard Model (MSSM), a favored dark matter candi-

date is a neutralino LSP. It is a mixture of the superpartners of the Higgs boson, Z boson,

and photon. It is neutral and weakly interacting, and therefore can realize the WIMP mir-

acle. At colliders they would appear as missing energy in the decays of the superpartner

of the gluon (gluino) or any of the quark partners (squarks).

1.3 Indirect Detection

Recently there has been a lot of attention on indirect signals of DM annihilations. In

many models, the DM is its own antiparticle and annihilates with itself. This is expected

to produce equal numbers of particles and antiparticles. Since most astrophysical processes

favor matter over antimatter, the products of these dark matter annihilations in the galaxies

would produce an antiparticle signal in cosmic rays. Recently there have been observations
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of an excess of high energy cosmic ray positrons and electrons. The excess was originally

observed by the HEAT [39, 41] and AMS [11] experiments, and was confirmed more recently

by the PAMELA [9, 8] and PPB-BETs [212] experiments. The Fermi Large Area Telescope

also observes excess cosmic ray electrons and positrons over the predicted background [3],

though their excess is not nearly as large as that observed by ATIC [56] (and seems to

indicate that the ATIC excess is instrumental in origin). These anomalies are very exciting,

and have cause a lot of activity in the field.

Interpreted as a dark matter signal, the PAMELA result places strong constraints on an-

nihilation channels. The sharp rise indicates a hard lepton spectrum [68, 66], while the lack

of an accompanying rise in the p̄/p ratio strongly constrains hadronic annihilation modes

[82]. Consequently, if PAMELA results are taken at face value, the dark matter particle

annihilates primarily to leptons — hadronic channels are suppressed. These conclusions

can be avoided by using a non-standard propagation model [108] or multiple contributions

combining to make up each anomaly [134].

There exist other searches that are much more dependent upon the astrophysical back-

grounds. While we will not focus on them in the paper due to the astrophysical uncertain-

ties, for reference they are radio observations of the Galactic center and gamma rays from

the Galactic center and Galactic ridge [68, 47].

Other cosmological searches include fits to the ionization depth of the surface of last

scattering [201](which constrain how much ionization power is injected into the plasma and

the time of recombination), and diffuse gamma rays from halo formation at earlier times

[187].

1.4 Direct Detection

A particle with weak interactions can interact through weak force carriers with the

Standard Model. Direct detection experiments attempt to capitalize on this by looking
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for dark matter particles passing through the earth scattering off of nuclei [107, 85]. They

are buried deep underground to eliminate backgrounds from other cosmic rays. There

are two types of interactions that are relevant for this dissertation. Spin-independent (SI)

scattering is where the dark matter couples to the mass of the nucleus. Spin-dependent

(SD) scattering is where the dark matter couples to the spin of the nucleus.

The operator responsible for SI DM-nucleus interactions is

OSD
q = cq(χ̄χ)(q̄q).(I.6)

SI scattering with a nucleus gets a A2 enhancement, where A is the nuclear atomic num-

ber. Due to this enhancement, heavier target nuclei are favored when searching for spin

independent scattering, and the bounds on SI scattering are very strong.

The operator responsible for SD DM-nucleus interactions is

OSD
q = dq(χ̄γµγ5χ)(q̄γµγ

5q).(I.7)

Since this axial coupling to the quarks gets no enhancement from large spin, the bounds on

the SD cross section are weak compared to the SI cross section. However, a new generation

of larger experiments plans to push down the bounds on the SD cross section.

Many direct detection experiments are planning to release data in near future. The

CDMS II [12] experiment and XENON10 [19] experiment are currently the most sensitive

to SI scattering. For terrestrial experiments, PICASSO [37] and KIMS [148] are currently

the most constraining for SD scattering off of protons, and XENON10 [18] is the most

constraining for SD scattering off of neutrons.

1.5 Collider experiments

Finally, the Large Hadron Collider (LHC) is coming online. Protons are accelerated

and collided with protons, with a design center of mass energy of 14 TeV. In these col-

lisions a host of new particles are created and their energy and momenta are measured.
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If in an event there is a large amount of unbalanced momentum that is transverse to

the beam, conservation of momentum implies that another particle escaped out the other

side undetected. If the escaping particles are stable on time scales of the universe, these

missing transverse momentum events could be signals of dark matter being created in the

laboratory.

For the LHC to provide complementary data on the dark matter[53, 31], it must be

kinematically accessible. Often, the dark matter is most efficiently searched for in the

cascade decays of colored particles. However, there can be a large gap between the dark

matter mass and the lightest colored particle. In supersymmetric models with gaugino

mass unification, there is roughly a factor of seven between the WIMP candidate mass and

the gluino mass. In anomaly mediated models of supersymmetry breaking, the ratio is a

factor of nine; in other models with non-universal gaugino masses, it can be a factor of a

few. Thus, if the gluino is to be produced copiously (say with a mass less than 2 TeV), the

dark matter should not be too heavy.

1.6 Outline

This thesis is based on five papers [109, 108, 71, 181, 139]

In Chapter 2 we will focus on indirect signals for a neutralino candidate that is composed

primarily of Wino, the superpartner of the W gauge bosons. The preferred annihilation

channel is the W+W−. Annihilations into gauge bosons produce antiprotons, so an non-

traditional propagation model for cosmic rays is necessary to fit the PAMELA signal.

In Chapter 3 we will discuss direct detection of LSPs in the MSSM and comment on

direct detection prospects for more general models of dark matter. We show that for an

MSSM dark matter candidate, dark matter discovery in the next round of experiments is

likely. This argument will rely on fine tuning arguments in the MSSM and thermal relic

abundances.
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In Chapter 4 we will discuss a model of dark matter that fits the PAMELA excesses in

positrons while not overproducing antiprotons. This will consist of increasing the average

yield of positrons relative to antiprotons in a given dark matter annihilation by having

the dark matter annihilate to a new, heavy lepton. This lepton then decays to a light SM

lepton and a gauge boson.

In Chapter 5 we will discuss possible astrophysical origins of the excesses in the WMAP

haze. Pulsars are known to produce electron-positron pairs by gamma rays scattering in

the strong magnetic fields. These are then accelerated to high energies in the magnetic

field of the pulsar. The distribution of pulsars has been shown to be a possible origin of

the PAMELA and Fermi excesses. We examine whether it can be shown to fit the WMAP

haze.

In Chapter 6 we will conclude and discuss the outlook for the future experiments.



CHAPTER II

Indirect Detection of Supersymmetric Dark Matter

In this chapter, we will assume that the dark matter is a WIMP, in particular the

lightest supersymmetric particle (LSP). The identity of the LSP depends on the details

of supersymmetry breaking. Determining its identity will be a necessary step towards

understanding the cosmological history of our universe, and an important clue towards

the determination of the underlying theory. A phenomenologically attractive candidate is

the lightest neutralino. We concentrate on a case that is both physically well-motivated

and potentially gives large signals for dark matter indirect detection: a non-thermally pro-

duced LSP with large annihilation cross section. This scenario does not require additional

anomalously large astrophysical “boost factors” to produce interesting signals.

By now, a large literature on the indirect detection of dark matter exists. For re-

views, see [132, 122]. We will place particular emphasis on a dark matter interpretation of

positrons, for earlier work on this subject see, e.g., [32, 137, 136, 34, 33, 188].

2.0.1 Thermal vs. Non-Thermal Production

Often, SUSY dark matter candidates are assumed to be produced from the primordial

thermal plasma in the early stages of the universe (see e.g. [132] for a review). Under

this assumption, the relic density of the LSP depends inversely on the annihilation cross

9
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section. For a neutralino, χ, one finds [216, 143]:

Ωχh
2 ≈ 0.1

(
3× 10−26cm3s−1

〈σAv〉
)

(II.1)

For the case of a light neutralino LSP (a few hundred GeV or less), this typically re-

stricts the neutralino to have a substantial bino component as pure wino and Higgsino

states (co)-annihilate very effectively to weak gauge bosons. But precisely because of the

smaller annihilation cross section, the annihilation signals from bino-like dark matter can

be disappointingly small unless one appeals to large “boost factors.” This issue is further

exacerbated by the fact that bino annihilations are p-wave suppressed in the early universe,

and are thus suppressed by powers of the final state masses today. If, as is often the case,

the final state is b-quarks, the annihilation rate in our galaxy can be very small.

Models with gaugino mass unification often do typically give rise to a bino LSP, with

its associated small annihilation cross section. One is then challenged to reduce the relic

density to the observed value. However, if one does not assume a simple unification of

gaugino masses at the high scale, other possibilities arise, well-motivated by top-down

models of supersymmetry breaking. One attractive possibility is a wino LSP. This naturally

occurs in theories where anomaly mediation gives the dominant contribution to the gaugino

masses[191, 103]. It also occurs in string compactifications, see, e.g. [5]. This type of dark

matter can also occur in the simplest models of split-supersymmetry [23, 102, 22, 214],

where the gauginos get anomaly mediated masses (with attendant loop suppression), but

scalars receive large masses, suppressed only by the Planck scale.

A light wino has a large annihilation cross section,

〈σAv(χχ→W+W−)〉 =
g4

2π
1
m2

χ

(
1− m2

W
m2

χ

)3/2

(
2− m2

W
m2

χ

)2

≈ 2× 10−24 cm
3

s−1

(
200 GeV
mχ

)2

,(II.2)
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which is good for indirect detection, but also implies a small thermal relic abundance. The

solution to recovering the correct relic abundance comes from non-thermal production.

Often, the very same models that predict a wino LSP also provide mechanisms by which

the LSP is produced non-thermally. If particles decay into the wino below its freeze-out

temperature, this can provide the correct relic abundance[135]. Excellent candidates for

the decaying particle include gravitinos and weakly coupled moduli [165, 104, 6]. Non-

thermal production of dark matter leads to WIMPs with larger cross sections, since the

standard thermal relic abundance calculation no longer applies. Since the flux of anti-

particles coming from dark matter annihilations depends linearly on the cross section, this

implies that non-thermal production of dark matter may lead to larger fluxes that may be

detectable in future indirect experiments.1

In the remainder of the chapter, we review elements that enter any discussion of the

indirect detection of dark matter. First, we briefly review basics of cosmic ray propagation,

as well as the form of the source term arising from dark matter annihilation. We then

discuss constraints from both anti-protons and synchrotron radiation. We then discuss

prospects for observations of non-thermally produced wino dark matter in positrons and

gamma rays. Throughout, we attempt to point out where astrophysical assumptions enter.

2.1 Cosmic Rays

2.1.1 Production

Our emphasis will be on the identification of high energy cosmic rays from dark matter

annihilation. However, disentangling this component relies on an understanding of the

other components of cosmic rays. Cosmic rays can be observed directly, e.g. from supernova

ejecta (primaries). Alternately, these cosmic rays can interact with the interstellar medium

producing secondaries. Both components contribute to the cosmic ray background, and
1While we will concentrate on wino dark matter, the results are a bit more general. In the region of interest, the

winos annihilate nearly exclusively to W bosons. So, basically what we are probing is a dark matter candidate that
annihilates to W ’s with a given cross section.
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typically have a flux that is a power-law as a function of their kinetic energy. This is an

anticipated property of cosmic rays of astrophysical origin.

The annihilation products of a dark matter particle will be associated with a given

energy scale (its mass), and thus can conceivably be distinguished from power law back-

grounds. These annihilations will act as a source term:

(II.3) Q =
1
2

(
ρ(r)
mχ

)2

〈σv〉dN
dp

(p),

where ρ(r) is the dark matter profile, and dN
dp (p) is the spectrum of stable particles resulting

from the annihilation. We simulated dN
dp (p) using PYTHIA [200] and altered the dark

matter source code in GALPROP[205] to accept this as input.

When looking at most indirect signals of dark matter, the profile of the dark matter is

an important ingredient. N-body simulations seem to favor cusped profiles at the center of

the galaxy such as the Navarro-Frenk-White (NFW) [173] and Merritt [164] profiles, while

dynamical observations of galaxies seem to favor cored profiles of the isothermal variety

[99]. Current dark matter simulations do not yet include the effects of baryons. Baryons

dominate the gravitational potential in the center of our galaxy, so we find it prudent to

consider three dark matter profiles. The first is the Navarro-Frenk-White profile:

(II.4) ρ(r) = ρ¯
(r¯
r

)(
1 + (r¯/rs)
1 + (r/rs)

)2

,

with rs = 20 kpc, where r¯ = 8.5 kpc is the galactocentric distance of the sun and ρ¯ = 0.3

GeV/cm3 is the local dark matter density. The second is the isothermal profile

(II.5) ρ(r) = ρ¯
1 + (r¯/rs)2

1 + (r/rs)
2 ,

with rs = 3.5 kpc, and finally the Merritt et al. profile

(II.6) ρ(r) = ρ¯ exp
[
−

(
2
α

)
rα − rα¯
rα
s

]
,

with α = 0.17 and rs = 25 kpc.
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2.1.2 Cosmic Ray Propagation

Charged particles from dark matter annihilation must traverse part of the galaxy before

arriving at detectors near Earth. This propagation has a non-trivial effect on the form of

the signal.

Annihilations will take place in both the galactic plane and the dark matter halo. Once

these particles are produced, they will either become confined by the galactic magnetic

field to an approximately cylindrical region or escape the galaxy forever. Their propagation

may be described by a diffusion equation, whose details we will now review. Some of the

parameters entering this equation are uncertain, and will give rise to uncertainties in the

observed dark matter signals.

In modeling propagation of cosmic rays through the galaxy, we will assume cylindrical

symmetry (Fig. 2.1). We will adopt a cylinder with height 2L, and some maximum radius

R. The stars and dust will be confined to the galactic plane z = 0. The dark matter halo

has a spherical symmetry. The particles are allowed to freely escape at the boundaries,

and propagation within the cylinder is described by the diffusion-loss equation [205]:

∂

∂t

dn

dp
(~x, t, p) = ~∇ · (Dxx(~x,E, t)~∇dn

dp
− ~V

dn

dp
)− ∂

∂p
(ṗ
dn

dp
− p

3
(~∇ · ~V )

dn

dp
)

+
∂

∂p
(p2Dpp

∂

∂p
(

1
p2

dn

dp
)) +Q(~x, t, p).(II.7)

The Diffusion coefficient: Cosmic rays diffuse out of the galaxy by scattering off inho-

mogeneities in the magnetic field. The diffusion coefficient

(II.8) Dxx = βK0

( R
R0

)δ

,

is a function of the rigidity R ≡ p/Z where Z is the atomic number. K0 is a constant, R0

is some reference rigidity, β is velocity, and δ is the scaling with respect to the momentum.

We take a default value K0 = 5.8× 1028 cm2 s−1. The scaling, δ, is set by the spectrum of

magneto-hydrodynamic turbulence in the interstellar medium. It is 0.33 for a Kolmogorov
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Figure 2.1: The diffusion zone (cylinder) is taken to have a height 2L, with L in the range of 4-12
kpc [206], whereas the radial direction is taken as Rh = 20 kpc (see figure 1). Most of
the interstellar gas is confined to the galactic plane at z = 0, which represents a slice
through the cylinder and has a height of 2h = 100 pc. Our solar system is then located
in this plane at a distance of around r0 = 8.5 kpc from the galactic center. All of this
is enveloped by a spherically symmetric dark matter halo.

type spectrum, and 0.5 for a Kraichnan type spectrum[189]. Values in this region are

reasonable. The dependence on β can be understood simply: higher β increases collisions

with the inhomogeneities, and hence the diffusion.

Energy Loss: The energy loss, ṗ, comes from several sources: bremsstrahlung, Coulom-

bic interactions with ionized gasses, inverse Compton scattering with starlight and with the

CMB, and synchrotron radiation. Inverse Compton scattering and synchrotron radiation

are the largest contributors to energy loss for electrons and positrons and not important

for anti-protons. In the case of electrons the energy loss time is sometimes parametrized

by τ , with ṗ ∝ p2/τ . A typical value is τ ≈ 1016 sec.

Re-acceleration: Re-acceleration comes from second order Fermi processes and is de-

scribed as diffusion in momentum space. It enters the diffusion equation via the term
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proportional to Dpp in Eqn. (II.7). If magnetic fields move randomly in a galaxy, cosmic

rays can be speed up when reflected from a magnetic mirror coming them. Likewise, they

are slowed down by reflecting from a mirror moving away. The diffusion coefficientDxx and

the re-acceleration coefficient Dpp are related via the Alfvén velocity [197]. These magnetic

field waves are moving slowly with respect to higher energy cosmic rays, so re-acceleration

only will effect the low energy cosmic rays.

Convection: The convection current ~V can be thought of as a wind streaming in the

z direction outward from the galactic plane. It is due to the outgoing plasmas from the

galaxy, and in our galaxy can be thought of as coming from cosmic rays accelerating the

plasma [223]. For the case of positrons, convection and annihilations in the disk can be

neglected.

Source terms and radioactive decays: For astrophysical sources, the source term Q is

expected to proportional to a power law ∝ p−γ localized in the galactic plane. It may also

contain sources and sinks due to unstable cosmic rays.

We will employ GALPROP [205] for numerical solutions to the diffusion-loss equation.

For a critical discussion of this method of cosmic ray propagation, see [140]

2.1.3 Some Uncertainties

Measurements of the boron to carbon ratio help to fix the ratio of primary to secondary

cosmic rays. Boron is produced purely as a secondary, while carbon is mostly primary.

This observation helps fix both the height of the diffusion zone and the diffusion parameters

K0 and δ. However, there can exist a large degeneracy between these parameters[83, 45].

Increasing the height of the diffusion zone traps more cosmic rays. This can be compensated

by a simultaneous change in the diffusion parameter that allows cosmic rays to quickly

escape the galactic plane. Since anti-protons of a non-dark matter origin are produced in

the galactic plane as secondaries, just as boron is, this apparent degeneracy of parameters
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does not give rise to a large uncertainty in the background prediction. Once the primary

flux of protons is fixed (measured), the B/C ratio gives a rather precise prediction for the

(astrophysical) anti-proton flux.

Unfortunately, the dark matter does not share the same independence of the astrophys-

ical parameters. Depending upon which set of diffusion parameters are chosen, different

dark matter signals result. The reason is that dark matter annihilations are not confined

to the galactic plane. Rather, they occur throughout the halo, and increasing the diffusion

zone includes more primary cosmic rays from dark matter. This change in L is not com-

pletely compensated by an increase in the diffusion out of the galactic plane as in the case

of the background. Moreover, this increase in the height of the diffusion zone will affect

positrons and anti-protons differently, as we will discuss in the following sections.

2.2 Experimental Constraints on Non-thermal Neutralinos

In this section we use GALPROP [205] to numerically solve the propagation equation

(II.7) and find the expected flux of positrons and anti-protons, as well as the synchrotron

radiation coming from the annihilation products of neutralino dark matter. When appro-

priate, we have checked these results explicitly using DarkSUSY [106], and found similar

results for similar values of the astrophysical parameters. We discuss the possibility of

neutralino dark matter annihilations to explain an excess of positrons as suggested by the

HEAT [38, 39] and AMS-01[177] data, while simultaneously respecting the observed flux

of anti-protons as measured by BESS [178]. At present, the anti-protons do not show any

peculiar spectral features (though their flux is perhaps somewhat lower than expected).

We use this data to set bounds. We also discuss bounds on the neutralino annihilation

cross section from synchrotron radiation in the “WMAP haze” [92, 93, 125] obtained from

the WMAP3 data [202], and discuss implications for the Fermi experiment.
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2.2.1 Anti-Proton Bounds

Before attempting to fit the HEAT data or PAMELA data, we must take into account

bounds from anti-protons. We will compare to the BESS 95 + 97 data [178] taken at the

solar minimum, and modulate the interstellar spectrum with a potential of 550 MV. More

recent data from both the 1998 BESS data[154] and the BESS-Polar data [4] will have a

different modulation potential but display the same trends. In Figure 2.2, we show the

anti-proton flux for varying mass of the wino-like neutralino. As expected, increasing the

mass of the wino pushes the spectrum to slightly harder energies. The dominant effect,

however, is that an increase in the wino mass results in a decrease in the annihilation cross

section as well as number density in the profile, which changes the overall normalization

of the curve. Apparently, a wino mass of 150 GeV gives too high a flux, but 200 GV is

(marginally) consistent. Finally, the PAMELA anti-proton to proton ratio and its impact

on wino dark matter.
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Figure 2.2: The flux in anti-protons for varying neutralino mass (mχ = 150, 200, 300 GeV). We
have taken a diffusion zone height of L = 4 kpc.
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As can be seen in Figure 2.3, these constraints are sensitive to the diffusion zone height.

Here, we fix the neutralino mass at 200 GeV, and vary the diffusion height, L. Clearly

the diffusion height directly affects the anti-proton flux. Again, we see that for a height

of L = 4 kpc, mχ = 200 GeV is accommodated by the anti-proton data, but for larger

diffusion cylinders, heavier winos would be required to be consistent with the anti-proton

data.
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Figure 2.3: The flux in anti-protons for varying height of the diffusion zone cylinder with and NFW
dark matter profile. We have taken a mχ = 200 GeV wino.

This minimum allowed wino mass is also a function of the dark matter distribution in the

galaxy. Because anti-protons do not lose energy very efficiently (relative, to say, positrons),

they come to us from a large region, and can potentially sample the inner portion of the

galaxy, where the dark matter distribution can vary dramatically among different choices

of profile. To assess the dependence of the profile on potential dark matter flux from anti-

protons, we varied the profile in Fig. 2.4. Note that going from an NFW profile to another

profile changes the flux of anti-protons from the dark matter particle by roughly ±15%.

Our investigation of the anti-proton flux indicates that a pure wino of approximately
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200 GeV is consistent with the data. To achieve significantly lower masses, one would have

to push the astrophysical uncertainties. A 150 GeV pure Higgsino, however, is consistent

with the data. At this mass, its annihilation cross section is approximately one order of

magnitude below that of the wino.
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Figure 2.4: The flux of anti-protons is shown using different dark matter distributions. We have
fixed L = 4 kpc, and the wino mass to be mX = 200 GeV. Since the anti-protons
may sample the inner region of the galaxy, the cuspiness of the profile does effect the
anti-proton flux.

Measurements of cosmic ray anti-proton fluxes can also be used to put constraints on

light neutralino candidates. In fact, the PAMELA experiment will measure anti-proton

fluxes in the energy range 80 MeV - 190 GeV. It has already reported early data [51] which

seems consistent with and extends earlier results, e.g. [154, 178, 4].

Taken at face value, the anti-proton data would appear to exclude a 200 GeV wino

as an explanation of the PAMELA data, see e.g. [68]. However, anti-proton constraints

suffer from theoretical uncertainties in cosmic ray propagation, as has been demonstrated

in [81] (see also the discussion in [45]). One approach to bound the uncertainties and set

propagation parameters for anti-protons is to parametrically fit models to well measured
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Figure 2.5:
The anti-proton flux ratio for a 200 GeV wino-like neutralino as a function of kinetic
energy. The lowest curve represents the conventional astrophysical background, whereas
the remaining curves are the signal plus background for the 200 GeV candidate. These
curves are the flux from dark matter annihilations given different choices for propagation
model – all of which have been parametrically fixed by matching to the well known
spectrum of secondary/primary fluxes (e.g. B/C ratio) [81].

secondary/primary fluxes such as the Boron to Carbon (B/C) ratio. In [81] it was found

that this technique suffers from a number of degeneracies, as mentioned earlier. These

degeneracies arise from the fact that the effective size of the confining region in which the

cosmic rays propagate and the amount of energy lost to diffuse processes can be varied in

combination, giving a good fit to the B/C ratio for a variety of values.

For the 200 GeV candidate we consider here, and assuming an NFW profile, the uncer-

tainties in the propagation can lead to variations in the Dark Matter induced anti-proton

flux by as much as an order of magnitude. This can be seen in Figure 2.5, where we present

the dark matter signal for the benchmark propagation models appearing in [81] that yield
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the minimum and maximum anti-proton signal. Both models are consistent with the B/C

ratio. The order of magnitude variation in the theoretical prediction might cause the reader

to be hesitant to conclude a 200 GeV wino is excluded from the data. At present, even for

the minimal choice of propagation model, the 200 GeV candidate still gives a prediction

that is about two times that expected from the recent observations of PAMELA [51]. If a

200 GeV wino is to explain the data, there must be additional problems with the models

used to propagate the anti-protons.

2.2.2 Synchrotron Radiation

An excess of synchrotron radiation in the WMAP three year data [202], particularly

significant for angles south of the galactic plane, has been suggested by subtracting out

known foregrounds[92, 93, 125]. The residual component has a harder spectrum than other

known sources for microwave emission, and has been dubbed the WMAP haze. Thus it

seems that there is an unknown source of relativistic electrons and positrons moving in the

galactic magnetic field, contributing to synchrotron emission. These electrons and positron

could potentially come from dark matter [93].

While the exact interpretation of the haze is unclear at present, at minimum one should

at least check that any potential dark matter candidate does not super-saturate the amount

of synchrotron radiation. This has been noted by Hooper [121], who uses this observation to

potentially place bounds on dark matter candidates. Here, we briefly revisit these bounds

and semi-quantitatively discuss the astrophysical uncertainties that enter them.2

First, we discuss the particles that contribute to the WMAP bands. These electrons have

energy greater than 5 GeV. This can be shown by analyzing the equation for synchrotron
2It should be noted that very strong bounds from X-rays might result if strong B-fields exist near the black hole

near the galactic center[192]. These bounds are also very dependent upon the extrapolation of the dark matter profile
to the inner few parsecs of the galaxy. We do not pursue these bounds further here.
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emission. We use the formula of [100],

εS(ν, γ) =
4π
√

3e2νB

c
x2(K4/3(x)K1/3(x)−

3
5
x(K2

4/3(x)−K2
1/3(x)))(II.9)

with

x =
ν

3γ2νB
,(II.10)

γ is the boost factor, and the critical frequency is νB = eB/2πmec. Here, Kn is the

modified Bessel function of order n. This formula gives the synchrotron emission of the

electron into all angles, averaged over an isotropic pitch angle distribution of the electrons

with the magnetic field.

Figure 2.6 shows the amount of synchrotron radiation into the 22 GHz band as a function

of the electron energy for a few different values of the magnetic field. This band is observed

by WMAP, and it gives the most statistically significant contribution to the haze. Error

bars in other bands are larger. Emission from energies below 5 GeV is negligible. This

demonstrates the link between the haze and high-energy electrons and positrons. Thus,

the excess in the HEAT data and the synchrotron emission can be linked to the relativistic

electrons of similar energy. Indeed, any positron excess from a future experiment will

potentially contribute to the haze at some level. If both the haze and positron excess arise

from dark matter, then reconciling them will probe the astrophysical parameters of our

galaxy.

As a point of reference, [121] argues that a pure wino that gives the full dark matter

abundance would be excluded by the haze unless its mass exceeds 700 GeV. This is a very

strong bound, and as we will see, would largely preclude any interpretation of any current

or future excess in positrons as simple supersymmetric dark matter.

Central to placing this bound is an understanding of how electrons and positrons lose

energy within the galaxy. This is controlled by the relative importance of the radiation field
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Figure 2.6: Power radiated into 22 GHz as a function of electron energy for different values of
the galactic magnetic field. Notice that for energies below 5 GeV, there is negligible
radiation.

and magnetic field in the region of interest. Large magnetic fields will cause the energy loss

due to synchrotron radiation to dominate (and hence yield strong bounds from the haze).

Large radiation fields will cause inverse Compton scattering to dominate. Reference [121]

assumes a relationship between the energy density in the magnetic field and in the radiation

field as: UB/(UB + Urad) ∼ 0.26. With a naive equipartition relation one would find this

ratio ∼ 0.5. There is no tight argument for equipartition between these two contributions.

However, it is not unlikely that this relation should roughly hold at least approximately.

After all, the B-field is related to cosmic rays, whose source is astrophysical objects. These,

in turn, should roughly trace that radiation distribution.3

Having argued that the bound will sensitively depend on the choice of the magnetic

and radiation field, we set about to semi-quantitatively investigate this effect by using a
3We thank Dan Hooper for discussion of this point.



24

different initial set of assumptions. Our view is that our starting point is not obviously less

motivated than that of [121]. Our results might then give some indication of the size of the

astrophysical uncertainties. Alternately, if one wishes to have a light dark matter particle

with large cross section, our discussion will tell you what properties the galaxy must have

to accommodate such a candidate.

To find the synchrotron sky map arising from our dark matter annihilation, we use

GALPROP 50.1 [205] for the propagation of our dark matter derived electrons. We use

the parameters K0 = 5.8× 1028 cm2 /s, δ = 0.5 (consistent with a Kraichnan spectrum of

interstellar turbulence) [189], and L = 4 kpc, but find our results are relatively insensitive

to these choices. Other choices for propagation parameters yield changes of roughly 10%

in the results. The energy loss term is set by the relativistic Klein-Nishina cross section

of cosmic rays on the interstellar radiation field combined with the synchrotron radiation

from the magnetic field. The injection spectrum of dark matter is modified to accept input

from PYTHIA 6.4 [200]. Following [125], we average emission over 20 degrees in longitude.

For the interstellar radiation field, we use the fields from [183, 170] that are provided with

the GALPROP package. We model the magnetic field by an exponential decay

(II.11) B(r, z) = B0e
−|r|/r0−|z|/z0 .

We chose the characteristic distance r0 such that the local magnetic field is 3µG, and

chose z0 such that the field falls off quickly away from the galactic plane that is supposed

to be responsible for creating this field. Also, we will use equation II.9 to find the syn-

chrotron radiation. With sky-map in hand, following the same approach as [121], we use

the synchrotron data of [93] to constrain possible dark matter candidates. Again, we do not

assume a thermal history, and instead impose that our dark matter candidates make up all

the relic density by fiat. We find a 90% confidence level upper bound on the annihilation

cross section by using a χ2 fit, allowing the addition of a constant background synchrotron
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piece, independent of angle from the galactic center (relating to possible uncertainty in the

subtraction procedure of Finkbeiner, et al.). 4

It should be noted that we do not recalculate the residual haze for each choice of the

magnetic field. However, since the approach of [93] was simply to derive the haze by doing

a comparison of sky-maps close to and away from the core, we view this as a reasonable

first approximation.

For a cuspy profile, most of the dark matter annihilations will happen in the galactic

core. These then propagate outward until they are in the region we are looking at, 1 -

3 kpc from the center. They then radiate into the frequency band observed. Taking the

approach outlined above, with z0 = 2 kpc, we find the results in the top panel of Fig. 2.7.

In particular, for a pure wino, for an NFW profile we find the bound of 300 GeV, much

less stringent than the original bounds from [121]. This is dominantly due to our choice of

radiation field maps [183, 170]. For these maps, UB/(UB + Urad) ∼ 0.1 for B0 = 10 µG in

the inner few kpc. A larger value for this ratio pushes us towards the limits of [121]. If an

even smaller B field were present, near the galactic center, perhaps as small as 5 µG, this

would further degrade the limits to the point where the bounds from anti-protons become

competitive with (or exceed) these bounds.

Finally, we briefly discuss the effect of the z profile of the magnetic field. It is not clear

exactly what form the z dependence of the B field should take. Taking z0= 1 kpc again

loosens the bound relative to our default choice of z0= 2 kpc. This is shown in the lower

panel of Fig. 2.7. Here, the bound on the pure wino dark matter only excludes 125 GeV

wino dark matter, even for the relatively peaked NFW profile. In short, the local B-field

(i.e. where synchrotron radiation is being measured) has a large effect on the size of the

synchrotron radiation signal.

Figure 2.7 also shows the dependence on the galactic profile. Those that have a steeper
4Unlike [121], we impose the fit over the entire interval from 5 to 35 degrees south of the galactic plane.
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rise towards the galactic center will give a larger contribution to synchrotron radiation. If

the profile is somewhat softer than NFW then the bound is further weakened (this effect

was also very clearly shown in [121] where a flat and NFW profile were shown). If the less-

peaked isothermal profile is chosen, for example, all bounds due to synchrotron radiation

are eliminated, even in the case where the B field falls off with z relatively slowly.

Also shown in the figure are the annihilation cross sections for pure wino and pure

Higgsino at low velocity. For masses above MW , both types of dark matter will annihilate

almost exclusively to W bosons. Thus, discussions of γ-rays, synchrotron, p̄ and positron

signals will be identical for wino and Higgsino dark matter of the same mass, once this

cross section difference is accounted for.

There is a very clear relationship between the halo profile and what types of experiments

are best suited to look for dark matter. If the halo is quite peaked towards the center of

our galaxy, then experiments that look for photons from this region, either gamma rays

or synchrotron, will be best suited to find the dark matter. If, however, the dark matter

distribution rises more slowly, then it is no longer clear that the center of the galaxy is

the best place to look. Indeed, one can then look for electrons and positrons directly

(perhaps from annihilation to W bosons), rather than looking for indirect by-products of

annihilation (synchrotron, or continuum gamma rays). We now discuss this possibility.

2.2.3 Positrons

In the case of positrons, it is useful to consider the positron fraction, which includes

both the primary flux of positrons Φprim
e+ as well as the background Φsec

e+ and the analogous

fluxes for electrons, i.e.

Φ =
Φprim

e+ + Φsec
e+

Φprim
e+ + Φsec

e+ + Φprim
e− + Φsec

e−
,(II.12)

as this ratio allows for cancellation of systematic errors and the effects of solar modulation

(if we assume no charge bias). Preliminary indications from PAMELA data [9] indicate,
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Figure 2.7: Bounds on the annihilation cross section into W+W− from synchrotron radiation. We
have used the propagation parameters described in the text and only vary the magnetic
field properties here.
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however, that this charge bias may be important for low energies. Since the dark matter

signals we will consider will involve production of electron and positrons at multi-GeV

energies, we believe charge bias should be safely negligible in this regime.

In Figure 2.8, we consider a purely wino-like neutralino for masses in the range 150−300

GeV. We have also included in the figure the data from the 1994 and 1995 HEAT missions

[38, 39], as well as the data from AMS-01 [177]. The background curve is generated using

the parameters of [67], with an Alfvén velocity of 20 km/s. At present the data begins to

deviate from the background curve around 10 GeV, though the error bars are still large.

The error bars should shrink dramatically with new data from PAMELA, at which point

one might attempt to fit the data with a WIMP signal.

One might be able to determine the mass of the WIMP from this data. We see that

the spectrum peaks slightly below mχ/2. This arises from annihilation to W-boson pairs

and then subsequent decays to e+/e− near threshold. At present, there is no turn-over

in the data. If PAMELA sees a turn-over in the data, then this would make a indirect

measurement of the WIMP mass. A pure wino of up to 400 GeV might be eventually

observed by PAMELA (see [188, 161]).

We find similar results for neutralinos that contain some bino or Higgsino component

in addition to the wino, however in the case of the bino-like neutralino this can not be too

large, otherwise the dark matter will not make a large contribution above the background.

For the case of p̄ and synchrotron radiation, there were important astrophysical uncer-

tainties. In particular, the distribution of of dark matter in the halo had a strong effect

on the synchrotron bounds. The size of the cylindrical region to which the dark matter

annihilation products are confined by the galactic magnetic field has a large effect on the

p̄ flux.

These two systematics have a much smaller effect on the signal from positrons. The
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Figure 2.8: The positron flux from annihilations of non-thermally produced wino-like neutralinos
for varying masses (mχ = 150, 200, 300 GeV) keeping an NFW profile. We have also
included the data from the 1994-95 HEAT balloon based observations [38, 39] and
measurements from AMS-01 [177].

reason is that positrons come from nearby: the typical diffusion length is only a few kpc.

Errors in the background are typically much larger than the differences induced in the

signal by astrophysical uncertainties. In this section we adopt the NFW halo profile as our

canonical choice, noting that we find no significant changes for other profiles. Changing

the height of the diffusion cylinder also does not have a very large effect on the positron

ratio. We investigated the same cylinder height as shown in the anti-proton section, and

again found variations that were small when compared with other uncertainties in the

astrophysical backgrounds.

Re-acceleration can have an effect on the positron signal, however. In Figure 2.9 that

using different backgrounds compatible with B/C will vary the positron signal as well. We
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have used backgrounds with varying Alfvén velocities from [67]. The change in Alfvén

velocity affects the low energy spectrum. Once the low energy background is normalized

to data, this affects the prediction at high energies.
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Figure 2.9: The positron ratio is shown for two different background curves, with (dashed) and
without (solid) a Dark Matter contribution. The two background curves correspond
to different values of the Alfvén velocity, v = 20 km/s (red/dark) and v = 35 km/s
(green/light).

In all our discussions, we have not assumed any “boost factor”. If there is some addi-

tional substructure in the halo within the diffusion length of the positrons, it is possible

to enhance this signal somewhat. However, this substructure could also affect the signal

in anti-protons, though not in a precisely identical way as they have a different diffusion

length.

Now switch gears and take a phenomenological approach to the positron data. We vary

the propagation parameters to examine how well a light neutralino can account for the

positron excess. As standard values we take a diffusion coefficient of K = 3× 1027ε0.6 cm2

s−1, a half height for the confinement region of L = 4 kpc, and an energy loss time of

τ = 1016 s. The background is heavily dependent on the source distribution for electrons
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and positrons, so we adopt the power-law Φ =
(
4.5ε0.7

)
/

(
1 + 650ε2.3 + 1500ε4.2

)
from [32],

where ε is the energy in units of GeV.

Figure 2.10:
Positron flux ratio for Wino-like Neutralino with a mass of 200 GeV, normalized to the
local relic density. We set the height of the propagation region at 4 kpc and consider
varying values for the energy loss rate (τ = 1, 2, 5) in units of 1016 s. The solid bottom
line represents a conventional astrophysical background [32].

Our results for a 200 GeV particle that annihilates to W bosons appear in Figure 2.10.

We have set the annihilation cross section, by assuming that the particle is a pure wino.

The data of PAMELA are also shown [9], along side the anticipated signal in the presence

of a 200 GeV wino5. The bottom (solid) curve represents the astrophysical background.

The next higher curve represents the 200 GeV wino for the NFW halo profile and de-
5Below 10 GeV, the effects of charge bias on the solar modulation are expected to be non-negligible. We have

checked that solar modulation [69] can bring the PAMELA data into improved agreement with the theoretical
estimate, but do not attempt a detailed accounting of the solar modulation which would require additional detailed
data on the solar B field. As the dark matter signal is dominant at higher energies, we focus on the region above 10
GeV where these effects are not important.
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fault propagation parameters discussed above. The dark matter signal does not provide a

convincing explanation for the excess reported by PAMELA.

However, we find that by varying the rate of energy loss of the positrons a better fit

to the data is possible. Positrons lose energy via synchrotron radiation and via inverse

Compton scattering off diffuse starlight and the cosmic microwave background. These

energy losses are parametrized by the energy loss time τ . At the energies of interest this

is dominated by the interaction of the positrons with starlight. While we have seen that

the typically chosen default value of τ = 1016 s gives a poor fit to the data, claims in the

literature [176], indicate that there are theoretical uncertainties in τ at the level of a factor

of 2. So, we provide a curve for τ = 2 × 1016 s, still a poor fit. A τ = 5 × 1016 s gives a

qualitatively good fit to the data. It is unclear that such a value is consistent with extant

maps of starlight [168]. To clarify whether a neutralino could fit the data, it is important

to determine this with certainty.

Depending on the distribution of the dark matter (e.g., if there are significant over

densities of the dark matter close by) astrophysical boost factors could also contain a

dependence on the energy (see e.g. [146]). This would largely mimic the effects of a change

in τ , and could act to change the spectrum from the dark matter annihilation. An extreme

example of this effect appeared recently in [126], where a local clump of 800 GeV wino

Dark Matter was able to give the desired spectrum. We stress that the results appearing

in Figure 2.10 do not include any astrophysical boost factors.

In summary, allowing for uncertainties in the energy loss rate and/or allowing for a

small energy dependent boost factor may lead to an effective value of τ that could allow

the 200 GeV candidate to account for the excess reported by PAMELA. Without invoking

these uncertainties, an additional source of positrons is required.

Variation of the propagation parameters will also influence the positron spectrum. Once
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Figure 2.11:
Positron flux ratio for a wino-like neutralino with a mass of 200 GeV. The lowest
curve represents the astrophysical background, whereas the remaining curves are the
flux ratio for (large) energy loss rate of τ = 5× 1016 s and varying propagation model
(as discussed in the text).
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the anti-proton flux is minimized, what happens to the positrons? This effect is not that

pronounced, primarily because the high-energy positrons relevant for PAMELA originate

within a couple kpc of Earth. Propagation uncertainties are thus reduced relative to those

for anti-protons. Fig. 2.11 shows the effect on positrons of using the “min” and “max”

models used for Fig. 2.5.

2.2.4 Gamma Rays

We begin with a brief review of γ-ray fluxes coming from dark matter annihilations,

which are sensitive to both the halo profile and the diffuse γ-ray background. We then

discuss existing constraints coming from the Energetic Gamma Ray Experiment Telescope

(EGRET), which observed γ-rays coming from the galactic center.

Overview of γ-rays from dark matter Annihilation

We are interested in the continuum energy spectrum of gamma-ray flux coming from

neutralino annihilations. The differential flux is given by

d2Φγ

dΩdEγ
=

〈σv〉
8πm2

χ

∑

f

dNf

dEγ
Bf

∫

l.o.s
ρ2(l)dl(ψ),(II.13)

which is in units of photons/cm2/s/GeV/steradians (sr).

The first factor depends only on the particle physics. 〈σv〉 is the thermally averaged

product of the annihilation cross section. dNf/dEγ is the differential photon yield for a

particular decay with branching ratio Bf , and the sum is taken over all relevant decays.

The second piece contains the distribution of dark matter, where ρ(l) is the dark matter

halo density profile and the integral is performed along the line of sight that originates

from our location in the galaxy and continues through the full extent of the halo at an

angle ψ relative to the ray passing through the galactic-center.

To isolate astrophysical uncertainties it is convenient to introduce the dimensionless
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function J(ψ)

J(ψ) ≡ 1
r¯ρ2¯

∫

l.o.s
ρ2(l)dl(ψ).(II.14)

Ground and satellite based detectors will observe a finite patch of the sky with a given

angular resolution. Therefore, when comparing theoretical predictions with what may be

detected, we should average J over the minimum angular resolution of the detector,

〈J〉 =
1

∆Ω

∫
J(ψ)dΩ(II.15)

where ∆Ω is the angular resolution (in steradians). This value is dictated by the exper-

iment, e.g. this corresponds to ∆Ω = 10−3 sr for EGRET, and ∆Ω = 10−5 sr for Fermi

Gamma-Ray Space Telescope (FGST). We fill focus on the Galactic Center as the best

place to discover γ-rays from dark matter annihilations. Given the minimum angular res-

olution, the dark matter profile, and the source location we can perform the average in

(II.15) using e.g. DarkSUSY. Some results for the line of sight integral to the galactic cen-

ter appear in Table 1. An examination of Table 1 shows that the difference between a flat

profile (Isothermal Cored) and NFW for EGRET can introduce two orders of magnitude

difference in the signal. We also show the 〈J〉 for the Einasto profile, which has recently

been favored by N-body simulations [172].

While isothermal cores are now disfavored by N-body simulations, it is still fair to say

that the current lack of knowledge of the halo profile induces a large error in the predicted

flux from the galactic center.

Using the expression for the flux (II.13) and averaging over the angular acceptance, the

differential flux measured in the detector is

dΦγ

dEγ
= 9.40× 10−12

( 〈σv〉
10−27cm3 · s−1

)

×
(

100 GeV
mχ

)2 ∑

f

dNf

dEγ
Bf 〈J〉∆Ω,(II.16)
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Profile EGRET & FGST
Ground Based (∆Ω = 10−5 sr)
(∆Ω = 10−3 sr)

Isotherm 30 30
NFW 1, 214 12, 644

Einasto 1, 561 5, 607

Table 2.1: The averaged line of site integral 〈J〉 to the galactic center for the NFW, Einasto, and
Isothermal profiles with EGRET and FGST minimal resolution.

which is in units of photons/cm2/s/GeV.

γ-ray signals from dark matter annihilations must compete with the diffuse γ-ray back-

ground. These include inverse Compton scattering of electrons with galactic radiation

and bremsstrahlung processes from accelerated charges [207]. Thus, uncertainties in the

propagation of cosmic rays and in the composition of the ISM (e.g. the distribution and

density of hydrogen) lead to uncertainties in the expected diffuse background. It is vital

to understand the diffuse background in order to confirm (or deny) the existence of dark

matter annihilations and to distinguish between different theoretical predictions.

An analysis of the Fermi Data has led Dobler and collaborators [79] to conclude that

there is an excess due to inverse Compton scattering of a hard electron population in the

diffuse background near the galactic center. In their analysis, they take the Fermi all-sky

maps and lump them into 6 different energy bins. They fit the data with 4 maps: a dust

map [196] as a tracer for background pion emission, the Haslem 408 MHz map [117] as a

tracer for background inverse Compton scattering, an isotropic background, and a ”haze”

component that is stretched around the center of the galaxy. This does mean that there

could be dark matter, however a modeling of the diffuse background could eliminate the

need for the haze component of the map.

At the present level of understanding, the differential flux for the diffuse γ-ray back-
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ground may be fitted by a power-law of the form [48]

d2Φbg
γ

dΩdEγ
=

(
d2Φbg

γ

dΩdEγ

)

0

(
Eγ

1GeV

)α

,(II.17)

with α = −2.72 and a normalization
(
d2Φbg

γ /dΩdEγ

)
0

= 6× 10−5.

Constraints from EGRET

EGRET completed nine years of observations in June of 2000 and was sensitive to γ-rays

in the energy range 30 MeV - 30 GeV. Using (II.17) for the diffuse background near the

galactic center and integrating over the angular resolution of EGRET (∆Ω = 10−3) for the

energy range of interest (1 GeV . Eγ . 30 GeV) we find a background flux of Φbg
γ ' 10−8

photons cm−2 s−1. For dark matter candidates that give a flux in excess of this, EGRET

should have detected a signal. From (II.13), a neutralino annihilating to W -bosons with

a mass of a couple hundred GeV and cross section 〈σv〉 ≈ 10−24 cm3 s−1 yields a flux

comparable to the background Φdm
γ ' 4 × 10−8 photons cm−2 s−1. This gives the first

indication of the tension between a 200 GeV wino and the EGRET data. Of course, this

result depends on the dark matter profile – assumed here to be NFW.

Extracting robust constraints on dark matter candidates from EGRET is subtle for

reasons extending beyond the choice of the profile: there are uncertainties in both the

diffuse background, as well as the EGRET data itself.

EGRET has detected a possible excess above 1 GeV in all sky directions. Addressing

the discrepancy between the expected diffuse background and the EGRET data has been

considered by a number of authors [80, 55, 94, 209, 207, 204, 73, 45]. These authors have

argued for explanations that range from the possibility of annihilating dark matter6 [73]

to systematic errors in the EGRET experiment [204].

A key challenge for addressing the possible excess is developing an accurate model
6This explanation relies on a non-standard (anisotropic) choice for the halo profile, and seems to be at odds with

other sources of indirect detection [45].
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of the astrophysical background. This is particularly challenging given the inability to

disentangle various components. These include the weak extragalactic contribution to the

diffuse background, as well as a number of possible unresolved point sources [80, 30]. Due

to the uncertainties, proposed models for the background can vary significantly. Compared

to the background in Eqn. (II.17),

The ‘conventional’ GALPROP model [205] assumes a larger contribution from inverse

Compton scattering, giving a higher contribution to the background and therefore to any

signal that would be seen by EGRET. Yet other choices of background exist, including the

’Optimized’ background [205], chosen to fit the EGRET excess without any additional Dark

Matter component. At present, the take-home message is that there are large uncertainties

in the astrophysical background.

In addition to the uncertainties associated with the diffuse background and the halo

profile, there are other reasons for concern in regards to the quality of the EGRET data.

Indeed, EGRET was only designed to operate for two of its nine year mission and an aging

spark chamber introduced time-dependent uncertainties and systematic errors into the

high end data products [169]. In [204] is was found that the most likely explanation of the

EGRET excess was an error in the estimation of the EGRET sensitivity at energies above

a GeV. This was argued to be convincing given that the ‘excess’ is seen in all sky directions,

not just towards the galactic center. This seems to be the case, since preliminary Fermi

data disagrees with the high energy EGRET data away from the Galactic plane [166].

With these caveats in mind, we use the EGRET data to constrain the 200 GeV wino at

the Galactic Center. We state the constraint as a bound on the 〈J〉. Assuming EGRET

correctly measured the background above a GeV and using the data from [162] to determine

the diffuse background, we find that a 200 GeV wino has an annihilation cross section

too large by a factor of three for an NFW profile – for a softer profile 〈J〉 ' 380 this
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would not be the case. These findings agree with already existing bounds in the literature

[124, 80, 30]. However, we have also found that using the lower choice for the diffuse

background in Eqn. (II.17) implies that the 200 GeV wino is already marginally consistent

with the EGRET data for the NFW profile7.

For now, it seems reasonable to consider the close proximity of the 200 GeV dark matter

to the current bounds set by EGRET encouraging, since we will see that the improvements

of FGST should clarify the situation.

We now consider the ability of FGST to detect the 200 GeV wino invoked above We

focus on measurements of the galactic center, though measurements of the halo could be

useful if progress is made in understanding the backgrounds there in detail.

FGST will offer a significant improvement over EGRET, probing energies from 20 MeV

to 300 GeV with an angular resolution of around 0.1 degrees (≈ 10−5 sr). The improved an-

gular resolution will not only allow for separation of the point sources detected by EGRET,

but the increased sensitivity will allow for a better opportunity to distinguish dark matter

annihilation signals from the diffuse background. For the energy range of interest (around

1 GeV . Eγ . 300 GeV) one finds a background flux from (II.17) of around Φbg
γ ' 10−10

photons cm−2 s−1 at a FGST angular acceptance of 10−5 sr. Compared with the EGRET

result of ΦEGRET
γ ' 10−8 photons cm−2 s−1, this allows for an improved sensitivity by

two orders of magnitude in terms of resolving signal from background. As in the case

of EGRET, the diffuse background and halo profile are both sources of significant uncer-

tainty. The better resolution and ability of FGST to resolve point sources should improve

our knowledge of the diffuse background.

For our predictions for FGST we consider an 0.5◦×0.5◦ region about the galactic center

assuming an NFW profile and averaging with a minimum resolution set by FGST (i.e. 10−5

7See [15] for a similar approach to dealing with uncertainties in the diffuse background and bounds on neutralinos
coming from EGRET and FGST.
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Figure 2.12: The differential flux for the 200 GeV wino-like neutralino and an NFW profile averaged
over the minimum angular resolution of FGST (i.e. ∆Ω = 10−5 sr) and integrated
over a 0.5◦ × 0.5◦ region around the galactic center. For the diffuse background we
take the ‘conventional’ GALPROP model discussed in the text. The error bars repre-
sent the statistical uncertainty after one year of observations and do not account for
systematical uncertainties.

sr). We have considered a number of choices for modeling the diffuse background. We

find that for both a low choice of background given by the power-law with normalization

in (II.17), as well as for higher backgrounds such as the ‘conventional’ and ‘optimized’

backgrounds mentioned above, that FGST will report a signal early. We find for the

conventional background and a 200 GeV wino that a variation in the halo profile down to

〈J〉 ' 70 in the region about the galactic center can still result in a detectable signal for

FGST at the 5σ level within the first year of observation. In Figure 2.12 we present the

prediction for the 200 GeV wino with an NFW profile, again after only one year of data.

The error bars reflect statistical uncertainties. FGST should be capable of observing the
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products of wino annihilation after the first year.

Here, we have focused exclusively on the bounds (and potentially signals) coming from

our own galaxy. This approach will depend on the ability to successfully subtract away

point sources and other diffuse backgrounds[80]. To avoid these sources, dwarf galaxies

might be competitive places to look depending on their dark matter profiles. These have

low backgrounds and good source identification, but suffer from low statistics. Prelimi-

nary searches are in progress [131], and are starting to constrain models that explain the

PAMELA data.



CHAPTER III

Direct Detection of Supersymmetric Dark Matter

While the “WIMP miracle” motivates a stable particle with a weak scale mass and

perturbative couplings, not just any weak scale stable particle will do. If the DM is weakly

interacting in the strictest sense – i.e. has full-strength SU(2)L×U(1)Y gauge interactions

– then DM may be excluded by existing direct detection (DD) experiments. In particular,

a weak-scale Dirac (vector-like) fermion, χD, with SU(2) interactions (which encompasses

the simplest DM model of all, a Dirac neutrino), feels the weak force via the operator:

(III.1) Ovector = (χ̄D γ
µ χD)Z0

µ.

When the coefficient of this operator is typical in size, namely O(g/ cos θw), where g is the

SU(2) coupling constant and θw is the weak mixing angle, it leads to a huge DD signal

– experiments constrain the DM mass to be greater than 50 TeV [198]. Furthermore, the

thermal relic density for a 50 TeV Dirac neutrino will be far too large to explain the WMAP

measurement. Thus, DM at the weak scale requires a strong suppression of this operator.

In fact, it is straightforward to eliminate it entirely. If χ is a Majorana spinor, the operator

(χ̄ γµ χ)Z0
µ identically vanishes due to the properties of Majorana bilinears. The DM may

be Majorana if an SU(2) singlet Majorana fermion mixes with a Dirac state. This mixing

can only be accomplished via SU(2) breaking in the WIMP sector, i.e. through a Higgs

boson vacuum expectation value (vev). Then the resultant DM particle has a non-zero

42



43

coupling to a Higgs boson, h, and the dominant scattering process is due to the following

operators:

OHiggs = (χ̄ χ)h,(III.2)

OZ0 = (χ̄ γµγ5 χ)Z0
µ.(III.3)

In a multi-Higgs boson theory, h need not be the Higgs boson of the Standard Model (SM),

but even in these theories, there often is a Higgs boson that has SM-like properties. We will

explore the impact of these operators on Spin-Independent (SI) and Spin-Dependent (SD)

scattering off of nuclei, paying particular attention to the expected correlation between the

rates at these two types of experiments.

While we perform most of our analysis in the context of the Minimal Supersymmetric

Standard Model (MSSM) (for a review of the MSSM, see [160]), we reference other models

where appropriate to emphasize the generality of our arguments. We will review the

assertion that post-LEP (largely due to the constraints on the chargino and slepton masses),

one should consider a mixed or “well-tempered” neutralino as a likely DM candidate, if

it is thermally produced [21]. We will show that in this case, light Higgs boson and Z0

exchange will generically lead to a signal in the next generation of SI and SD experiments.

A thermal history for the WIMP is not the only possibility. For example, non-thermal

mechanisms may populate the DM (e.g. through the decay of a modulus or gravitino [165]),

or the DM can be overabundant and subsequently diluted by extra sources of entropy.

These options allow a WIMP with a wider range of properties, since the annihilation rate

is not fixed by the thermal history. In what follows, we do not rescale DD signals to the (too-

low/too-high) thermal relic density. In all cases, we assume that the WIMP constitutes the

total DM density, determined from astrophysical measurements to be ρDM ≈ 0.3GeV/cm3.

We will be clear when we are making the assumption of a thermal history. For the purposes

of this study, a “thermal” WIMP is one whose thermal relic density is within the generous
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range ±3σ of the WMAP measurement given in Eq. (I.1).

Related results already exist in the literature, including some comprehensive numerical

scans. However, we find that often the (simple) underlying physics is left obscure. We

hope to make clear the expected size of various contributions to DD and the relationship

to the assumption of a thermal relic abundance. Assuming there are no conspiratorial

cancellations, these typical sizes represent important targets for DD experiments.

There is an overwhelming literature in existence on the subject of DD, see reviews

[97, 132] and references therein. Of particular interest to us is the relationship between the

size of the SD and SI signals, which has recently been explored in [36, 43, 49].

In the next section, we begin by discussing the current experimental status and then

make naive estimates for the SI and SD DD cross sections from h and Z0 exchange re-

spectively. In Sec. 3.2 we lay out the specific structure of the SI and SD operators in the

MSSM and estimate the naive size of the SI and SD cross sections. Then in Sec. 3.3 we

review the argument for a well-tempered neutralino and discuss some alternatives. Sec.

3.4 concentrates on illuminating the expected size of the SD cross section for mixed DM

models with various restrictions. In Sec. 3.5 we describe the conditions under which SI

and SD signals in the MSSM are expected to be correlated. Technical results are relegated

to the appendices.

3.1 Direct Detection Preliminaries

The interactions in Eqs. (III.2) and (III.3) lead to SI and SD elastic signals in DD

experiments, respectively. In Fig. 3.1 we have plotted the current experimental limits for

SI and SD DD. Currently, the state of the art SI experiments are CDMS [13] and XENON

[17]. XENON constrains σχ p
SI < 4.5 × 10−8 pb for mχ = 30 GeV. After combining their

most recent run with previous data, CDMS-II has a 90% CL bound of 3.8 × 10−8 pb for a

WIMP with a mass of 70 GeV [12]. In the most recent data set, two tantalizing events were
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seen, but it is premature to attribute these to signal. In any case, XENON100 expects to

place a limit on the order of σχ p
SI ≈ few ×10−9 pb by early 2010. Thus, we will consider

SI cross sections greater than 5× 10−9 pb as potentially probeable in the short-term, and

hence “large.”

There are two ways the SD cross sections are constrained. The first is via DD experi-

ments. The current best bound on the SD DM-proton interaction comes from the KIMS

experiment [148], σχ p
SD < 1.6× 10−1 pb for mχ = 70 GeV; the best bound on the SD DM-

neutron interaction coming from the XENON experiment, σχ n
SD < 6× 10−3 pb for mχ = 20

GeV, with the strongest bounds for masses of O(10) GeV coming from PICASSO [20].

There are also bounds from DM capture in the sun, assuming (as is the case in the MSSM)

that the DM has annihilation products which give rise to relatively hard neutrinos. As-

suming annihilation of the DM to W± bosons is appreciable (as is appropriate for much of

the parameter space considered here, see Sec. 3.3), IceCube [2] places very strong bounds

for masses above 250 GeV with the strongest bounds coming at 250 GeV, σχ p
SD < 3× 10−4

pb. At present, no limits exist from IceCube below this mass. For smaller masses, the best

limits of this type come from SuperK [75], σχ p
SD < 10−2 pb above mχ > 20 GeV.

Perhaps within the next two years [150], the COUPP [42] and PICASSO [37] experi-

ments will take data with a projected sensitivity to SD scattering of σχ p
SD ≈ 10−4 pb. The

will also have sensitivity down to much lower masses then the neutrino experiments. The

XENON data will probe σχ p
SD ≈ 4 × 10−3 pb for a 30 GeV WIMP. A 1 ton COUPP-like

proposed experiment [49], might ultimately probe values as low as 10−7 pb. The DeepCore

extension to the IceCube detector should be able to extend down to the 10−5 pb level

with 5 years of data [215]. Bounds from neutrino experiments can be avoided if particular

final states dominate WIMP annihilation, e.g. 1st generation quarks, though this does not

happen in the MSSM. We consider SD cross sections greater than 10−4 pb as potentially
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Figure 3.1: Current bounds on SI (left) and SD (right) DM-nucleon cross sections. The COUPP
and XENON100 projected SD bounds are only estimates – we have scaled the current
exclusion curve of COUPP by a factor of 10−3 [149] and the current SD exclusion curve
of XENON10 by the factor which scales the XENON10 SI limit to the XENON100 SI
limit.

achievable in the short-term, and hence “large.”

3.1.1 Spin Independent

The operator responsible for SI DM-nucleus interactions is

OSI
q = cq (χ̄ χ) (q̄ q),(III.4)

where χ is the DM and q is a quark. Taking the expectation value of this operator between

two nucleon states (N = p (proton) or n (neutron)) determines the effective interaction of

the DM with a nucleon,

〈N |mq q̄ q|N〉 = mN f
(N)
Tq ,(III.5)

where the nuclear matrix element f (N)
Tq is determined in chiral perturbation theory from the

pion nucleon-scattering sigma term. The coefficient of the effective DM-nucleon interaction,
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fN (χ̄ χ)(N̄ N), is given by

fN

mN
=

∑

q=u,d,s

f
(N)
Tq

1
mq

cq +
2
27
f

(N)
TG

∑

q=c,b,t

1
mq

c(h)
q ,(III.6)

where f (N)
TG = 1−∑

q=u,d,s f
(N)
Tq and the h on c(h)

q refers to Higgs boson exchange [199].

The nucleon-Higgs interaction is coherent over the nucleus [96] resulting in the well

known A2 enhancement for SI cross sections. To compare between experiments using

different nuclei, the elastic scattering cross section is normalized to a per nucleon value

[97]:

σSI(χN → χN) =
4
π
m2

r

1
A2

(Z fp + (A− Z) fn)2,(III.7)

where mr is the reduced mass between the DM and a nucleon.

We use the DarkSUSY package for numerical analysis [105], so for analytic estimates

we will use the same values for the nuclear matrix elements, namely

f
(p)
Tu = 0.023 f

(p)
Td = 0.034 f

(p)
Ts = 0.14 f

(p)
TG = 0.803

f
(n)
Tu = 0.019 f

(n)
Td = 0.041 f

(n)
Ts = 0.14 f

(n)
TG = 0.800.

Since these values are derived from the pion nucleon scattering sigma term, their error bars

are correlated.

If the Higgs boson, h, that mediates the interaction between the DM and the nucleon

is SM-like, the coefficients cq are given by

cq = yq yχ
1
m2

h

,(III.8)

where yq (yχ) is the yukawa coupling for the quark (DM) and mh is the Higgs mass. The

per nucleon cross section is then

σSI(χN → χN) ≈ 5× 10−8 pb
( yχ

0.1

)2
(

115 GeV
mh

)4

(SI typical).(III.9)

Estimates based on recent lattice simulations seem to favor smaller values for the nuclear

matrix elements [101]. If these lattice results are correct, the dominant contribution to the
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SI scattering cross section would be due to the heavy quark content of the nucleon (since

f
(N)
TG → 1 in the limit of small f (N)

q ) and the coefficient in Eq. (III.9) would be replaced

by 2 × 10−8 pb. In cases where cd À cu, which can occur in models with multiple Higgs

bosons such as the MSSM, then uncertainties in the f (N)
Tq can lead to as much as an order

of magnitude variation in σSI(χN → χN) [90].

3.1.2 Spin Dependent

The operator responsible for SD DM-nucleus interactions is

OSD
q = dq (χ̄ γµγ5 χ)(q̄ γµγ

5 q).(III.10)

Taking the expectation value of this operator between two nucleon states allows us to find

the effective SD interaction of the DM with a nucleon (N = p (proton) or n (neutron)),

〈N |q̄ γµγ
5 q|N〉 = 2 s(N)

µ ∆q(N),(III.11)

where s(N)
µ is the spin of the nucleon and the ∆q(N) are extracted from polarized deep elastic

scattering. The coefficient of the effective DM-nucleon interaction, 2aN (χ̄ γµγ5 χ)(N̄ s
(N)
µ N),

is given by

aN =
∑

q=u,d,s

dq ∆q(N).(III.12)

The elastic scattering cross section quoted by the experiments is between the DM and a

nucleon which is given by

σSD(χN → χN) =
6
π
m2

r a
2
N ,(III.13)

where mr is the reduced mass between the DM and a nucleon.

Again we follow DarkSUSY and use the following values for the SD calculations,

∆(p)
u = 0.77 ∆(p)

d = −0.40 ∆(p)
s = −0.12

∆(n)
u = −0.40 ∆(n)

d = 0.77 ∆(p)
s = −0.12.(III.14)
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The prediction for SD scattering is somewhat more robust to variation in the hadronic

matrix elements than the SI case: the uncertainties in these values can lead to O(30%)

variation in the SD cross section [90].

If the SD interaction is mediated by the Z0 boson, then the coefficients dq are given by

dq =
g2

2 c2w
T q

3

(
QZ−DM

2

)
1
m2

Z

,(III.15)

where QZ−DM parametrizes the coupling of the DM to the Z0 and cw ≡ cos θw. For

concreteness, (and since it is relevant for calculations of solar capture) when we quote

values for SD scattering we will focus on the cross section off of protons. For SD scattering

mediated by the Z0, the neutron scattering is O(20%) smaller. The SD cross section is

σSD(χp→ χp) ≈ 4× 10−4 pb
(
QZ−DM

0.1

)2

(SD typical).(III.16)

In the next section, we discuss the form that QZ−DM takes in the MSSM.

3.2 Direct Detection of Neutralino dark matter

The best DM candidate in the MSSM is the lightest neutralino, which is an admixture

of Bino (B̃), Wino (W̃ ), and the up and down-type Higgsinos (H̃u and H̃d). The stability

of the lightest superpartner (LSP) is guaranteed by R-parity, which is introduced to avoid

proton decay. The neutralino mass matrix is given by

M =




M1 0 −mZ sw cβ mZ sw sβ

0 M2 mZ cw cβ −mZ cw sβ

−mZ sw cβ mZ cw cβ 0 −µ

mZ sw sβ −mZ cw sβ −µ 0




,

where M1 is the Bino mass, M2 is the Wino mass, µ is the Supersymmetric (SUSY)

Higgs boson mass parameter, mZ is the Z0 mass, β = arctan(vu/vd), vu,d are the up and

down-type Higgs boson vevs, sw ≡ sin θw, cw ≡ cos θw, sβ ≡ sinβ, and cβ ≡ cosβ.
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The composition of the lightest neutralino, which we denote χ, is specified by

χ ≡ ZB B̃ + ZW W̃ + ZHd
H̃d + ZHu H̃u.(III.17)

If squarks are heavy, the only potentially sizable contributions to SI DD are from both

CP-even Higgs bosons, h and H, where mh < mH . We comment on the typically subdom-

inant squark exchange contributions in Appendix A. The Higgs boson exchange contribu-

tions are [35, 89],

cu
mu

= −g
2(ZW − tw ZB)

4mW sβ

×
[(
ZHd

sα cα + ZHu c
2
α

) 1
m2

h

+
(−ZHd

sα cα + ZHu s
2
α

) 1
m2

H

]
(III.18)

cd
md

=
g2(ZW − tw ZB)

4mW cβ

×
[(
ZHusα cα + ZHd

s2α
) 1
m2

h

+
(−ZHusα cα + ZHd

c2α
) 1
m2

H

]
,(III.19)

where cu,d are the SI operator coefficients given in Eq. (III.4), g is the SU(2) gauge coupling,

mW is the W± mass, tw ≡ tan θw, α is the Higgs mixing angle, cα ≡ cosα and sα ≡ sinα.

In the decoupling (mH → ∞ and α → π/2 + β) and large tβ limits, these expressions

simplify:

cu
mu

=
−g2

4mW
(ZW − tw ZB)

sβ

m2
h

ZHu ,(III.20)

cd
md

=
cu
mu

(
1− tβ

s2β

m2
h

m2
H

ZHd

ZHu

)
,(III.21)

where we have only kept the tβ enhanced contribution from H. We will use these expres-

sions below in Sec. 3.5 when analyzing the allowed suppression of the SI cross section.

The lack of an observation of a Higgs boson at LEP makes it likely that we live in at

least a moderate tβ regime (so that the tree-level contribution to the Higgs boson mass

mh = mZ cos 2β is maximized), and constraints on the mass of the charged Higgs from

flavor experiments point to the decoupling limit. Therefore, Eqs. (III.20) and (III.21) are
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particularly useful for estimating the expected size of scattering. In Sec. 3.3 we will argue

for the typical size of the various neutralino mixing angles which lead to SI cross sections

of the order,

σMSSM
SI (χN → χN) ≈

5× 10−9 pb
(

115 GeV
mh

)4 (
(ZW − tw ZB)ZHu

0.1

)2

(MSSM: SI typical),(III.22)

where we have used Eqs. (III.20) and (III.21) and taken mH →∞.

In the heavy squark limit, contributions to SD DD come from Z0 exchange. Since the

Bino and Wino are both SU(2) singlets, they do not couple to the Z0. Therefore, SD is

controlled by the Higgsino content of the WIMP. The Z0 exchange contribution takes the

form:

dq = − g2

4m2
Z c

2
w

(|ZHd
|2 − |ZHu |2

)
T q

3 .(III.23)

A non-zero Higgsino component (so that ZHu,d
6= 0) is insufficient to ensure a non-zero SD

coupling. If M1, M2 → ∞, so that a pure Higgsino is recovered, |ZHu | = |ZHd
| = 1/

√
2,

and the SD coupling vanishes. Instead, the Higgsino forms a Dirac state, and the large

vector scattering of the Dirac neutrino is recovered. Hence, mixing with B̃ and/or W̃ (so

that |ZHu | 6= |ZHd
|) is required in order for the dq’s to be non-zero. This requirement also

implies a non-zero SI cross section, giving the correlation demonstrated below.

The typical cross section for SD DD in the MSSM (again see Sec. 3.3) is given by

σMSSM
SD (χp→ χp) ≈

4× 10−4 pb
( |ZHd

|2 − |ZHu |2
0.1

)2

(MSSM: SD typical).(III.24)

There are reasons to expect the squarks do not make a sizable contribution to the DD

cross sections. In the MSSM, satisfying the LEP bound on the Higgs boson mass requires

large radiative corrections from the stop loops. This implies that at least one stop must
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have a TeV scale mass. Renormalization group flow tends to make the third generation

sparticles lighter then the partners for the first and second generations. Therefore, it is

plausible that squark contributions to DD scattering are negligible since only the first and

second generation squarks contribute (see Appendix A for details about squark exchange).

For concreteness, in all scans below we take the scalar superparters to be O(2TeV). This

is also why Eqs. (III.22) and (III.24) are expected to be good approximations. For a study

which focuses on the effects of light squarks, see [43].

3.3 The Argument for a Well-Tempered Neutralino

Arkani-Hamed, Delgado and Giudice [21] argued that when one takes the LEP limits on

charginos and sleptons into account, a pure neutralino (i.e. composed of only one gaugino

eigenstate, usually taken to be Bino) is no longer the “natural” MSSM DM candidate,

at least when one imposes the requirement of a thermal cosmology. They claim that one

should instead consider a mixed neutralino, which they have dubbed “well-tempered.”

Since the relic density of mixed DM is set by annihilations to W+W− (and t t̄ when

kinematically allowed) there is a further condition that mχ > mW . Hence, we will impose

this requirement when we refer to “thermal” DM in the analysis that follows. In what

follows, we review their argument and then discuss some non-thermal options. Note that

SI DD has previously been studied for well-tempered models [29, 119], but no dedicated

SD study exists.

3.3.1 Thermal history

We begin by considering the thermal history of a nearly pure Bino. If one does not

allow for co- [110, 86, 87] or resonant [110, 84, 193, 78] annihilations, then Bino freeze-out

is controlled by t-channel sfermion exchange. One can show [21] that in order to produce

the observed DM relic density, the sfermion must be ∼< 110 GeV. Since the LEP limits on
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sfermions are O(100GeV), there is only a small experimentally allowed window for thermal

Bino DM.

Either co-annihilations (e.g. with the stau or stop) or resonant annihilation through the

pseudo-scalar Higgs (A0) also allow dominantly Bino DM. However, both of these options

involve numerical coincidences. In the first case the Boltzmann factor will exponentially

suppress the density of the would-be co-annihilator unless exp(−∆M/Tf ) is O(1), where

∆M = mNLSP−mχ, mNLSP is the mass of the next-to-lightest superpartner, and Tf is the

DM freeze-out temperature. Since Tf ≈ mχ/20, this requires a mass degeneracy, ∆M , of

a few percent. To realize the second case requires a precise relationship between mχ and

mA. When mχ < mW , the Z0 or h poles may be used to achieve the correct relic density,

which requires a similar numerical conspiracy.

Located at the other extreme, far away from the pure Bino, is a pure Wino or a pure

Higgsino. In these cases, the requirement of a thermal relic abundance fixes the mass to

be O(2.5TeV) and O(1TeV) respectively. Thus, to realize either of these cases implies

µ & O(100GeV). Since, in the MSSM, the Z0 mass is given by

m2
Z

2
= −|µ|2 +

m2
Hd
−m2

Hu
t2β

t2β − 1
,(III.25)

where m2
Hu,d

are the Higgs soft-mass squared parameters, this requires a substantial fine-

tuning between µ2 and m2
Hu,d

in order to reproduce the measured Z0 mass of 91 GeV.

Therefore, the desire to alleviate fine-tuning in this expression leads to the requirement

that µ ∼ O(100 GeV). This will also naively lead to well-tempering since the neutralino

mixing is proportional to mZ/µ. Though the accuracy of the current measurement of the

DM relic density (see Eq. (I.1)) requires a precisely determined neutralino composition,

one can easily reproduce the DM abundance for any mass of O(100 GeV).

A Higgs boson mass above the LEP bound requires large radiative corrections from

a stop squark. This implies that the scale for these particles, mSUSY, should be around
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a TeV. These states yield additive corrections to m2
Hu,d

, proportional to m2
SUSY. Hence,

even in the case when µ ∼ O(100 GeV), there will naively be fine-tuning between these

corrections and the bare value of m2
Hu,d

in order to reproduce mZ . Solutions to this “little

hierarchy problem” have been proposed within the MSSM (e.g. [141]) – we will ignore this

type of fine-tuning in our arguments, focusing instead on the model independent tuning

implicit in Eq. (III.25).

3.3.2 Non-thermal options

A thermal history is not the only way to achieve the correct DM relic abundance [165].

It has even been argued [7] that there is a “non-thermal WIMP miracle” when there exist

TeV scale states which decay to the DM via Planck suppressed operators. For example, a

heavy gravitino (or string-theory moduli fields) can live long enough to dominate the energy

density of the universe. Then when these states decay, they will produce superpartners

which will decay down to the lightest neutralino, resulting in a neutralino relic density. This

relaxes the relationship between the mass/composition and relic density of a neutralino.

A variety of other options have been proposed. Models where the energy density of the

universe at the epoch of DM freeze-out was dominated by something other than radiation

were studied in [133]. Alternately, if the DM interacts so feebly that it never achieves

thermal equilibrium, one can achieve the correct value of the relic density via “freeze-in”

production [112]. Since the total energy density of DM is close to that of the baryons,

one can construct models where the DM relic density is set by an asymmetry which is

determined by the baryon asymmetry [138]. In [98], it was shown that by varying the

reheat temperature and allowing for non-thermal sources, any neutralino composition can

result in the correct relic density. In [70], a low temperature phase transitions in the early

universe changes the DM properties after freeze-out. All of these options involve either

non-trivial cosmological histories or other model building challenges. We will focus on the
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thermal – and hence well-tempered – case, with discussions of the deviations that arise

when the thermal assumption is relaxed.

3.4 Spin Dependent Cross Sections for Mixed Dark Matter

In the MSSM, the neutralino mass mixing can often be approximately understood in

terms of a two state system: a Dirac Higgsino mixing with either a Bino or a Wino. Thus,

to understand the physics of SD scattering via Z0 exchange, it is useful to consider the

simple “Singlet-Doublet Model” (SDM) for DM, where the singlet has the same quantum

numbers as either a Bino or a Wino, and the doublets have the same quantum numbers as

the Higgsinos:

(III.26) LSDM 3 µD D D̄ + λhS D + λ′ h∗ S D̄ +
µS

2
S2.

Here D and D̄ are a vector-like pair of SU(2) doublet fermions, S is an SU(2) singlet, h is

the SM Higgs doublet, λ (λ′) is the yukawa coupling which leads to the mixing between the

D (D̄) and S, µD is the vector-like mass for the D and D̄, and µS is the Majorana mass for

S. For the purposes of SD scattering it is sufficient to replace h by its vev, 〈h〉 ≡ v = 174

GeV. The exchange of the uneaten component of h leads to SI DD.

In the case where S plays the role of the Bino, the values of λ and λ′ are constrained by

the supersymmetric relations to be λ v = −mZ sw cβ and λ′ v = −mZ sw sβ, while in the

case where S is the Wino, the values of λ and λ′ are constrained by the supersymmetric

relations to be λ v = mZ cw cβ and λ′ v = mZ cw sβ.

We now use this model to discuss the coupling of the Z0 boson to the DM in the MSSM.

In Appendix B we discuss the diagonalization of the 3×3 mixing matrix of the SDM. With

appropriate substitutions, these expressions correspond to either Bino/Higgsino (M2 →∞)

and Wino/Higgsino (M1 → ∞) neutralinos. In these limits we can write down approx-

imate expressions for the effective coupling of the DM to the Z0. When there are no
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degeneracies between parameters in the neutralino mass matrix and mZ may be treated

as a perturbation, we have (see [21] and Appendix B):

|ZHd
|2 − |ZHu |2 =





c2βs2
wm2

Z

µ2−M2
1

for |M1|, |µ|, |µ| − |M1| > mZ , M2 →∞
c2βc2wm2

Z

µ2−M2
2

for |M2|, |µ|, |µ| − |M2| > mZ , M1 →∞.

(III.27)

The largest values of |ZHd
|2 − |ZHu |2 do not occur in this limit. Instead, they are found

when two parameters of the neutralino mass matrix are degenerate. The reason is simple:

a degeneracy allows a large gaugino–Higgsino mixing in spite of the relative smallness of

the off-diagonal entries of the neutralino mass matrix (proportional to mZ). It should be

said that there is no particular reason to believe that a precise degeneracy should occur,

since µ and the gaugino masses are SUSY preserving and breaking respectively. However,

since this case maximizes the possible signal at SD experiments, it is worth noting. In the

presence of these degeneracies, we have (see Appendix B):

|ZHd
|2 − |ZHu |2 =





(sβ−cβ)sw mZ

2
√

2|µ| +
(s2

β−c2β)s2
wm2

Z

8µ2

for |M1| = |µ| > mZ , M2 →∞
(sβ−cβ)cw mZ

2
√

2|µ| +
(s2

β−c2β)c2wm2
Z

8µ2

for |M2| = |µ| > mZ , M1 →∞.

(III.28)

Perturbing away from the limit of exact degeneracy gives corrections to these expressions

of O((Mi−µ)/µ). Note that DM with a mixed Wino/Higgsino has a SD DD rate enhanced

relative to a Bino/Higgsino admixture by the appropriate power of cw/sw = 1.8.

What is the largest obtainable SD cross section in the MSSM? A numerical scan yields

|ZHd
|2 − |ZHu |2 < 0.4 ⇒(III.29)

(σSUSY
SD ) < 6× 10−3pb (General MSSM, Non− thermal DM),(III.30)
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when the squarks are heavy. This upper bound is largely a consequence of the LEP bounds

on the chargino masses which force the mixing ∼ mZ/µ to be less than one. Eq. (III.28)

provides a good analytic understanding of this number – it comes within approximately

10% of this value. The deviation is due to mixing effects that occur away from the large

M1 limit.

In many models of SUSY breaking the relation M1/α1 = M2/α2 = M3/α3 holds. We

refer to this condition as unified gaugino masses. Because this is equivalent to M2 ≈ 2M1

at the weak scale, the LSP is mostly Bino and Higgsino. In this case,

|ZHd
|2 − |ZHu |2 < 0.32 ⇒(III.31)

(σSUSY
SD ) < 4× 10−3 pb (Unified Gaugino Masses, Non− thermal DM).(III.32)

Finally, for mχ > mW , a thermal relic density within ±3σ of the WMAP measurement

implies an upper limit on the amount of Higgsino in the DM particle. Therefore,

|ZHd
|2 − |ZHu |2 < 0.24 ⇒(III.33)

(σSUSY
SD )thermal < 2× 10−3 pb (General MSSM, Thermal DM).(III.34)

This result holds for the case with unified gaugino masses as well.

To saturate the above bound (i.e. maximize σSD for thermal, well-tempered DM)

requires a Bino/Higgsino mixture (recall that dq vanishes for a pure Higgsino), with a

negligible Wino contribution. The largest values of SD DD occur when the DM has the

largest Bino/Higgsino mixing which happens for the lowest values of the DM mass. As the

mass of the DM increases, a larger component of Higgsino or Wino is needed for the DM

to efficiently annihilate down to the correct relic density, which in turn typically leads to

a decrease in σSD.

As shown in Fig. 3.2, there is a tight correlation between the SD cross section and the

DM mass, in the decoupling limit when there is gaugino mass unification and a thermal
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relic abundance.

For low masses, the neutralino is well-tempered for low masses and as mχ → O(1TeV)

the neutralino approaches a pure Higgsino. Examining Fig. 3.2, except for when the an-

nihilation channel χχ → tt̄ opens, σSD is a smooth, monotonically decreasing curve. An

experiment sensitive to cross sections of O(10−4 pb) will probe mχ . 200 GeV. There is

a spread in the points in this figure from the liberal range taken on the relic density con-

straint. For masses approaching O(1TeV), there is additional extent from the variation

in the Bino content of the neutralino and from contributions from squark exchange. For

masses at 1 TeV, σSD goes from 10−6 pb → 0 for M1 from 1300GeV →∞. Note that the

projected reach of a 1 ton version of COUPP is O(10−6) pb for mχ = 1 TeV [49], which

would probe the entire range of SD cross sections for neutralinos excepting a nearly pure

TeV Higgsino.

Note that the imposition of the unified gaugino mass condition essentially imposes the

requirement that there is a tiny Wino content in the LSP. The hatched region in Fig. 3.2

is filled in when non-unified gaugino masses are allowed. In this case, a thermal relic DM

candidate can be obtained for a Bino tempered with Wino if M1 ≈M2, which implies that

the SD cross section decreases, effectively filling in the region beneath the curve in Fig. 3.2.

Note that when σSD ∼ O(10−6 pb), there is additional model dependence since the squark

contribution becomes important (see Appendix A).

Finally, we note that there is a region of well-mixed Higgsino–Wino near 2 TeV with a

thermal abundance (where M2 ≈ µ). In this case, the second line of Eq. (III.28) applies,

and we find an approximate SD cross section of 6× 10−6 pb, perhaps able to be probed at

a future 1 ton COUPP-like experiment. These are the neutralinos which account for the

hatched region above the points in Fig. 3.2.

Not only is the SDM a simplified system useful for understanding the physics of SD
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Figure 3.2: σp
SD, as a function of mχ for points satisfying the relic density constraint. We have

imposed gaugino mass unification and taken the decoupling limit. The shaded region
above the dotted line corresponds to “large” SD and will be probed in the near term.
The solid red line is the current bound from IceCube, assuming annihilation to W+W−.
The blue hatched region is filled in if the assumption of gaugino mass unification is
relaxed. The sfermion masses are taken to be O(2TeV).

scattering in the MSSM, it is potentially of independent interest. The DM may be unrelated

to the solution to the hierarchy and simply given by the Lagrangian of Eq. (III.26) [24, 155].

Then the DD story is essentially unchanged except there is greater parametric freedom.

For example, the Higgs boson mass is no longer fixed by SUSY. Then the only constraint

is mh . O(TeV) to unitarize W±
L scattering. For mh ∼ TeV, the SI DD cross section is at

most 10−12 pb which would not lead to a signal in the next round of SI experiments. While

such a large Higgs boson mass is in tension with precision electroweak measurements, it

could be reconciled with a contribution to the T parameter [180] in a way that factorizes

from the DM phenomenology.

If one allows for a non-thermal history, the freedom of the SDM allows off-diagonal
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parameters of the mixing matrix that give |ZHd
|2 − |ZHu |2 = 1. This maximizes the SD

DD signal from Z0 exchange (σSDM
SD ≈ 4 × 10−2 pb). Thus, the SDM with a non-thermal

history predicts scattering anywhere up to (or even above) the current bounds. Requiring

a thermal history limits the amount of doublet allowed in mχ, decreasing σSDM
SD . For if a

very large doublet component is chosen (in an attempt to maximize the SD cross section),

the requirement of reproducing the relic density requires µS to be O(TeV).

3.5 Spin Independent versus Spin Dependent

When a Majorana fermion couples to the Z0, there is necessarily an interaction with a

Higgs boson, which leads to SD and SI elastic scattering respectively. In the last section, we

concentrated on the physics behind the size of the SD cross section. We now ask following

questions: what is the expected correlation between the SI and SD signals? Is it possible

to make one large while the other nearly vanishes?

Since mh and mZ are known in the MSSM, there exists a correlation between the SI and

SD signals, at least in limit of heavy sfermions and Higgs boson decoupling. For this region

of MSSM parameter space, the SI and SD DD cross sections are given by Eqs. (III.22) and

(III.24), where only mixing factors and the Higgs boson mass are left unspecified. The light

Higgs boson mass is constrained to lie in the tight range 114 GeV < mh < 130 GeV, where

the lower bound is due to the LEP limit and the upper bound comes from considerations

of fine-tuning. For the SplitSUSY model – where the decoupling and heavy sfermion limits

certainly apply – the Higgs boson mass is allowed to be larger: mh < 160 GeV.

In Figs. 3.3, 3.4 and 3.5, we have plotted the max(σp
SI, σ

n
SI) vs. σp

SD for neutralino

scattering with various restrictions. We have taken the scalar superpartners to be O(2

TeV).

As discussed in Section 3.1, we define “large” cross sections to be σlarge
SI > 5×10−9 pb and

σlarge
SD > 10−4 pb, motivated by the projected near term range of current DD experiments.
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Hence, the shaded region delineates the (very approximate) reach of the next generation

of SI and SD experiments. Note that this neglects the dependence of the sensitivity on

the mass of the DM. The maximum for σSD in Fig. 3.3 is given by Eq. (III.30) and for

Figs. 3.4 and 3.5 is given by Eq. (III.34).

In Fig. 3.3 we show points for both thermal and non-thermal neutralinos. This is the

our most general framework, and in this case it is clear that the correlation between the

relevant mixing angles (and hence cross sections) is weak. By only allowing points which

have a thermal relic density within ± 3σ of the WMAP measurement (see Figs. 3.4 and

3.5), the correlation progressively improves. We will discuss this in detail in what follows.

We will pay special attention to the mH →∞ limit. In any theory with multiple Higgs

bosons, a small SI signal can occur when the diagrams from Higgs boson exchange cancel

against one another. Two important points should be made. First, this cancellation is often

incomplete and typically cannot be realized for scattering off of both protons and neutrons

simultaneously. Second, such a cancellation is a conspiracy – it requires unexpected rela-

tionships between parameters in the Higgs sector and nuclear matrix elements. The finer

the cancellation, the greater the conspiracy (for further discussion of this cancellation, see

Sec. 3.5.3). If one takes the decoupling limit for Fig. 3.3, so that SI DD is determined

by h exchange alone, the maximum SI cross section is ∼ 3× 10−8 pb. Note that even for

mA ∼ O(TeV) there can be nontrivial contributions for tβ ∼ O(50) (see Eq. (III.21)).

There is a negative correlation between fine-tuning and the size of DD cross sections

(see Eq. (III.25)) [158, 142]. To emphasize this point, in Figs. 3.3, 3.4 and 3.5 we have

marked points with |µ| < 500 GeV by blue dots and points with |µ| > 500 GeV by red

crosses. The apparent feature around σSI ≈ 10−8 pb in Fig. 3.4 is due to the finite range

of mA taken in this scan (mA < 1TeV) – the points above this gap have constructive

contributions from h and H while the points below have destructive contributions. There
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Figure 3.3: The max(σp
SI, σ

n
SI) vs. σp

SD cross sections in pb for the MSSM. The dots (in blue) and
crosses (in red) correspond to |µ| < 500 GeV and |µ| > 500 GeV respectively. The
horizontal (vertical) line refers to the projected sensitivity for the next generation of
SI (SD) experiments. We have shaded the near-term probeable region. Note that we
are neglecting the dependence of this sensitivity on the neutralino mass. We have not
imposed the thermal relic density constraint. All sfermions have masses of O(2 TeV).
If one takes the decoupling limit, there is a maximum value for σSD = 3× 10−8 pb.

are a few interesting features in Fig. 3.5. The gap which extends along the entire plotted

range of SD cross sections is due to a slight cancellation between the various contributions

from the light Higgs boson (see Eqs. (III.18) and (III.19)) which can occur at finite tβ

(tβ < 50 in this scan). The small number of points around σSD = 3× 10−4 pb is due to the

opening of the top threshold (see Fig. 3.2). The behavior around σSD = 2× 10−5 pb is due

to the cross over from dominantly Bino to dominantly Higgsino DM, which occurs around

mχ = 500 GeV.
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Figure 3.4: The max(σp
SI, σ

n
SI) vs. σp

SD cross sections in pb for the MSSM. We have imposed that
the thermal abundance of the neutralinos is within ± 3σ of the WMAP measurement.
The dots (in blue) and crosses (in red) correspond to |µ| < 500 GeV and |µ| > 500
GeV respectively. The horizontal (vertical) line refers to the projected sensitivity for
the next generation of SI (SD) experiments. We have shaded the near-term probeable
region. Note that we are neglecting the dependence of this sensitivity on the neutralino
mass. All sfermions have masses of O(2 TeV).

3.5.1 Large SI and Large SD

To have non-zero SI and SD signals, a Bino-Higgsino, Wino-Higgsino or Bino-Wino-

Higgsino mix is required. In fact, appreciable SI and large SD signals can be generated as

long as the Higgsino fraction is larger than O(10%). Note that the |µ| < 500GeV points,

which correspond to less fine-tuning in mZ , imply large SD signals. When the gaugino

fraction is dominated by Wino rather than Bino, the relative size of g and g′ gives a slight

enhancement in the SI cross section. There can be further enhancement of the SI cross

section if sgn(ZB) 6= sgn(ZW ) (see Eq. (III.18)) which accounts for points with the largest

SI values in Figs. 3.3 and 3.4. This cannot occur in models with unified gaugino masses,
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Figure 3.5: The max(σp
SI, σ

n
SI) vs. σp

SD cross sections in pb for the MSSM with gaugino mass
unification. We have imposed that the thermal abundance of the neutralinos is within
± 3σ of the WMAP measurement. We have taken the decoupling limit (mA = 4TeV).
The dots (in blue) and crosses (in red) correspond to |µ| < 500 GeV and |µ| > 500 GeV
respectively (see the text for a discussion). The horizontal (vertical) line refers to the
projected sensitivity for the next generation of SI (SD) experiments. We have shaded
the near-term probeable region. Note that we are neglecting the dependence of this
sensitivity on the neutralino mass. All sfermions have masses of O(2 TeV).

where M2 ≈ 2M1.

Large SI and SD signals occur as long as there is non-trivial gaugino content in the

WIMP. Imposition of the thermal relic density constraint formχ > mW , ensures a minimum

required Bino component. If one imposes the large SI and SD condition, |ZB|2 . 0.7 and

|ZB|2 . 0.85 below and above the top threshold respectively. Note that the large SD

requirement implies that mχ < 200 GeV (see Fig. 3.2). Hence, the assumption of a thermal

history is necessary to conclude that the neutralino is a Bino-Higgsino admixture, rather

than Wino-Higgsino.

In the next three subsections we will attempt to elucidate the difficulties one encounters
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when trying to suppress SI and/or SD. This will allow us to argue that large SI and SD DD

signals are the generic prediction for a well-tempered MSSM neutralino, since suppression

of either SI or SD or both requires doing some gymnastics. While future data may force

these contortions upon us, we conjecture that if the DM is a well-tempered neutralino, it

is likely to be discovered in the next generation of DD experiments.

3.5.2 Small SI and Small SD

There are two ways to suppress both SI and SD. The first is to make |ZHu | = |ZHd
| = 0,

which is equivalent to the µ→∞ limit. This limit leads to fine-tuning of the electroweak

scale. To achieve the proper thermal relic abundance in this case requires a Bino-Wino mix.

Note that the Bino and Wino only mix indirectly through the Higgsino. Therefore, two

insertions of the mixing factor are required, and the resulting mixing is of size (mZ/µ)2.

One can see the effects of this limit by inspecting the red crosses in Figs. 3.3, 3.4 and

3.5. The upper bound in Figs. 3.3 and 3.4 are from points which are either Bino/Higgsino

or fully mixed states while the points with the smallest values for SI are due to either

Wino/Bino neutralinos or the cancellations discussed in Sec. 3.5.4.

The second option is to take M1,2 À µ. This will imply that ZB,W = 0, thereby

suppressing SI DD, and |ZHu | = |ZHd
| so that SD DD is also zero. Reproducing the

measured relic density then requires µ ≈ 1 TeV. When one does impose the thermal

relic density as a prior, Fig. 3.2 shows that for DM masses of O(TeV), i.e. the region

of dominantly Higgsino DM, the SD cross section ranges from O(10−5 pb) to 0. Fig. 3.5

shows the corresponding SI cross sections for this range. The trend of SI and SD going to

zero in this plot is due to the limit M1,2 →∞. Thermal dark matter in either of these two

limits (µ or M1,2 →∞) will have a finely-tuned electroweak scale.
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3.5.3 Large SI and Small SD

There are points which have large SI and SD with a nearly maximal gaugino fraction.

If one relaxes the requirement of large SD, then the gaugino fraction can be pushed to

nearly 100% while keeping the product ZB,W ZHu,d
approximately fixed, which in turn

keeps the SI cross section constant. The relic density constraint can still be satisfied since

both Winos and Higgsinos annihilate to W± bosons with approximately the same rate.

There is another way to have small SD while allowing large SI. In the context of the

SDM, one can take λ = λ′, i.e. tβ = 1 in the MSSM. From the SDM mass matrix

(see Appendix B), one can see that mixing between S and D− will vanish. Since the

SD cross section is proportional to this mixing factor, ZD− , it will be zero as well. This

effect accounts for the empty region in Figs. 3.3 and 3.4 since we restricted tβ > 5 in our

numerical scans.

For tanβ ∼> 1.5, we find that for σSI ∼ 5 × 10−9 pb the smallest cross section for SD

is σSD ∼ 10−6 pb. If one allows σSI < 5 × 10−9 pb, then as |ZHu,d
| → 0, σSD/σSI →

|ZHu,d
|2 → 0. Hence, SD falls off faster then SI. However, this is the µ → ∞ limit which

leads to fine-tuning as described above.

3.5.4 Small SI and Large SD

Large SD requires a well-tempered neutralino, which naively also leads to large SI DD.

In this section we will enumerate the various options one has for suppressing SI signals.

We will argue that all options require fine-tuning or numerical coincidences.

Here are the options for minimizing σSI:

1. One can make mh and mH heavy; however mh ≈ 115 GeV in the MSSM in the

absence of large fine-tunings. Even in SplitSUSY, mh∼< 160 GeV.

2. Since cu,d ∼ (ZW − tw ZB), i.e the Higgs couples to the Zino, one could attempt to
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restrict the DM to only be a photino-Higgsino admixture. In Appendix C, we show

that this is impossible when one restricts M2 by the LEP bound.

3. One can tune
(
f

(N)
Tu + 2 2

27 f
(N)
TG

)
cu
mu

against
(
f

(N)
Td + f

(N)
Ts + 2

27 f
(N)
TG

)
cd
md

by tuning

the contribution from H against that from h. As we will discuss below, it is not

possible to precisely tune this quantity to zero simultaneously for the proton and

the neutron (see Fig. 3.6). However, an approximate realization of this condition is

possible – this is the tuning that underlies large SD/small SI points in Figs. 3.3 and

3.4 and reported in the literature (e.g. [171]).

4. One can tune the contribution from the proton against the contribution from the neu-

tron. The cancellation would only hold for a specific element. Since all experiments

do not use the same elements, we will not pursue this case further.

In what follows, we minimize the SI cross section by tuning the contributions from the h

and H against each other (point 3 above). From Eq. (III.19), this cancellation requires (in

the decoupling/large tβ limit) sgn(ZHu) = sgn(ZHd
). This condition for cancellations to be

possible was first noted in [88]. Using DarkSUSY we have confirmed that this is a necessary

condition, not just in this limit, but for any values of the pseudo-scalar Higgs mass (mA)

and tβ. This condition only occurs for certain signs of M1, M2 and µ. If large SD/small

SI were observed for neutralino DM, this would constrain the signs in the neutralino mass

matrix.

Let us estimate the maximum allowed suppression. To good approximation1, the best

one can do is to tune away the coupling to (for example) the proton:

cu
mu

= −
(
f

(p)
Td + f

(p)
Ts + 2

27 f
(p)
TG

f
(p)
Tu + 2 2

27 f
(p)
TG

)
cd
md

≡ −f (p)
d/u

cd
md

≈ −1.64
cd
md

.(III.35)

1From Fig. 3.6 the absolute minimum of the total SI cross section occurs between the region where the coupling
to the proton and neutron vanish. Therefore, the following analytic estimate will be off by a factor of a few.
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In order for Eq. (III.35) to have a guaranteed solution requires independent control of α

and mH . Since there is a non-trivial relationship between α and mH (both are determined

by mA), our lower bound provides a conservative estimate. Using Eq. (III.8) to estimate

cq and plugging in the relationship between cu and cd from Eq. (III.35) gives σp
SI = 0 and

σSI = σn
SI =

4
π
m2

n

(A− Z)2

A2
m2

r y
2
χ

1
m4

h((
f

(n)
Tu + 2

2
27
f

(n)
TG

)
f

(p)
d/u −

(
f

(n)
Td + f

(n)
Ts +

2
27
f

(n)
TG

))2

(III.36)

≈ 8× 10−13 pb
(

115GeV
mh

)4 ( yχ

0.1

)2
(SI with cancellations).(III.37)

This gives an estimate for how small SI can be, absent taking some of M1,M2, µ→∞. The

effects of the current uncertainties on the hadronic matrix elements described in Sec. 3.1.1

can change change the amount of cancellation allowed (the coefficient in Eq. (III.35)),

altering the lower bound in Eq. (III.37) by O(50%).

In Fig. 3.6 we show the SI cross section on the proton, the neutron and both as a

function of mA for a 93 GeV neutralino with a thermal relic density of ΩDM h2 = 0.1,

σp
SD = 9 × 10−4 pb and σn

SD = 6 × 10−4 pb. One can clearly see that both contributions

to SI DD cannot both be canceled simultaneously. At the minimum, σmin
SI = 3× 10−12 pb

for mA = 751 GeV. For a shift in mA of ∼ 5%, the cross section becomes ∼ 2 × 10−10

pb – a change of almost 2 full orders of magnitude. This emphasizes the delicacy of the

cancellation. Other than in the limited region where the cancellation occurs, the entire

range is probeable by the next generation of SI experiments.

Numerically, we find that for σSD > 10−4, the smallest σSI can be is O(10−14 pb) where

the suppression beyond the value in Eq. (III.37) is due to small mixing angles.

Finally , we note that while these kinds of conspiracies are allowed, there is no reason

to expect that the SUSY breaking parameters have anything to do with the nuclear matrix

elements. We take this as evidence that such cancellations are unlikely.
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Figure 3.6: Plot of the SI DD cross section for the neutralino scattering off of a proton (solid), a
neutron (dashed) and both (dotted) as a function of mA. For reference, the size of the
SD cross section is about 9×10−4 pb (proton) and 6×10−4 pb (neutron) and mχ = 93
GeV. The thermal relic density is ΩDM h2 = 0.1. The minimum value for the total SI
DD is σmin

SI = 3×10−12 pb for mA = 751 GeV. By changing mA by 5%, the cross section
becomes ∼ 2× 10−10 pb. For small mA the cross section is on the order of σSI ∼ 10−7

pb and in the decoupling limit the cross section is on the order of σSI ∼ 10−9 pb – the
entire region where there are not any conspiratorial cancellations is within the reach of
the next generation of SI experiments.

To conclude, in this chapter we have explored the physics of SD DD with an emphasis on

the correlations with SI experiments. In the process, we have determined some expectations

for the SD cross sections. In particular, in the MSSM,
(
σSUSY

SD

)
< 6 × 10−3 pb without

making any assumptions about the thermal history. Again, allowing for a non-trivial cosmic

history, but imposing the unified gaugino mass condition, we find
(
σSUSY

SD

)
< 4× 10−3 pb.

Finally,
(
σSUSY

SD

)
< 2 × 10−3 pb when a thermal relic density is imposed. These represent

important targets for future experiments. We note that if SD cross sections larger then

∼ 6×10−3 pb were observed, the DM would not be an MSSM neutralino. This would point

to more exotic theories like the SDM or models with light mediators [57]. For models which

reproduce the relic density, in the decoupling limit, and unified gaugino masses, a 1-ton
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COUPP-like experiment could probe the entire range of SD cross sections up to WIMP

masses of O(1TeV).



CHAPTER IV

Annihilations to a new, heavy lepton

If PAMELA positron results are indeed signals of dark matter and the antiproton back-

ground corresponds to that of conventional models, the dark matter particle annihilates

primarily to leptons. Construction of a dark matter candidate that primarily annihilates

directly to leptons is non-trivial. Majorana fermions have helicity suppressed annihila-

tions to light fermions, and Dirac fermions face significant model building challenges [116].

However, one can consider new annihilation modes into non-Standard Model states, which

then subsequently decay to leptons. Such models can be divided into two categories. In

the first approach, dark matter annihilates to light intermediate particles. If sufficiently

light (∼ GeV), the absence of anti-protons can be explained by simple kinematics [67] (see

also [25, 184, 174, 65, 175]). A second approach is for the dark matter to preferentially

couple to leptons via dynamics [95]. Alternative models have considered the possibility

where dark matter decays preferentially to leptons [61, 59, 114, 127, 26, 60, 128, 217, 219].

Here we present a hybrid approach. Dark matter dominantly annihilates to final states

involving new, heavy particles. These particles mix with the Standard Model leptons,

and so carry lepton number. Following the decay of these new particles, dark matter

annihilations produce hard leptons in association with gauge bosons. The annihilation

spectra from this model are distinct from those previously included in the literature thus

far.

71
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In the next section we discuss the general framework for dark matter annihilations and

heavy lepton decays. The scenario is a very simple extension of the Standard Model. In

section III, we calculate the cosmic ray fluxes from dark matter annihilations and the boost

factor relative to the thermal cross section. We find this scenario can explain the PAMELA

excess with a small boost factor. In section IV, we discuss the possible observation of high

energy neutrinos from dark matter annihilations. In section V, we discuss the possible

production of new vector leptons at the LHC, and their signatures. In section VI we

construct extensions of the Standard Model and Supersymmetric Standard Model which

realize this scenario. Finally, we conclude.

4.1 Annihilations of dark matter into a New, Heavy Lepton

The PAMELA data do more than confirm the excess seen by HEAT [39] and AMS-

01 [11]. The sharp upturn in the positron fraction seems to disfavor annihilations with

hadronic modes, because the positrons from a hadronic shower are generally too soft to

produce such a spectrum. Furthermore, such showers contain anti-protons, and no excess

is observed in this channel. Thus, to reproduce the positron/electron ratio and the an-

tiproton/proton ratio observed by PAMELA, dark matter annihilations should produce a

larger ratio of high energy positrons to antiprotons than annihilations to vector bosons 1.

We propose a new mechanism to achieve this. We assume dark matter annihilation

proceeds via the processes in Figure 4.1. The dark matter particle, χ, annihilates through

new channels which involve heavy vectorlike states, Ξ/Ξ̄, which carry lepton number and

thus subsequently decay into light leptons and W or Z bosons.

This theory can explain the PAMELA signal. The introduction of new, heavy leptons

allows direct annihilation into leptonic states which are not suppressed by a small fermion

mass. This can occur either from direct annihilations to heavy leptons alone (i.e. through
1See, however, [108] for a discussion of whether uncertainties in propagation parameters might accommodate

annihilation to gauge bosons.
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χ
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Ξ, l

Ξ
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W,Z

Figure 4.1: Left: The annihilation process of the dark matter χ to a heavy Ξ̄ lepton and either Ξ or a
Standard Model lepton l. The shaded circle represents a model-dependent annihilation
mechanism. We discuss possibilities for this in section 4.5. Right: Decay of the Ξ into
to a lepton and a W or Z boson.

a χχΞ̄Ξ-type operator) or from a combination of new heavy leptons and light leptons

(through a χχΞ̄li-type operator). Because we do not rely upon a helicity flip on the

external line, such processes can be large and dominate the annihilation rate. We will not

specify the mechanism by which the annihilation proceeds for now, but will revisit this

question. (A similar annihilation to a heavy/light pair can occur in RS theories, although

with different masses and spectra than we consider here [182].)

Under SU(2)×U(1) the Ξ can have quantum numbers (2 ,1/2) (like a Standard Model

`), (1 ,1) (like a Standard Model ec), or (1 ,0) (a complete Standard Model singlet, n).

Any of these is viable, but they have distinct phenomenology.

In the case where we add vectorlike particles with quantum numbers of ec or n, decays

proceed with comparable rates both through W and Z bosons2. Thus, for χχ→ ΞΞ̄, each

annihilation (on average) roughly yields a single charged lepton and two gauge bosons.

In contrast, as we shall see, annihilation to a pair of vectorlike heavy doublets ultimately

yields final states with charged leptons and gauge bosons in a one to one ratio. Since gauge

bosons are a source of anti-protons, taking Ξ as a vectorlike SU(2)L doublet produces the

highest e+/p̄ signal, as is desirable to fit the PAMELA data.

For the study of cosmic ray signals, then, we will focus on the `-like case. For the purpose
2We thank Tom Rizzo for a discussion of this point.
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of the PAMELA data, the consequence of considering the n- or ec-like models instead is

to multiply the p̄ spectrum of the case at hand by a factor of ∼ 2, as an increased boost

factor would be needed to fit the positron data (see section 4.2).

For concreteness, we begin with a Lagrangian3

L =
∑

i

yi`ie
c
ih+ µΞ̄Ξ + εiΞ̄`i + ỹiΞecih+H.c.(IV.1)

Prior to electroweak symmetry breaking, we can do a rotation in (`i Ξ) space to remove

the εi terms at the cost of modifying the ỹi terms. Subsequent rotations on the `i and eci

allow diagonalization of the 3 × 3 submatrix. After electroweak symmetry breaking and

performing the above rotations, the charged and neutral fermion mass matrices are

Mcharged =




me 0 0 0

0 mµ 0 0

0 0 mτ 0

m̃e m̃µ m̃τ µ




, Mneutral =




0

0

0

µ




.(IV.2)

Physical neutrino masses are sufficiently small that we can neglect them. There is no a

priori reason why m̃e ≤ m̃µ, m̃τ . In anarchical models[113], they may all be the same, or

should Ξ carry a lepton flavor charge, it could even be that m̃e À m̃µ, m̃τ . For future

discussion, it is useful to introduce the small parameter δi ≡ m̃i/µ.

4.1.1 Decays of the heavy leptons

Let us begin by focusing on the phenomenology of the neutral sector. All neutral

states (both Standard Model and the new heavy state) have identical couplings to the

gauge bosons. So, when the mass matrix is diagonalized, no off-diagonal couplings to the

Z boson are created — the mathematics is identical to that which ensures the absence

of FCNCs in the Standard Model. However, the differences in diagonalizing the charged
3A similar Lagrangian can be constructed for the situation where Ξ is neutral (see, for instance, [58]).
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lepton mass matrices will lead to off-diagonal charged current decays. Thus, neutral Ξ

states decay to a W±`∓ final state.

The decay modes of Ξ± are more complicated. We assume that the Ξ± state is heavier

than the Ξ0 state. The charged state has non-vanishing couplings to three final states:

Ξ0W±∗, Z`±, and W±ν. Typically, the most suppressed of these decays is the decay to

W±ν. This heavy–light charged current coupling is down by a factor (m`/µ)δi, where

m` is the relevant charged lepton mass. Were m` to vanish, then the rotation on the

left-handed doublet has no effect (just as in the neutrino case above). This is the origin

of the suppression. Thus, the two decay modes of potential phenomenological interest

are Ξ0W ∗± and Z`±. The first of these receives no suppression from small couplings,

but receives a large phase space suppression. If no additional couplings are added to

the theory, the dominant contribution to the ∆mΞ ≡ mΞ± −mΞ0 mass splitting is from

the loop effect induced by the Coulomb interaction, analogous to π± − π0 mass splitting.

Because this effect is cut-off by the scale of electroweak symmetry breaking, it is finite and

is approximately given by ∆mΞ ≈ αMZ
2 ≈ 350 MeV. There is an additional (subdominant)

contribution to the splitting between the charged and neutral states of size δ2µ due to

the mixing with the Standard Model states. We will see later that δ is constrained to be

. 10−2. For the tiny splittings induced by the Coulomb interactions, decays will proceed

to Ξ0 and a soft charged pion with a rate given by [211]

(IV.3) ΓπΞ0 = G2
F cos2 θCf

2
π(∆mΞ)3

√
1−

(
mπ

∆mΞ

)2

.

The remaining decay, Ξ± → Z`±, is unsuppressed kinematically, but the relevant coupling

is proportional to δ. It is given by

(IV.4) Γ`Z0 =
mΞδ

2g2

64π cos2 θW

(
1−

(
mZ

mΞ

)2
)2 (

2 +
(
mΞ

mZ

)2
)
.

For δ > 10−7, the kinematic suppression of the charged current decay is more severe, and
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the decay via Ξ± → Z`± dominates. In the remainder of the paper, we will assume that δ

is sufficiently large so that Ξ± decays in this way.

4.1.2 Spectrum of annihilation products

We first consider the case when the dark matter dominantly annihilates into two heavy

states. It is natural to assume the dark matter annihilates equally into Ξ+Ξ− and Ξ0Ξ0.

Based on the above discussion, these processes yield `+`−ZZ and `+`−WW final states.

In principle, the mixing of the new vectorlike state can be with any Standard Model lepton

family. Not surprisingly, the case where mixing is dominantly into electrons provides the

most favorable to fit the PAMELA positron spectrum: it produces the hardest positron

spectrum possible for a certain amount of antiprotons. Mixing with µ and τ leptons will

require larger boost factors to produce the positron signal and will result in some tension

with the anti-proton data.

We now address the spectrum that results from dark matter annihilation. It depends

on the masses mχ and mΞ. In the limit mΞ → mχ, the spectrum decomposes into two

components: gauge bosons of energy ∼ mχ/2 (assuming mΞ ≈ mχ À mV ) and electrons

and positrons of energy mχ/2. Here mV is the mass of the relevant gauge boson. In the

opposite limit, mχ → mV , the energy of the positron from the Ξ decay goes to zero. The

most relevant positrons come directly from gauge boson decay will have maximum energy

mχ. Finally, one finds the hardest electron/positron spectrum for the lepton from Ξ decay

comes for

mΞ =
√

2mχmV −m2
V .(IV.5)

The spectra for these three limits are shown in Fig. 4.2.

The addition of two hard leptons to every annihilation allows a fit to the observed

positron fraction with a smaller boost factor than would be required if annihilation pro-

ceeded directly to gauge bosons. This provides a relative suppression of the antiproton
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Figure 4.2: Positron spectra from the process χχ → ΞΞ̄ for three different Ξ masses for a dark
matter mass mχ = 800 GeV. These injection spectra are shown prior to propagation
and correspond to a single annihilation. It is assumed that the Ξ decay via a mixing
with electrons.

contribution. This is roughly an order of magnitude change with respect to the case of

pure annihilation to gauge bosons. Residual p̄’s will still provide a constraint. We will

explore this in section 4.2.

Next, we consider the case where dark matter annihilates into one heavy and one light

lepton. Similar final states occur in Randall-Sundrum theories of dark matter [182]. Again,

the natural assumption is that dark matter annihilation populates the charged and neutral

states equally. As long as mΞ . 2mχ, the Ξ final state is available. In this limit (mΞ →

2mχ), no kinetic energy will be available for the Ξ` final state. Thus, the monochromatic

light lepton is soft. Effectively, the final state is a Ξ field at rest, which then decays

as described in the previous section. In the opposite limit of a very light Ξ, there is a

combination of a hard monochromatic lepton plus a Ξ decay spectrum. We plot the positron

injection spectrum in three cases, mΞ = 95 GeV, ≈ mχ, and ≈ 2mχ in Fig. 4.3 for the

case where the final state lepton is an electron. In this heavy–light case, a monochromatic
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Figure 4.3: Positron spectra from the processes χχ → Ξe for a dark matter mass mχ = 800 GeV
and three different Ξ masses. These injection spectra are shown prior to propagation,
and correspond to a single annhilation.

neutrino is also produced. We will discuss its consequences in Section IV.

4.1.3 Precision Constraints

Although we introduce new states that mix with Standard Model leptons, it is obvious

from the outset that there need be no conflict with precision observables. If the mixing

with the Standard Model (as controlled by δ = m̃/µ) is sufficiently small, there will be

no measurable effect on, e.g., g − 2, although Ξ will still decay on (cosmologically) short

timescales. However, to understand the phenomenology of the heavy states, it is important

to consider how large δ can be.

In the case of a vectorlike doublet, there are two relevant classes of constraints. First,

if both δµ and δe are non-zero, a bound arises from the process µ→ 3e. Consistency with

the non-observation of this process BR(µ→ 3e) < 10−12 [44] forces
√
δeδµ < 2× 10−3. A

weaker constraint arises on this combination from µ → eγ. Second, there are constraints

present even if only one δ is non-zero. In particular, there are precision electroweak con-
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straints from considering, e.g., the universality of Γ(Z → ``). This forces δ` < 2× 10−2.

Should we choose the vectorlike state to instead have the quantum numbers of a right-

handed electron, there is also an important bound that comes from the universality of

GF . In that model, the SU(2)L–singlet exotic is mixed with a standard model lepton and

effectively reduces the coupling of this light state to the W . Thus, for the singlet model

there is an additional constraint, δ` < 4× 10−3.

So, there is a large window (roughly 10−7 < δ < 10−2), where the decay phenomenology

described in the previous section applies and is consistent with all precision constraints.

We assume that we are in this window and now move to a detailed discussion of the

astrophysical signals of this model.

4.2 Explaining the PAMELA results

While we have presented a simple scheme for generating hard positrons with few an-

tiprotons, it remains to be seen whether we can fit all of the existing data, and what the

minimal boost factor above the thermal cross section is required to reproduce a good fit.

To investigate the annihilation spectra, we implemented the processes described in sec-

tion 4.1 into MadGraph [156]. This allowed the simulation of the annihilation and decays

shown in Fig. 4.1. Subsequent decays of the W and Z bosons and hadronization where

done with PYTHIA [200]. This produced an injection spectrum of positrons, electrons,

antiprotons, and gamma rays. This spectrum was input to GALPROP [205] to propagate

the decay products through the galaxy. For concreteness, an NFW profile was used [173]

(IV.6) ρ(r) = ρ¯
(r¯
r

)(
1 + (r¯/rs)
1 + (r/rs)

)2

,

with rs = 20 kpc, where r¯ = 8.5 kpc is the galactocentric distance of the sun and ρ¯ = 0.3

GeV/cm3 is the local dark matter density, although the shape of the profile will have little

effect on the observed positron fraction. For positron, electron, proton, and antiproton
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flux backgrounds, we use the model described in [67] with the Alfvén velocity vA = 20

km/s. The diffusion coefficient is taken to be D = β(5.88 × 1028 cm2/s) (R/4 GV)1/3,

where β = v/c and R is the rigidity. The height of halo region is set to L = 4 kpc.

There are a number uncertainties that enter into the calculation of the rates. In addition

to the cross section itself, indirect detection signals are proportional to the number density

squared of dark matter particles. The uncertainties associated with this are usually encoded

into a “boost factor”. We define the boost factor as

BF =
1

VCR

(∫
d3x

n2
true(r)
n2(r)

〈σv〉
〈σv〉thermal

)
.(IV.7)

Here n(r) = ρ(r)/mχ is the previously mentioned NFW profile with local density ρ0 =

0.3 GeV cm−3. ntrue(r) = ρtrue(r)/mχ is the actual (possibly clumpy) number density of

the dark matter particles in the halo, and the integration is over a region VCR defined by

cosmic ray propagation.

The integral over the number density contains all of the information on astrophysics

and is subject to both uncertainty in the halo profile and uncertainties on propagation.

Clumpiness gives an increase in n2 when compared to a smooth profile. Should the boost

factor arise from astrophysics, it is expected that the boost factors could be different for

positrons and antiprotons. Depending on the positions of subhalos with respect to the

solar position, it could lead BFe+/BFp̄ ∼ 3 [146] and energy dependent boost factors. We

will ignore the possibility of energy dependent boost factors in this work, but will bear in

mind the possibility that astrophysical uncertainties might somewhat ameliorate tensions

between positrons and anti-protons. Note that uncertainties in the local number density

could be a factor of ∼ 2 (yielding a boost of ∼ 4) [46, 16]. Altogether, boosts of up to

∼ 10 arising from astrophysics alone are likely reasonable, while much higher boosts (as

we shall find are necessary for heavier WIMPs) likely would rely on a contribution from a

non-trivial dark matter cosmology.
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It should also be noted that uncertainties in the propagation of antiprotons could sup-

press the dark matter contribution to the antiproton signal by up to an order of magnitude

[82]. The effects of these changes on the positron flux is more modest. So, while in this

work we quote a boost factor for the positron signal and naively apply the same the boost

factors to the anti-protons, it should be kept in mind that masses that initially appear to

be ruled out by the observed p̄/p ratio might be allowed once a full accounting of these

uncertainties is made.

We show the results of our analysis in Fig. 4.4. We find that it is possible to fit the

PAMELA positron data for a variety of masses. For each set of masses, we find the boost

factor (as defined above) that gives the best fit to the data. To avoid the complications

of solar modulation [185, 69], we perform a χ2 fit to only the four highest energy bins of

the PAMELA data (where solar modulation is known to have little effect). The results are

the boost factors shown in Fig. 4.4. Since PAMELA data were taken during a negative

polarity part of the solar cycle, correcting for modulation would reduce positron ratio at

lower energies, bringing the curves into qualitatively better agreement with the data.

The smallest dark matter mass found to be consistent with the PAMELA positron data

is mχ = 200 GeV with mΞ À mW . In this case, the boost factor required is only 6, which

could very plausibly be entirely due to astrophysics. Thus, dark matter signals could result

from a thermal annihilation cross section with no need for non-thermal production or late

time cross section enhancements. As mχ increases, the boost factor required is increasingly

unlikely to be given by astrophysics alone, and an increase in the annihilation cross section

beyond the thermal one is likely necessary. This could be consistent, for example, with a

cosmological history where the dark matter is produced non-thermally, or if the late-time

properties of the dark matter change [70]. If Ξ decays to muons or tau leptons, this will

produce a softer positron spectrum and will require boost factors to fit the positron data.
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These will come into more tension with the antiproton data. For muons, the difference is

roughly a factor of two from the electron case.

Dark matter masses mχ ∼ 500 GeV are in tension with the antiproton data. Keeping in

mind the earlier caveats mentioned on astrophysical uncertainties (both propagation and

clumpiness), a prediction of this model is that the dark matter have mass less than 500

GeV. A turn-over or plateau in the positron fraction should be imminent. A reasonable fit

to both the p̄ and positron data is possible in the case where the Ξ dominantly mixes to

muons for mχ < 400 GeV.

When annihilation occurs via χχ→ Ξe, the positron spectra have slightly cuspier shapes

than when annihilation proceeds through χχ→ ΞΞ̄, see Fig. 4.5. The boosts required are

similar to the ΞΞ̄ case, and the fits are comparably good. Annihilations via χχ → Ξµ

can also give good fits, but require somewhat larger boosts, leading to some tension with

anti-proton results, even for lower dark matter masses. A dark matter mass of mχ = 200

GeV that decays in this way is marginally consistent with the positron and antiproton

observations for a boost factor of 10-20, depending on the Ξ mass.

Finally, if χχ→ ΞΞ̄ annihilation dominates, a choice of mχ = 800 GeV and mΞ = 370

GeV allows a qualitative fit to the shape and position of the Fermi data [3], demonstrated

in Fig. 4.6. In this figure, the background is scaled such that it saturates the low energy

data. While the signal does not reproduce the Fermi data precisely, we find this qualitative

fit encouraging. If the Fermi anomaly is from dark matter, and this model is to explain it,

this points to a mχ = 800 GeV to 1 TeV dark matter particle with a large boost factor,

∼35. This is lower than the boost factor required for fits to the PAMELA positron fraction,

however it does ease the tension with the antiproton data (Fig. 4.4).
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Figure 4.4: Positron fraction and antiproton fractions χχ→ ΞΞ̄. The boost factors are relative to
3× 1026 cm3/s, and are found by scaling the positron flux to fit the observed positron
fraction. In the mχ =200, 300 GeV cases, the boost factor required is sufficiently small
that the dark matter might have a thermal relic abundance.
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Figure 4.5: Positron fraction and antiproton fractions for χχ→ Ξe. The boost factors are relative
to 3×1026 cm3/s, and are found by scaling the positron flux to ft the observed positron
fraction. In the mχ = 200 GeV case, the boost factor required is sufficiently small that
the dark matter might have a thermal relic abundance.



85

Kinetic Energy (GeV)
210 310

 s
 s

r)
)

2
/(

m
2

))
 (

G
eV

-
(e

Φ
) 

+ 
+

(e
Φ(3

E

-310

-210

-110
Fermi

Background

 = 371 GeV, BF = 36Ξm

 = 800 GeVχm

Figure 4.6: ATIC signal for mχ = 800 GeV and mΞ = 371 GeV. The background has been scaled
to saturate the low energy total flux. The required boost factor is 36, indicating a
non-standard cosmological history for the dark matter.

4.3 Neutrino Signals

The detectability of neutrino signals, in particular as related to models to explain

PAMELA has recently been studied [40, 118, 151]. Upcoming experiments such as Ice-

Cube [14] and ANTARES [10] could potentially show sensitivity.

If annihilation proceeds as χχ → ΞΞ̄, with Ξ an electroweak doublet, there are es-

sentially no hard neutrinos produced. However, in the case that annihilations proceed

χχ → `Ξ̄, such processes will produce equal numbers of monochromatic charged leptons

and neutrinos. This monochromatic ν presents an exciting experimental target.

The background from cosmic ray neutrinos [120] can be well modeled by a power law.

Following [40], we examine the signal at a neutrino telescope by requiring a signal to

background ratio of 1 in a bin from 10−.5mχ to mχ when compared with the angular

average of νµ + ν̄µ. We assume that oscillations yield 1/3 of all neutrinos as muon flavor.

The signal is proportional to the line-of-sight integral of the dark matter density averaged

over the relevant solid angle, J∆Ω. We calculate J∆Ω of 680 for a 2◦ region around the
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galactic center in an NFW profile. This solid angle corresponds to the angular resolution

of ANTARES. Taking this gross analysis requiring S:B=1, we find that a detectable signal

can be found for boosts of roughly 3204.

Such a limit depends only weakly on the dark matter mass (assuming µ¿ mχ), although

for very large neutrino telescopes where the background statistics are large enough to model

the background, the appropriate comparison is naturally S/
√
B and greater sensitivity

would be possible. For reference, in ten years of IceCube running we expect 200 background

events from 500-1000 GeV in a 2◦ region[151]. Thus, without a careful examination of

background models, we cannot say how detectable this scenario would be at lower masses.

For higher masses, detection will be statistics limited, and the S:B criterion is the right

one. This case seems borderline in its detectability. Ruling out this model with neutrinos

seems difficult. That said, there is substantial evidence within numerical simulations for

many subhalos in the Milky Way[76, 77, 203]. Should one of these provide a larger J∆Ω, for

instance by being cuspy or very nearby, a positive detection remains tantalizingly possible.

IceCube has good angular resolution and could focus on one of these regions in an effort

to suppress the atmospheric neutrino background.

In fact, if this substructure is sufficiently generous, then it might be possible to observe

the ν’s produced in the case where the Ξ is an SU(2)L singlet, but dark matter annihilations

go to ΞΞ̄. In this case, the neutrinos have a spectrum very similar to that seen for positrons

in Fig. 4.2. They have energy roughly a factor of two lower than the case where direct Ξν

dominates. Due to the steeply falling power law nature of the background, these neutrinos

would have to be visible over a background roughly an order of magnitude higher.

Lastly, we should note that the observability of the galactic center signals rely on cuspy

profiles into the inner 2◦. Should those profiles extend into the inner ∼ 0.5◦, strong gamma

ray limits from HESS may constrain possible neutrino signals [153, 50, 47, 163].
4Here the boost refers specifically to the cross section into νΞ̄ rather than the total cross section.
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4.4 Collider Signals

While dark matter signals are often elusive at a collider, we have the exciting possibility

of directly producing the new Ξ states that dominate dark matter annihilation. The cases

where the Ξ has quantum numbers of a leptonic doublet or a right-handed electron are

interesting. These states will be produced via the Drell-Yan process. The collider phe-

nomenology of the case where the Ξ is a complete Standard Model singlet is uninteresting,

simply because it will not be produced at an important level.

First, we consider the doublet case. Production of Ξ+Ξ−, Ξ0Ξ0, and Ξ±Ξ0 are possible.

The production of Ξ+Ξ− leads to a ZZ`+`− final state. The cross section at the LHC for

this mode is 27 fb at mΞ = 200 GeV. In 300 fb−1, we expect ∼ 50 six lepton events, with

4 leptons reconstructing to a pair of Z bosons. While very few events are expected, they

would be spectacular; irreducible physics backgrounds in this channel are vanishingly small.

In addition, one could expect observation in the (ZZ``→ 4`+2j) mode and perhaps even

the 2`+4j mode. We estimate the background in the 4`+2j case to be 9 fb from ALPGEN

[159] using the process ZZjj → 4`jj. These backgrounds could be substantially reduced

by requiring that the jets reconstruct a Z and applying a Z veto on one of the pairs of

leptons. Lepton flavor tagging could also additionally suppress backgrounds. Before cuts,

we expect ∼ 500 4`+2j signal events in 300 fb−1 for mΞ = 200 GeV. Assuming these cuts

reduce the background by a factor of a few without compromising the signal, this will give

a S:B∼1. The signal would fall to ∼ 180 events in 300 fb−1 at mΞ = 300 GeV. At the

Tevatron, the cross section for Ξ+Ξ− production for mΞ = 200 GeV is 1 fb, too small to

be seen.

If the mixing between the Ξ± and the Standard Model is very weak, then the Ξ±

could be long-lived on detector time scales. However, in the doublet case, the existence

of the Ξ± → Ξ0π± decay mode unsuppressed by δ (Eqn. IV.3), means that the tracks do
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not extend much more than a centimeter [211]. This makes observation of these events

unlikely. This changes in the case where the Ξ± is a SU(2) singlet. Then for sufficiently

small mixings, a striking long-lived charged track is possible, as all Ξ decays are suppressed

by δ. Depending on the size of δ, there is also a possibility [129, 130] that Ξ could solve the

primordial lithium problem. For a choice of δ that allows Ξ± to decay around BBN, Ξ±

would clearly be long-lived on detector time scales. The current bound on the production

cross section of such a long -lived particle from the D0 experiment is . 10 fb[1]. This

translates to a lower bound on the mass of a SU(2)-singlet Ξ± of 120 GeV.

Returning to the doublet case, we turn to Drell-Yan production of Ξ0Ξ0. This produces

a W+W−`+`− final state. The cross section at the LHC for Drell-Yan production of the Ξ0

is 93 fb at mΞ = 200 GeV. In 300 fb−1, we expect ∼ 1300 4`+ 6ET events. While Standard

Model diboson production presents an important background, lepton flavor tagging could

provide a helpful discriminant: the Standard Model rate for 3``′ is very much suppressed.

It might also be possible to observe this final state in the 3` + 2j+ 6ET channel. The

Standard Model background (σ× BR) for this state from WZjj is roughly 200 fb. So, it

will be important to impose a Z veto. Fakes from top production could also be important,

and more study is warranted.

Finally, Ξ±Ξ0 can be produced via an intermediate W boson. This state leads to a

ZW±`+`− final state, which can ultimately yield striking 5` events. For mΞ = 200 GeV,

the production cross section is 756 fb. For mΞ = 300 GeV, the production cross section is

176 fb, and for mΞ = 600 GeV, the production cross section is 12 fb. At the Tevatron the

cross section for Ξ±Ξ0 production for mΞ = 175 GeV is 76 fb, and mΞ = 200 GeV is 4 fb.

For the lowest masses, a few multilepton events could be observed.
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4.5 Models

One of the appealing aspects of our proposal is that it is simply incorporated into the

Standard Model and almost any model of new physics. In this section we will outline more

concrete models that might realize this scenario, first in extensions of the Standard Model

then in extensions to the minimal supersymmetric Standard Model (MSSM). In each case

the basic building blocks are the same: namely, the new leptons states themselves, as well

as an annihilation mechanism, which is accomplished with the introduction of a new scalar.

4.5.1 Non-supersymmetric implementation

We begin by considering a non-supersymmetric realization. The vectorlike heavy lepton

mixes with the Standard Model leptons as in Eq. (IV.1), and decays via a light lepton and

Z boson. The Lagrangian is

L = yXχ
2S + yΞΞ̄ΞS + ỹēRiΞh+H.c.− V (S),(IV.8)

where we have rotated away a potential mass term `Ξ̄H. We also introduce a complex

scalar S = s+ ia with potential

V (S) = m2
SS

†S + βS†S2 + β∗SS†2 + λS(S†S)2,(IV.9)

which has a global U(1) symmetry explicitly broken by β. If we allow a vacuum expec-

tation value for S to give mass to the dark matter and Ξ, then a is a pseudo-Goldstone

boson with its mass controlled by the symmetry breaking parameter β. We have neglected

a possible S†SH†H mixing term. The presence of this term could affect the pseudoscalar

phenomenology. While this term will be generated at the loop level, the radiatively gener-

ated size is suppressed by two powers of m̃/µ and a loop-factor – small enough that it has

no significant effects.

We consider the case where the dark matter annihilates through the pseudoscalar a0.

This avoids the suppression by the velocity of the dark matter v2 that occurs in the case
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Figure 4.7: Decay of the Ξ into to a lepton and a pseudoscalar a, which subsequently decays to
leptons.

of scalar mediation. The annihilation cross section is

〈σv〉ΞΞ =
y2

Xy
2
Ξ

64πm2
χ

√
1− m2

Ξ

m2
χ

1

(1− m2
a

4m2
χ
)2 + m2

aΓ2
a

16m4
χ

.(IV.10)

In the limit that m2
a/m

2
χ << 1 and 2mΞ ∼ mχ,

〈σv〉ΞΞ ∼
(

5.56× 10−24 cm3

s

)
y2

Xy
2
Ξ

(
300GeV
mχ

)2

.(IV.11)

Annihilation into pseudoscalars in this model could also be important, depending on

the structure of the model. If this occurs, the annihilation into a with subsequent decays

a→ e+e− could provide a good fit to the data [67, 25]. However, in the present realization,

annihilation into light pseudoscalars is suppressed by v2 since Majorana fermions can only

annihilate into CP-odd states.

A simple modification of the above Lagrangian would realize the heavy/light annihila-

tion scenario of the previous section. For example, suppose S couples as S`Ξ̄, and ΞΞ̄ gets

a mass from some other source. S no longer gets a vacuum expectaion value, but can still

mediate the Dark Matter annihilation.

For light pseudoscalars, a new decay channel Ξ± → ae± opens, shown in Fig. 4.7. The

pseudoscalar subsequently decays to electrons. The decays of Ξ0 to pseudoscalars vanish

in the limit of vanishing neutrino masses. The branching ratio for charged Ξ decays into
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light pseudoscalars is given by:

BR(Ξ → ae) =
(1− m2

a

m2
Ξ
)2

(1− m2
a

m2
Ξ
)2 + ( g2

cW
)2 1

4y2
Ξ
(1− m2

Z

m2
Ξ
)2(2 + m2

Ξ

m2
Z
)2
.(IV.12)

This branching fraction is small if ma → mΞ or if mΞ >> mZ . So for a low mass Ξ, the

branching fraction to the pseudoscalar will dominate over that to Z bosons until ma ∼ mZ .

If this occurs, this will induce a slight modification of the results of the previous section.

The net result of Ξ± → ae dominating is a reduction in both the necessary boost factor and

the antiproton contribution. Only the Ξ0 → We decays contribute to the antiprotons in

this case. This light pseudoscalar will have a very small coupling to electrons proportional

to δ2e and thus can easily evade detection at LEP.

4.5.2 A Supersymmetric Case

The supersymmetric generalization is straightforward. We will assume there is a dark

matter sector containing the dark matter field X, where the fermionic component is the

dark matter, that is coupled to the MSSM by a singlet S. This singlet then couples to a

vectorlike heavy lepton. The superpotential is given by

W = WMSSM +WDM +WΞ,(IV.13)

where the dark matter sector superpotential is

WDM = yXXXS + yΞSΞΞ̄, .(IV.14)

In this case, the dark matter annihilates via s-channel exchange of the the singlet field, S

to a vectorlike lepton. Annihilation via t- and u-channel processes to the singlet S can also

be important depending on the relatvie sizes of yΞ and yX .

Should Ξ̄ have the quantum numbers of a right-handed neutrinos, we have the mixing

superpotential terms

(IV.15) WΞ = ỹ`Ξ̄Hu + µΞΞ̄.
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Then the Ξ̄ marries mostly Ξ with a small amount of of the neutral component of the

doublet `. The Ξ will decay via mixing with the neutrinos, so possible decays are to the

Z boson and a light neutrino or to a light lepton and a W boson. Decays of the Ξ into a

light neutrino and a Z boson will produce the cosmic ray spectra of decays of Z bosons.

Decays to leptons will produce a hard lepton and the cosmic ray spectra from W boson

decays. Essentially identical remarks apply to the analogous superpotential where we give

Ξ the quantum numbers of the right-handed electron.

We now focus on the case where the Ξ has the same quantum numbers as the left-

handed lepton doublet, most similar to the case discussed in the previous section. After

appropriate rotations, the leptonic portion of the superpotential can be brought to the

form.

(IV.16) WΞ = y`eRHd + ỹeΞHd + µΞΞ̄.

This superpotential recovers the scenario of the previous section, assuming that the X

particles are the dominant component of the dark matter, and possess a Z2 symmetry in

addition to the usual R-parity of supersymmetric models. For the X fields to dominate

the dark matter density, we will need to assume that the neutralino of the MSSM sector is

a subdominant component. For example, this could be a light thermally produced wino.

Embedding in a supersymmetric model may lead to possible new signals at the LHC. The

LHC will copiously produce particles with SU(3)C quantum numbers, which will cascade

down to the MSSM lightest supersymmetric particle. Should cascades contain a neutralino

with a large bino component, this neutralino could decay to the heavy Ξ and its scalar

superpartner Ξ̃. This decay must compete with other decays into light fermions, however,

and is likely be phase space suppressed. Whether it is observable depends on the details

of the spectrum. Due to the approximate Z2 symmetry, two Ξs must be produced at the

end of any such cascade decay, which could give more lepton-rich signatures.
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4.5.3 Realization in the NMSSM

Alternatively, for economy, one might try to embed the supersymmetric scenario in the

NMSSM, adding only a pair of vectorlike leptons. The S field is already present to give

the µ term, and the lilghtest supersymmetric particle can provide the Dark Matter. Then

we have:

(IV.17) WNMSSM = y`eRHd + ỹeRΞHd + yΞSΞΞ̄ + κS3 + λSHuHd.

In this case X is identified with a mixture of higgsino and singlino. For the dark matter

annihilation to be primarily into heavy leptons and not into W bosons, the dark matter

must have a large singlino component. Achieving a cross section large enough to explain

PAMELA requires the lightest pseudoscalar Higgs boson to be primarily singlet 5.

5It should be noted that such a large cross section will necessitate some non-thermal mode of production of the
dark matter to match the observed relic density.



CHAPTER V

A pulsar description of the WMAP Haze

Inherent in all indirect detection studies is a large uncertainty in the astrophysical

backgrounds. The galaxy is a complicated place, so to convince ourselves that a cosmic

ray anomaly is from dark matter requires a firm understanding of other astrophysical

processes and their cosmic ray signals. Most dark matter models that explain the cosmic

ray anomalies require a larger-than-thermal annihilation cross section. If the cross section

is thermal and the cosmic ray anomalies are not dark matter, then we will need a detailed

understanding of the backgrounds for future searches for dark matter.

One possible explanation of the WMAP Haze is in terms of annihilating dark matter

[93]. The charged byproducts of the dark matter annihilations radiate synchrotron photons

in the galactic magnetic field. A neutralino from supersymmetric theories annihilating to

W+W− gives a good fit to the radial distribution of the spectrum for a dark matter halo

profile scaling with a radial dependence which is slightly steeper than NFW [125] and a

magnetic field in the few µG range. The cross-section of annihilating dark matter needed

to produce the haze is consistent with what one would predict from the thermal freeze-

out of the WIMP, namely σv ' 3 × 10−26 cm3/s. We urge caution, however, because

recent work [72] has claimed that the significance of the WMAP haze may depend on the

assumptions about the spatial variation of the synchrotron spectral index.

This signal may be even more interesting in light of the recent observations of an excess

94
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of high energy cosmic ray positrons and electrons. The source of these positrons is unknown,

however, there are several possibilities. Like the WMAP haze, they may be explained by

annihilating DM (see e.g. [68, 66]). An explanation of the signal in terms of annihilating

dark matter (DM), however, has multiple obstacles to overcome. First, it must annihilate

with a cross-section significantly larger than that suggested by the thermal abundance,

σv ' 3 × 10−24−23 cm3/s. Second, the DM candidate prefers leptophilic annihilation to

avoid overproducing anti-protons [68, 82] and to produce a steep enough spectrum [66].

Gamma rays and radio measurements also generate significant constraints [68, 47], since

the charged SM byproducts of the annihilation may emit either hard final state radiation or

synchrotron emission in the galactic magnetic field. In short, if the positron excesses are to

be explained in terms of annihilating Weakly Interacting Massive Particle, the WIMP must

have non-standard properties. There are possible exceptions to these conclusions in the

case that we happen to be nearby a dense clump of dark matter [126], or for non-standard

propagation models [108].

Pulsars can also reproduce the PAMELA anomalies. If the rotation axis is perpendicular

to our line of sight, we may not be able to observe the pulsar in gamma rays or radio waves.

However, the electrons and positrons pair produced in the pulsar’s magnetic field will still

diffuse outward to our location. To produce a signal in the 100 GeV range, a single pulsar

must be within a kiloparsec or so to give the steep rise seen by PAMELA or a combination

of pulsars from farther away may conspire to produce the signal [28, 63, 221, 123, 218, 186,

157].

In this chapter we explore the possibility that the WMAP haze may also be generated

by e+e− pair production in pulsars. Pulsars produce a significant flux of energetic electrons

and positrons spread over the disk of the galaxy, which then emit synchrotron radiation as

they traverse outward from the disk in the magnetic field of the galaxy. To explain the haze,
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the expected signal from pulsars must both reproduce angular dependence of the signal

from the galactic center, as well as the frequency dependence through the WMAP bands

from 22 to 93 GHz. We show that an energy spectrum which is typical of that necessary for

explaining the PAMELA data with pulsars also naturally produces the average variation of

WMAP haze with latitude given typical galactic magnetic fields and diffusion parameters.

We also discuss reproducing the detailed morphology of the WMAP haze.

In the next section we describe the model for the electron distribution from mature

galactic pulsars, and in the following section their propagation through the ISM and the

haze calculation.

5.1 Injection spectrum of positrons from pulsars

The mechanism by which pulsars produce electrons and positrons and details about

their energy distribution are not very well understood. However, the theoretical models

reproduce important characteristics like the observed distribution of spins, ages, and photon

fluxes from radio to gamma-rays (e.g., [222]). Here, we wish to demonstrate that with a

plausible model for pulsar e+e− injection spectra (that is consistent with observations),

one can reproduce the WMAP haze. We begin by reviewing the model we utilize for the

pulsar e+e− injection spectrum.

We consider only pulsars older than 105 years as potential sources of the e+e− pairs

that create the haze. This is based on the expectation that young pulsars are surrounded

by a nebula created by the kinetic energy released from the supernova explosion (almost

1051 ergs) so that e+e− cannot escape from this nebula until the pulsar is sufficiently old.

The nebulae have typical sizes in the parsec range, and since a typical pulsar kick at birth

is around ∼ 500 km/s, it would take the pulsar thousands of years to escape the nebula.

In addition, the nebulae themselves thin out in tens of thousands of years. For the mature

pulsars, we will assume that the nebulae surrounding pulsars do not play a dominant role
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in shaping the energy spectrum and we neglect the contributions from pairs diffusing out

of younger pulsar nebulae. The younger pulsars are fewer in number and could contribute

significantly to the higher energy end of the e+e− spectrum. However, the bulk of the

synchrotron radiation in the WMAP bands comes from e+e− with energies much less than

100 GeV, which justifies our focus on mature pulsars.

To demonstrate the feasibility of our assertion that pulsars could explain most of the

visible WMAP haze, we follow the Cheng and Zhang 2001 model (CZ01 from here on) [221],

which relies on the production of highly energetic radiation in the outer magnetosphere

gap of a rapidly spinning pulsar [62, 64, 220]. In the CZ01 model, the mean energy of e+e−

injected into the inter-stellar medium E is set by its period, P , which increases with time.

For a rotating magnetic dipole (in vacuum) this spin-down is given by

P (t) = P0 (1 + ∆t/τ0)
1/2 ,(V.1)

τ0 = 1.35× 104yr
(

P0

30ms

)2 (
M

1.4M¯

)(
R

15km

)4 (
B

1012G

)−2

,(V.2)

where ∆t is time since birth of the pulsar, P0 is the initial period, M is the mass of the

pulsar, R its radius and B is the surface magnetic field. The energy injected into the pairs

all comes from the spin-down and the surface magnetic field is assumed to be constant. In

the CZ01 model,

(V.3) E ' 44GeV
(

P
0.1s

)−3.6 (
B

1012G

)0.27

where P is the period of the pulsar at the time of emission and one of the parameters of

the CZ01 model, the fraction of pairs escaping from the light cylinder, is set to 0.01.

The CZ01 model converts a fraction of the available spin-down power for pulsar ages

> 105 yr to pairs. To set the scale we note that in this model, for P = 0.5 s and B = 1012 G,

the differential e+e− emission rate is 1035/GeV/s, with mean energy 1 GeV. Only the

gamma-ray pulsars are assumed to produce e+e− pairs in this model and this introduces
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a B dependent upper-limit on the period (P < 0.25(B/1012G)6/13s).

To predict the properties of the pulsar today, we need the initial period and magnetic

field, and also the initial kick that the nascent neutron star received when the supernova

occurred. The CZ01 study includes a Monte Carlo of these and other parameters that result

in present day distributions that are broadly consistent with observations. We note that in

the CZ01 model the spatial distribution of the injected e+e− will depend somewhat on the

energy range of interest if pulsars older than about million years contribute significantly to

that energy range. To test this, we repeat the modeling of CZ01, including a description

of motion of pulsars in the galactic potential, and compute the final spatial and energy

distribution of positrons. Our result for the energy distribution of the positrons agrees

with CZ01. In addition, we find that the mean age of the pulsars, weighted by the positron

ejection rate, is of order 105 years for the energy range of interest. Given the birth velocities,

these ages imply that typical pulsars (contributing significantly to the positron flux) have

only traveled ∼ 100 parsecs from their birth place. We thus use the simple approximation

that the spatial distribution of these pulsars is the same as the initial pulsar distribution,

which in turn tracks that of the young stars in the stellar disk. Specifically, we adopt [179,

210]

ρ(~x) = N−1e−r/r0−|z|/z0 , where(V.4)

N = 4πz0r20(1− e−rdisk/r0(1 + rdisk/r0)) ,

where rdisk = 15 kpc, r0 = 4 kpc and z0 = 100 pc.

The distribution of pulsars close to the center is not well constrained – consequently

the value of r0 = 4 kpc that we use should be taken as a very rough estimate. We have

chosen this value based on the dynamical models of the thin disk, which assign values for

r0 in the range of 2 to 4 kpc. We have adopted 4 kpc for our fiducial model and later

explore the effect on the morphology of making r0 smaller. In detail, we expect the pulsar
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distribution to track the galactic star formation rate in the disk (rather than the thin disk

density), but the observational constraints on the star formation in the disk [52] in the inner

couple of kpc are weak. One may consider using the observed distribution of pulsars to

reconstruct the true pulsar distribution in the galaxy after correcting for incompleteness.

The distances to these pulsars are estimated through the dispersion measure, and this

depends sensitively on the assumed distribution of electrons. The uncertainties inherent in

this procedure makes it hard to pin down the distribution of pulsars in the inner galactic

region [152]. We note that most of the pulsars in the distribution assumed in Eq. V.4 are

at r ∼ r0. This is consistent with one of the two models advocated to explain the observed

pulsar distribution in the Parkes multibeam pulsar survey [152]. We do not consider a

secondary source of pairs from the pulsars in the bulge given that the bulge is thought to

be old and have a low star formation rate (compared to the disk).

The CZ01 Monte Carlo predicts that the energy spectrum of the e+e− pairs should be

E−1.6 above about a GeV up to tens of GeV. The spectrum drops sharply above Ecut ∼ 100

GeV. Both these features (the slope and cut-off energy) are model dependent and we discuss

the effect of changing these later on. To keep the discussion more general, we therefore

adopt an energy spectrum (number of e+e− pairs per unit time per unit energy) given by

(V.5) Q(E) = Ṅ100Q0fe

(
E

GeV

)−α

e−E/Ecut ,

where our baseline model has α = 1.6 and Ecut = 100 GeV, and we allow it to vary later to

see how it changes our results. We have separated out a factor fe, which is the efficiency

of converting the spin-down power of the pulsar into e+e− pairs (after an age of 105 yr),

and the factor Ṅ100, which is the number of pulsars created every century.

The normalization Q0 is fixed by the spin down power of all the pulsars, that is W0 =

Np〈IΩ2Ṗ /P 〉 where Np is the total number of pulsars and the brackets indicate averaging

over the galactic population. We set Np = 0.01Ṅ100(T/yr − 105) ' 1000Ṅ100T/105yr,



100

where T is the typical age of the pulsar contributing the e+e− pairs. The normalization

condition for Q0 is given by

∫
Ṅ100Q0E

−αe−E/EcutEdE =

W0 = Np × 6× 1038 GeV
s
〈
(
P

0.1s

)−4 (
B

1012G

)2

〉 ,(V.6)

⇒ Q0 ≈ 5× 1040GeV−1s−1 100α−1.6Γ(0.4)
Γ(2− α)

(
100GeV
Ecut

)2−α

,(V.7)

where E is the electron or positron energy in GeV, and we have assumed median values for

the pulsar mass of 1.4M¯, radius of 15 km, initial period of 20 ms, and surface magnetic

field of 2×1012G. For these values, Eq. V.2 shows that T À τ0 and therefore Ṗ /P = 1/2T

for these mature pulsars. This simple estimate for Q0 agrees with the Monte Carlo results

of CZ01, who find Q(E) = 1.7 × 1039E−1.6 exp(−E/80)/GeV/s, if we assume fe ' 0.03,

Ṅ100 = 1, Ecut = 80GeV.

It is important to note that fe is the fraction of spin down power that is injected into

pairs after the assumed maturity age of 105 yr. This efficiency fe is expected to be large

since e+e− are the lightest electromagnetically coupled fermions. The fraction of total

initial energy injected into the ISM in pairs is very small, ∼ feτ0/T . This argument

shows that if a significant amount of the spin-down energy released before the assumed

maturity age of 105yr were to be available in the form of e+e− pairs injected into the

ISM, then the required efficiency would be very small. We see this by noting that in

the approximation that some fraction of all of the spin-down energy is injected into the

ISM instantaneously in the form of e+e− with spectrum E−1.6 and cut-off 100 GeV, we

have W0 = Ṅ100(1/2)IΩ2
0/100yr, which works out to Q0 = 2 × 1041 GeV−1 s−1 if we

take (conservatively) (1/2)IΩ2
0 = 1052GeV. The efficiency required then to get the same

normalization as the CZ01 model is a factor of 4 less.

The origin of the E−1.6 spectrum in the CZ01 model are the scalings of E and the spin
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down power with period P . We note that dn/dE ∝ T/P 4/E2 ∝ 1/P 2/E2 where we have

used the fact that the number of pulsars is proportional to the age and we have used the

approximation P 2 ∝ T . We include the E dependence on P to obtain dn/dE ∝ E2/3.6−2 ∝

E−1.4, somewhat different from the E−1.6 scaling because of the approximations we have

made.

The cut-off in the spectrum around 100 GeV is related to our assumption that the

pulsars have to be approximately 100 kyr or older to contribute significantly to the haze,

and that the mean energy of pairs injected into the ISM depends on the pulsar period in

the CZ01 model (see Eq. V.3). This estimate of the cut-off is uncertain both because of

our blanket assumption that pulsars younger than 100 kyr do not contribute pairs, and

also because in framing the arguments above we have assumed all pulsars are born with

spin period of 30 ms. We certainly expect scatter about both these parameters. Including

such scatter will change the details of the cut-off significantly but not the main result of

the paper. In addition, a small change in the strong dependence of the mean energy on the

period would affect the cut-off significantly. This steep dependence arises from processes

that accelerate the pairs into the ISM and these processes are not well-understood. We

note that the energy spectrum at lower energies (∼ 10GeV) is much less sensitive to the

above uncertainties.

At even lower energies, E < 1 GeV, pair emission luminosity is influenced by the

modeling of a gamma-ray pulsar. This requirement, discussed above, imposes a magnetic

field dependent upper limit on the period, which translates to a cut-off in the luminosity at

low energies. These model assumptions therefore introduce uncertainties in the GeV range

pair emission luminosity, which must be kept in mind when comparing to experiments like

HEAT.

The estimates in this section assuming a vacuum dipole rotator model for the mature
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pulsars have provided us with the basic features of the positron injection spectrum. We

find that the spatial distribution should track that of the young stars in the disk, with an

energy spectrum that is less steep than E−2 – specifically E−1.6 for the model of CZ01

– and a total normalization that requires about 10% of the spin-down power of O(105yr)

pulsars to be injected into positrons.

5.2 Pulsars as a Source for the Haze

The positrons pumped into the ISM will lose energy and diffuse outwards, and as they

do so, they will produce the synchrotron background. To model this we use the standard

diffusion equation that describes the propagation and energy loss for a charged particle:

(V.8)
∂

∂t

dn

dEe
(~x, t, E) = K(E)∇2 dn

dEe
+

∂

∂E
B(~x,E)

dn

dEe
+Q(~x, t, E) ,

where Q(~x, t, E) is the source function, i.e., rate of production of positrons per unit energy

with energy E at time t and location ~x. It is a sum over all the pulsars in the galaxy.

We have assumed that the diffusion coefficient K(E) is spatially constant, as there is no

evidence in the cosmic ray or diffuse galactic gamma-ray data to the contrary. In addition,

we note that very little is known about the diffusion constant at the center of the galaxy.

We will discuss the effect of changing the diffusion constant on the morphology of the haze

later.

The synchrotron emission from the positrons along the line of sight receives contribu-

tions from a large number of pulsars. Since pulsars are being created on time scales of 100

years in the galaxy and this is much shorter than the diffusion time scale and the assumed

105 yr time lag, we expect a steady state calculation to work well. In the limit that the

diffusion equation can be solved in a steady state, the source function reduces to

(V.9) Q(~x,E) = ρ(~x)Q(E),
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with Q(E) given by Eq. V.5 and ρ(~x) given by Eq. V.4. This gives us explicitly

Q(E, ~x) = 1.5× 10−26

(
Ṅ100

1 century−1

) (
fe

0.15

)(
100 GeV
Ecut

)2−α

× (Γ(0.4)/Γ(2− α)) 100α−1.6 (E/GeV)−α e−E/Ecut(V.10)

×e−r/(4 kpc)−|z|/(0.1 kpc) GeV−1 s−1 cm−3 ,

for our fiducial r0, z0 and rdisk values.

We use GALPROP [205, 167] to compute the diffusion, and check the results with an

ordinary partial differential equation solver. The diffusion coefficient is

K(E) = K0

(
E

3 GeV

)δ

,(V.11)

where we takeK0 = 5×1028 cm2/s and the index δ = 0.33 as our fiducial model parameters.

We use the diffusive reacceleration scheme in Galprop with Alfvén speed of 36 km/s. These

diffusion coefficient values are consistent with those used in the literature to fit cosmic ray

data [189]. The energy loss coefficient B(E, ~x) is calculated in GALPROP. It is dominated

by inverse Compton scattering and synchrotron radiation for electrons and positrons in the

energy range of interest. The energy loss due to inverse Compton scattering is calculated

using the Klein-Nishina cross section with an interstellar radiation field that comes with

the GALPROP package, discussed in [183, 208].

Energy loss due to synchrotron radiation is calculated using an exponential form of the

galactic magnetic field,

B(r, z) = B0fC(R) + (1− fC(R))B¯e−(r−r¯)/rb−|z|/zb ,(V.12)

where R2 = r2 + z2, B0 is the magnetic field at the center of the galaxy and B¯ = 5µG

is the local magnetic field. We choose a characteristic scale rb = 10 kpc and zb = 2

kpc to be consistent with earlier studies aiming to explain the Haslam data and cosmic

ray data [208, 54]. The value B0 and the function fC(R) encode our ignorance about
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the magnetic field at the center of the galaxy. Neither the detailed structure nor the

value of the magnetic field in the inner galactic region is well known [115]. We choose

B0 = 30µG as our fiducial value although smaller and larger values also lead to consistent

fits to the haze spectrum and its variation with latitude. Since there is no observational

guidance on the specific structure of magnetic field within a couple of kpc from the galactic

center, we adopt an exponential form, fC(R) = exp(−R/RC) and set RC = 1 kpc. We

note that this form for fC(R) achieves the aim of smoothly transitioning from a spherical

magnetic field profile in the inner galactic region to the cylindrical B field profile that

are commonly used to fit Haslam data, cosmic ray data and diffuse galactic gamma-ray

background [208]. Our adopted magnetic field towards the center of the galaxy is consistent

with the average magnetic field deduced on scales of order a kpc about the galactic center

from observations of non-thermal radio filaments [145]. The parameters B0 and fC(R) will

control the morphology of the haze.

We also note that the 408 MHz Haslam maps do not directly constrain the inner galactic

magnetic field strengths or structure since the synchrotron signal depends on neB
1.8
⊥ [54],

where ne is the number density of electrons contributing to the 408 MHz signal and B⊥

is the component of the magnetic field perpendicular to the line-of-sight. The pulsars do

not contribute significantly to the Haslam map. There must be a different source of e+e−

with energies at or below GeV that contribute dominantly to the Haslam map. Thus, for

an assumed magnetic field spatial distribution, the Haslam maps determine the spatial

distribution of these lower energy electrons. It is clear from the Haslam maps that these

lower energy electrons must be distributed more diffusely than the pulsar distribution

assumed here. More detailed work on this subject would require a computation of the

secondary positrons along with primary e+e− produced by supernova remnants, away from

the galactic disk. The secondary positrons, which are sub-dominant at multi-GeV energies
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in the solar neighborhood, will contribute significantly at∼ GeV and lower energies because

of their steeper spectrum [209] and there are large uncertainties in these calculations [74].

Our assumptions about energy losses differ from earlier work exploring constraints with

the haze [121]. We do not assume a spatially constant ratio of energy density of starlight

to the magnetic field energy density to fit the haze data (as discussed also in Ref. [109]); we

parametrize our ignorance of the magnetic field in the center of the galaxy directly. This

allows us to make more direct contact with studies aiming to fit cosmic ray and diffuse

photon backgrounds.

We plot in Fig. 5.1 the electron flux spectrum at various positions with respect to the

galactic center. The diffusion softens the spectrum considerably, implying a larger flux in

the lower frequency bands of the WMAP haze. The question is then whether the spectrum

remains sufficiently hard to explain the WMAP haze in the all frequency bands, from 22

to 93 GHz. We examine this next.

After propagation, at any given point in space, the flux in synchrotron radiation (in

erg/s/Hz) in the presence of the magnetic field is computed according to the relation [100]

(V.13) ε(ν, γ) =
4π
√

3e2νB

c
x2

(
K4/3(x)K1/3(x)−

3
5
x[K2

4/3(x)−K2
1/3(x)]

)

with x = ν/(3γ2νB), νB = eB/(2πme), and γ(E) the electron’s boost.

The total flux (in kJy/sr) in a given frequency at a given angle from the galactic center

is computed by folding the synchrotron power with the electron distribution at any given

point. The flux is then obtained by integrating along the line of sight:

(V.14) Φ(ν) =
1
4π

∫ `max

0
d`

∫ ∞

0
dE ε(ν, γ(E))

dn

dE
(r(`), z(`)),

where r(`) = |re − ` cos(θ)| and z = ` sin(θ) if we restrict out attention to angles θ above

and below the galactic center, the sun is positioned at r = re = 8kpc and z = 0, and `max

is set by the height of the diffusion zone. We now turn to presenting our results utilizing
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Figure 5.1: The curves show the e+e− energy spectrum at different locations in the galaxy that
contribute significantly to the haze. We see that at energies below about 10 GeV, the
shape of the spectrum depends on the location. For higher energies, the dominant con-
tribution comes from more local pulsars. The energies around 10 GeV are particularly
important for the haze and this figure shows that diffusion and energy-loss steepen the
energy spectrum index to about -2. We urge caution when comparing these estimates
to local e+e− measurements as discussed in the text below.
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the formalism outlined above.

After propagation, we fit the haze using the flux from Eq. V.14 in the all WMAP bands.

The overall normalization of the curve depends on both the magnetic field, B0 in Eq. V.12,

the average pulsar power W0, and the average pulsar efficiency times pulsar production

rate feṄ100. The range for Ṅ100 is 1-3 per century, following the rate of core collapse of

supernovae in our galaxy. [190]. We have taken Ṅ100 = 2.8, following [91]. In addition,

owing to uncertainties in the subtraction, we also allow a constant background at all angles

to be added in the fit.

The index α in Eq. V.5 and Ecut are important in fitting the frequency structure of

the Haze observed by WMAP. The cutoff energy Ecut is required to be above a minimum

value & 40 GeV such that there will be enough radiation into the 93 GHz band, however

cutoff energies larger than that will only serve to increase the required average efficiency

per pulsar to reproduce the haze. Additionally, a soft spectrum, corresponding to a large α,

will not give rise to a large enough amplitude in the high frequency bands to reproduce the

haze. Lastly, the fit in the angular direction results by allowing the characteristic distance

over which the magnetic field is damped from the galactic center, zb in Eq. V.12, to vary.

As shown in Fig. 5.2, we find that with reasonable choices of these parameters, a galactic

source of pulsars can explain both the amplitude and frequency dependence of the WMAP

haze. The plotted synchrotron fluxes are averages over 20 degrees in longitude for below

the galactic plane. We find that zb = 2 kpc gives a good fit to the angular distribution.

In detail, the shape of the haze depends on both the distribution of the injected pairs as

well as the magnetic field profile. Future Planck data might provide an avenue to constrain

these distributions better.

The cutoff energy Ecut = 100 GeV taken from the CZ01 model [221] also fits the

frequency band requirements of the haze very well. We show in Fig. 5.3 the results for a
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larger choice of Ecut. Since the parameters W0, fe, and Ṅ100 are interchangeable, to get a

reasonable efficiency the most likely course is to raise the average pulsar spin down power.

In general, the efficiencies noted there can be substantially and easily lowered by taking

the power per pulsar W0 and the magnetic field at the galactic center B0 to higher, but

still reasonable, values. In short, pulsars are a plausible explanation of the haze.

We also note that the choices of parameters we have made are consistent with those

utilized in [123, 186] as a means to explain the HEAT, AMS, PAMELA, ATIC and PPB-

BETs cosmic ray positron excesses with a single pulsar, or collection of local pulsars,

suggesting that cosmic ray anomalies and WMAP haze may naturally have the same source.

We urge caution here that using the local measurements, say from HEAT and PAMELA,

to normalize the pulsar synchrotron contribution requires many assumptions.

• Normalizing the distribution of the pulsars to the local density of pulsars and then

using an analytic form to extrapolate to the center is not well motivated given the

uncertainties in the the deduced pulsar distribution closer to the galactic center.

• For local measurements at energies 5 GeV and higher, the dominant contribution to

the flux should come from a few local sources and we cannot use a smooth source

spatial distribution to describe this (given the large expected variance).

• In the outer gap model for pulsars we use, the energy spectrum around a GeV and

lower is very uncertain because of the cut-off, as discussed earlier. This is not a

complicating factor for the haze because most of the contribution comes from ap-

proximately 5 GeV and higher, but it is an issue that must be addressed if one is

normalizing to lower energy data. In addition, the low energy data is also affected by

solar modulation.

• In order to link the haze to local measurements, we need a better understanding of
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how the e+e− flux is affected by changes in diffusion between the local and central

parts of the galaxy.

5.2.1 Morphology

The pulsar contribution to the haze is non-spherical, with the deviation from sphericity

determined by a combination of factors including the diffusion coefficient, the structure

of the magnetic field, and the spatial distribution of the pulsars. Here we vary each of

the these within reasonable range to see their effect on the morphology of the predicted

synchrotron signal. In each case, the frequency spectrum as well as the detailed drop in

average power as a function of latitude are still good fits to the data. In the top left panel

of Fig. 5.4 we show the synchrotron signal at 22 GHz in galactic coordinates for our fiducial

parameters. The signal is distinctly elliptical, but judging whether these parameters are

disfavored would require an analysis including the noise properties of the haze map. In the

plot to its right, we show the signal when the diffusion coefficient is increased by a factor of

2. This is a modest increase for which we do not have strong observational constraints on

the diffusion coefficient towards the center of the galaxy. Clearly, the contours look much

more spherical. The largest deviations from sphericity occur close to the disk where the

reconstruction of the haze has the largest uncertainties. In the bottom left plot we show

the signal when r0 (which governs the radial distribution of the pulsars) is smaller than

the fiducial value and equal to 3 kpc.

As mentioned earlier in this section, the population of e+e− contributing to the Haslam

map is different from the harder pulsar contribution. Further, as we have seen, factors of

two change in the diffusion constant have a significant effect on the shape of the synchrotron

signal. Thus the behavior of the diffusion constant in the central parts of the galaxy from

energies 1 –10 GeV is important in comparing the Haslam and the haze maps. At this

level, it is not clear that diffusion along the disk is the same as perpendicular to the disk.
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This will affect the shape of the signal contours. Lastly, we note that removing the usual

(softer) synchrotron component should also remove some of the more extended features in

the predicted haze maps.

It is clear that the morphology depends significantly on parameters that cannot yet be

determined from observations. However, this also opens up the possibility of constraining

these parameters and perhaps the contribution of the pulsars to the haze with Fermi and

Planck data. Note that the ellipticity in the maps trace back both to the distribution of

the pulsars and the cylindrical structure of the magnetic field. A more detailed comparison

to the data would have to account for the spiral arms and how the galactic magnetic

field is observed to trace the spiral structure. Note that even a perfectly spherical source

would result in an elliptical haze profile due to the magnetic field. This is shown in the

final plot (bottom right) of Fig. 5.4 where we show the signal resulting from dark matter

annihilations in a halo with inner density profile scaling as r−1.2. For this plot, we have we

have set fC(R) = 0, so that the influence of the cylindrical magnetic field structure is clear

– it makes the contours elliptical. Conversely, we have shown that the haze morphology

depends sensitively on the assumed diffusion parameters and the magnetic field in the inner

kpc, such that even if the source of e+e− is confined to the disk, the resulting haze can

look approximately spherical. While the magnetic field, pulsar distribution, and electrons

and positrons after propagation all are expected to trace the galactic disk, small deviations

toward a more spherical form can conspire to produce the haze.

If the Fermi haze is a real excess and is from the same population of electrons as the

WMAP haze, then the B-field cannot account for a spherical morphology for a pulsar

description of the WMAP haze. In this case anisotropies in the diffusion coefficient would

be a leading explanation for a pulsar description of the WMAP haze and Fermi haze.
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Figure 5.2: WMAP Haze for pulsar injection parameters α = 1.6 and Ecut = 100 GeV and efficiency
fe = 10% (see eqs. (II.3, V.7) for a definition of efficiency). This efficiency is defined as
the fraction of the spin-down power converted to e+e− pairs after an assumed maturity
age of 105yr. The fraction of the total initial pulsar energy required in the form of e+e−

pairs to explain the haze is 3%. The fits to the data above include a floating constant
offset for each channel and the resulting χ2 per dof is 1.1 within the inner 15o and 2.1
within the inner 20o.
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Figure 5.3: WMAP Haze for pulsar injection parameters α = 1.6 and Ecut = 500 GeV and efficiency
fe = 10% (see eqs. (II.3, V.7) for a definition of efficiency). The larger energy cutoff
results in a marginally better fit in the higher frequency bands. The fraction of the
total initial pulsar energy required in the form of e+e− pairs to explain the haze 3%.
The fits to the data above include a floating constant offset for each channel and the
resulting χ2 per dof is 0.9 within the inner 15o and 2.3 within the inner 20o.
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Figure 5.4: 22 GHz skymaps in galactic coordinates of the synchrotron signal predicted for different
models. The contours are spaced equally between flux values of 2 and 6 kJy/sr. Note
that galactic latitudes within roughly 5 degrees of the center are masked while estimating
the haze contribution. The left plot in the top panel is the model with our fiducial
parameters. The plot on the right in the top panel utilizes K0 = 1× 1029 cm2/s (twice
the fiducial value) as does the plot on the bottom left. The bottom left plot also modifies
the source scale radius parameters to R0 = 3 kpc. The plot on the right in the bottom
panel is the signal from a model where dark matter is annihilating into e+e− pairs in
the galaxy assumed to have a spherically symmetric dark matter density profile ∝ r−1.2

in the inner parts. We have set fC(R) = 0 for the dark matter plot (see eq. (V.12)) so
that the effect of the cylindrical galactic magnetic field profile on the signal is clear –
the contours are elliptical.



CHAPTER VI

Conclusions

Now is an exciting time in the search for dark matter. If indirect hints of dark matter

are to be taken at face value, then there is some new dynamics happening in the dark

sector that is responsible for the steep rise in the PAMELA positron fraction favoring

electrons and positrons over hadrons. If the satellite data has an astrophysical origin, then

the picture is still rosy because then direct searches for DM nuclear interactions through Z

or Higgs bosons could detect dark matter in the next few years. Finally, as the LHC turns

on there will be an active search for dark matter created in the laboratory, and there will

be a chance to directly measure its couplings to other particles.

In this thesis we explored the implications of dark matter in the MSSM. Supersymmetry

is a leading candidate for physics beyond the Standard Model. If dark matter is a neutralino

and supersymmetry is realized at the TeV scale, the LHC, nuclear recoil, and cosmic ray

experiments would rapidly converge to measure the dark matter properties.

A non-thermally produced wino is a well-motivated candidate for the dark matter ob-

served in our universe. Although there are apparent conflicts with anti-protons and gamma-

rays, given the astrophysical uncertainties it is likely premature to assume the wino inter-

pretation is completely excluded. Its large annihilation cross section could potentially allow

it to explain the suggestion of an excess from PAMELA with a non-standard propagation

model. However, to avoid conflict with bounds from gamma rays (and perhaps synchrotron

114
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radiation), the dark matter distribution cannot be too highly peaked towards the center.

There is already some tension in the case of an NFW profile. This fact suggests that if the

PAMELA excess in positrons comes from Wino dark matter, Fermi should follow with a

confirmation.

Any candidate detection by PAMELA and Fermi will need to be examined in the context

of direct detection experiments. Adding an admixture of Higgsino to the neutralino allows

an increase in the direct detection cross section (via the w̃− h̃−h coupling). An increased

Higgsino content also increases the capture cross section on the sun, allowing for a possible

indirect detection via neutrinos. Thus, signals in these types of experiments could help to

probe the Higgsino content of the LSP.

At the LHC, a pure wino of a few hundred GeV by itself may be difficult to observe via

direct production. However, it may be possible to find it in decays or associated production.

The sensitivity of this modes depends on the mass of the lightest colored mode. In minimal

models of anomaly mediation [191, 103], the ratio of the wino mass to the gluino mass is

a factor of nine. So a 200 GeV wino implies a 1.8 TeV gluino, which might preclude an

early discovery. However, if the mass difference is smaller, as occurs in some models of

non-thermal production then it might be possible to determine the wino nature of the LSP

by looking for charged tracks, as recently studied in [27]. More generally, several LHC

signatures will depend on the mass and type of the LSP, so we expect that careful studies

will be able to test whether a candidate seen in indirect data is also present in LHC data.

While the Wino could explain the Cosmic Ray anomalies, it would require a non-thermal

production mechanism to explain the current amount of dark matter in the universe. If the

dark matter is of thermal origin, we have argued that given the experimental constraints

from LEP, neutralino DM is likely to be well-tempered with possible signals for the next

generation of SI and SD DD experiments. In fact, any model (such as the singlet-doublet
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model) which interacts with the SM via a light Higgs boson can imply a signal in SI

experiments and any model of Majorana fermions with non-trivial couplings to the Z0

can imply a signal in SD experiments. There are ways to avoid these arguments, but

these options involve some new source of tuning, so we take them to be disfavored. With

available methods we should be able to probe the majority of the natural range for the SI

and SD DD signals of both thermal and non-thermal neutralino DM.

In this work we have explored the physics of SD DD with an emphasis on the correlations

with SI experiments. In the process, we have determined some expectations for the SD

cross sections. In particular, in the MSSM,
(
σSUSY

SD

)
< 6 × 10−3 pb without making any

assumptions about the thermal history. Again, allowing for a non-trivial cosmic history,

but imposing the unified gaugino mass condition, we find
(
σSUSY

SD

)
< 4× 10−3 pb. Finally,

(
σSUSY

SD

)
< 2×10−3 pb when a thermal relic density is imposed. These represent important

targets for future experiments. We note that if SD cross sections larger then ∼ 6×10−3 pb

were observed, the DM would not be an MSSM neutralino. This would point to more exotic

theories like the SDM or models with light mediators [57]. For models which reproduce

the relic density, in the decoupling limit, and unified gaugino masses, a 1-ton COUPP-

like experiment could probe the entire range of SD cross sections up to WIMP masses of

O(1TeV).

The sharp rise in the PAMELA signal and the lack of an antiproton excess calls out

for new thinking in terms of the dark matter annihilation processes. We have proposed

a simple scenario which realizes the positron excess in PAMELA without exceeding the

antiproton data. This required the introduction of a new heavy vectorlike lepton state that

mixes with the lighter Standard Model leptons. We found that in addition to reproducing

the PAMELA signal, this vectorlike lepton could be produced in Drell-Yan production

at the LHC. Even if no missing energy signals are seen at the LHC, the observation of a
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vectorlike lepton, when combined with astrophysical observations might still illuminate the

dark matter sector.

Most dark matter modes that explain the cosmic ray anomalies require a larger than

thermal cross section. Establishing the annihilation cross section is important informa-

tion about the dark sector. This requires a thorough understanding of the astrophysical

backgrounds of indirect detection. We have proposed a plausible astrophysical source for

the WMAP haze. We have shown that e+e− pairs injected into the interstellar medium

by the galactic pulsars may contribute significantly to the WMAP haze. The models of

pair emission and galactic magnetic fields we investigated showed that pulsars could eas-

ily account for all of the haze and successfully reproduce both its angular and frequency

distributions observed in the WMAP data. The parameters for the input e+e− spectrum,

the magnetic field and inverse Compton energy losses that we employed to fit the haze

towards the galactic center are also consistent with those that have recently been used to

fit the cosmic ray positron excess from a local distribution of pulsars [123, 186]. These

facts suggest that both the haze and the positron excesses may have the same underlying

source. We also considered the morphology of the haze in detail and pointed out that in

it may be possible to use the deviation from sphericity to bound the contribution of e+e−

from galactic pulsars to the haze. This would be an important background to the dark

matter contribution to the haze.

The possibility that the cosmic ray anomalies are due to annihilating dark matter is

exciting and it behooves us to search for alternative astrophysical explanations. Correlating

various signals of dark matter annihilation (positrons, anti-protons, anti-deuteron, gamma-

rays, haze, etc) may enable progress in this direction.

There are three notable experiments that are taking data now or will be taking data

soon which could clean up the cosmic ray dark matter story. The Fermi Gamma Ray
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Telescope is looking for photons directly from dark matter annihilations. If a signal is

found in an area free of backgrounds, such as a satellite galaxy, this would be proof of the

WIMP hypothesis. It may also discover evidence of dark matter annihilation products in

our own galaxy, such as the Fermi Haze. Modeling the gamma-ray backgrounds with a

diffusion model would confirm if the Fermi Haze [79] is a real effect.

The Planck Satellite will more precisely measure the cosmic microwave background.

This could help to nail down the spectrum of the WMAP haze in higher frequency bands.

In addition, it could show evidence of DM annihilations at the time of recombination [201].

Although this could be mimicked by inflationary models with a running spectral index, it

would also serve as evidence of a larger than thermal DM annihilation cross section.

Finally, the AMS experiment will put a detector on the International Space Station.

This could confirm the PAMELA experiment, as well as gather better statistics on the

electron, positron, anti-proton, and anti-deuteron spectra.

This is an exciting time for direct detection experiments as well. The CDMS II experi-

ment [12] has provided two tantalizing events. XENON100 will determine if these are dark

matter collisions in the coming months. For spin dependent scattering, in addition to Ice-

Cube with DeepCore[14], a new generation of terrestrial experiments such as COUPP and

PICASSO will push the spin dependent cross section limits down by orders of magnitude

in the near term.

While direct and indirect experiments may discover dark matter, the LHC startup will

help to measure the DM properties. Precise measurements of the mass and couplings of the

dark matter could determine if it is a thermal relic and if it is responsible for the cosmic ray

signals. Confirming that missing energy signals are indeed the dark matter of our universe

would be a triumph of the LHC.
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APPENDIX A

Squark Contributions to Direct Detection

The neutralino can scatter off of quarks via s-channel squark exchange, giving contributions

to OSI
q or OSD

q . Only squarks that couple to the light quarks (u, d, s) will be able to

contribute to the SI and SD cross sections since only the light quarks have non-negligible

nuclear matrix elements.

A non-zero “left-right” squark mixture is required since SI scattering converts a left-

handed quark into a right-handed quark. Though a Bino/Wino mixture maximizes the

coupling between the quarks and the neutralino, the scattering cross section for a pure

Bino is of the same order.

If one makes the standard assumption that left-right squark mixing (i.e. a-terms) are

proportional to yukawa couplings, then the squark mixing angle is proportional to mq/m̃q.

Therefore, all SI couplings will be proportional to a quark mass and there is no enhancement

for the light squarks over Higgs boson exchange. The maximum cross section is

(
σsquark

SI (χN → χN)
)

max
= 6× 10−9 pb

(
200 GeV
m̃s

)4

,(A.1)

for a Bino-Wino mix. This is subdominant to the Higgs boson exchange contribution

barring the cancellations discussed in Sec. 3.5.41.

The maximum σSD(χp→ χp) contribution from squark exchange is for a “left-handed”
1If exceptionally large left-right in the squark sector is allowed (perhaps through abnormally large a-terms) a

contribution to σSI(χ N → χ N) of O(10−3 pb) may be obtained.
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up-type squark coupling to a pure Wino, due to the larger SU(2) gauge coupling:

(
σsquark

SD (χp→ χp)
)

max
= 3× 10−4 pb

(
200 GeV
m̃u

)4

.(A.2)

This is typically subdominant to the Z0 contribution to SD DD. Thus, we will focus on

the effects of Z0 exchange in our discussions of the expected SD cross section.
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APPENDIX B

The Bino/Higgsino and Wino/Higgsino Limits

In the limit of largeM1 (M2) the neutralino is dominantly a Wino/Higgsino (Bino/Higgsino)

admixture. We can explore this effective 3 state system using the SDM defined as (see

Eq. (III.26) above):

(B.1) LSDM 3 µD D D̄ + λhS D + λ′ h∗ S D̄ +
µS

2
S2.

The resulting lightest eigenstate (χ) is specified by

χ ≡ ZS S + ZD D + ZD̄ D̄.(B.2)

Following [21], it is useful to write this system in a basis defined by S andD± ≡ 1√
2
(D± D̄).

Note that the labels ± have nothing to do with electric charge. The mass matrix is then,

in the (S, D+, D−) basis,

MSDM =




µS
1√
2
(λ+ λ′) v 1√

2
(λ− λ′) v

1√
2
(λ+ λ′) v µD 0

1√
2
(λ− λ′) v 0 −µD



,

with the resulting lightest eigenstate,

χ ≡ ZS S + ZD+ D+ + ZD− D−.(B.3)

Since we are interested in the SD DD cross section, our goal is to extract the coupling
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of χ to the Z0. The coefficient of the operator OSD
q of Eq. (III.10) is given by

dq = − g2

4m2
Z c

2
w

|2ZD+ ZD− |2 T q
3 .(B.4)

Note that |2ZD+ ZD− | ≡ |ZD|2 − |ZD̄|2. One can find analytic expressions for the mass

eigenstates and the combination |2ZD+ ZD− | in various useful limits. To second order in

v, for |µD|, |µS |, (|µD| − |µS |) À λ v, λ′ v

mχ = µS − 2λλ′ v2

µD
− (λ2 + λ′2) v2 µS

µ2
D

(B.5)

|2ZD+ ZD− | =
(λ′2 − λ2) v2

µ2
D − µ2

S

,(B.6)

and for |µD| = |µS | À λ v, λ′ v,

mχ = µS − 1√
2
|λ+ λ′| |v|+ (λ− λ′)2 v2

8µS
(B.7)

|2ZD+ ZD− | =
(λ′ − λ) v
2
√

2 |µS |
+

(λ′2 − λ2) v2

8µ2
S

.(B.8)

Perturbing away from the limit of exact degeneracy gives corrections to these expressions

of O((µS − µD)/µD). Note we have assumed that there is no CP violation for simplicity.

In order to apply these expressions to the MSSM one can make the identifications

SDM Bino/Higgsino Wino/Higgsino

µS M1 M2

µD µ µ

λ v −mZ sw cβ mZ cw cβ

λ′ v −mZ sw sβ mZ cw sβ

where we neglect terms of O(1/M2) for the Bino/Higgsino system and O(1/M1) for the

Wino/Higgsino system.

Explicitly making the substitutions for the MSSM we have
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|ZHd
|2 − |ZHu |2 =





c2β s2
w m2

Z

µ2−M2
1

for |M1|, |µ|, |µ| − |M1| > mZ , M2 →∞
c2β c2w m2

Z

µ2−M2
2

for |M2|, |µ|, |µ| − |M2| > mZ , M1 →∞,

(B.9)

and

|ZHd
|2 − |ZHu |2 =





(sβ−cβ) sw mZ

2
√

2 |µ| +
(s2

β−c2β) s2
w m2

Z

8 µ2

for |M1| = |µ| > mZ , M2 →∞
(sβ−cβ) cw mZ

2
√

2 |µ| +
(s2

β−c2β) c2w m2
Z

8 µ2

for |M2| = |µ| > mZ , M1 →∞.

(B.10)
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APPENDIX C

No-go Theorem for photino-Higgsino Dark Matter

The neutralino mass matrix in the (γ̃, Z̃, H̃d, H̃u) basis is given by

M =




M1 c
2
w +M2 s

2
w (M1 −M2) cw sw −mZ s2w cβ mZ s2w sβ

(M1 −M2) cw sw M1 s
2
w +M2 c

2
w mZ c2w cβ −mZ c2w sβ

−mZ s2w cβ mZ c2w cβ 0 −µ

mZ s2w sβ −mZ c2w sβ −µ 0




.

Is it possible to generate a large SD/SI ratio by having DM which is only a mixture of

photino and Higgsino? The Higgsino component is required for a non-trivial coupling to

the Z0 and the an admixture of photino (and not Zino) will allow (|ZHd
|2 − |ZHu |2) 6= 0

without introducing a coupling to the Higgs. We show that current phenomenological

bound preclude this possibility.

There are two potential options. The first is decoupling the Zino by making it heavy

while tuning the photino mass to be ∼ µ. This implies taking the limit where M1 and

M2 are large while the combination M1 c
2
w +M2 s

2
w stays small, which requires sgn(M1) 6=

sgn(M2). Then the Zino-photino mixing will go like (M1 −M2)/mZ̃ > O(1). Note that

we are free to take M1 < mZ to suppress this mixing, but due to the LEP bound on the

chargino mass, M2 > mZ . The second option is to try to eliminate the photino-Zino mixing

by taking M1 = M2. Then the Zino and photino have the same mass and the Higgsino
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will mix with both, resulting in a DM state which is an equal admixture of all 4 gauge

eigenstates. Therefore, a neutralino cannot be a mixture of only photino and Higgsino.
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